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1. Introduction

Although the standard model of particle physics (SM) is remarkably successful at describing
the fundamental particles and their interactions, the mechanism for the breaking of elecroweak
symmetry (EWSB) has yet to be confirmed. In the SM, the EWSB sector consists of four scalar
fields represented by a single SU(2) complex doublet [1]. Following EWSB, three of the fields are
responsible for the generation of theW± andZ masses, while the fourth is the neutral Higgs boson.
At the present time, the Tevatron experiments have set 95% CL exclusion limits on the mass of
the SM Higgs boson for the ranges 100 to 109 GeV and 158 to 175 GeV [2].In addition to these
constraints on the SM Higgs boson, the Tevatron experiments have also setlimits on neutral and
charged Higgs bosons (H±) in the context of several models beyond the SM.

In this review, we discuss recent results from searches forH± performed by the two Fermilab
Tevatron collaborations, CDF [3] and D0 [4], with data frompp̄ collisions at a center of mass
energy

√
s = 1.96 TeV. The searches cover a mass range from 60 to 300 GeV, using data samples

corresponding to 1 to 2.7 fb−1of integrated luminosity. These searches are categorized as indirect
and direct. Indirect searches seek deviations from expectations of theSM to infer production ofH±.
Direct searches refer to searches for resonant enhancements or evidence consistent withH± decays.
Most of the searches are carried out in the context of a two-Higgs doublet model (THDM), where an
additional Higgs doublet is added to the SM Higgs sector [5], thereby introducing four additional
fields, two that are neutral and two that are singly charged. A priori, the fermion couplings to
the two doublets are not specified. The only requirements are that no flavor-changing neutral
currents (FCNC) appear at leading order in EW couplings and that the value of ρ is ≈ 1, where
ρ = M2

W /M2
Z cos2 θW , with MW andMZ being theW andZ masses, andθW is the weak mixing

angle, respectively. The couplings can therefore be selected on the basis of a theorem by Glashow
and Weinberg [6] that states: if all fermions of a given electric charge couple to the same doublet,
FCNC are absent at leading order. This leads to two possibilities [5]: 1) Type-1 models where all
the quarks and leptons couple to a single doublet, and 2) Type-2 models, where the up-type quarks
and leptons couple to one doublet and the down-type quarks and leptons couple to the other doublet,
which is the same requirement as in the minimal supersymmetric standard model (MSSM) that is
required to avoid anomalies [5]. The parameters of interest in Type 1 and 2models are the mass
of the H± (MH±) and tanβ (the ratio of vacuum expectation values of the two Higgs doublets).
An alternative to applying the Glashow-Weinberg theorem [6] are availablein Type-3 models that
select the parameters in a manner that suppresses FCNC at lowest orderand admits coupling of all
quarks and leptons to either one or both Higgs doublets. The Type-3 modeldescribed in Ref. [7],
which suppresses FCNC because of the small quark masses of the two lightest flavor generations,
is considered by D0 in theH+ → tb̄ search. TheH± analyses described below all assume charge
conjugation invariance, and are carried out under the assumptions that branching ratios BR(t →
W+b) + BR(t → H+b) = 1, and thatMH± < mt + mb, with the exception of the D0 search for
H+ → tb̄.

2. Indirect Searches

The indirect searches look for inconsistencies in branching ratios for different observedtt̄
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final states. For example, if BR(t → H+b) is finite, and BR(H+ → τ+ντ) ≈ 1, then the number of
tt̄ → ℓ±+ jets events, whereℓ± represents either an electron (e±) or a muon (µ±) from the decay of
theW , will be less than expected in the SM. On the other hand, the number oftt̄ → τ±+ jets events
will be greater than SM expectations. Several techniques have been employed at the Tevatron to
carry out such indirect searches, and we here review the most recent of these.

2.1 CDF: MSSM Search

The CDF collaboration has performed a search forH± in the context of the MSSM using
193 pb−1of integrated luminosity [8]. The analysis uses previous measurements of thett̄ production
cross section (σtt̄) in theℓ±+ 6ET + jets+X final states, whereX is either aℓ±, aτ lepton that decays
into hadrons+ντ (τh), or one or moreb-tagged jets, and6ET is the momentum imbalance transverse
to the beam axis. The individual data samples are required to be orthogonalto avoid correlations
among all the final states.

The analysis considers the decays:H+ → τντ , H+ → cs̄, H+ → t∗b̄, andH+ → W+h0 →
W+bb̄. The branching fractions for these decays include radiative corrections using the program
CPSUPERH[9] for different values ofMH± , tanβ , and MSSM symmetry-breaking parameters [8].
To set the 95% CL Bayesian exclusion limits, CDF assumes a prior probability density that is “flat”
in log(tanβ ), with efficiencies for differentH± masses and decay modes based on a simulation
of the CDF detector using events generated by thePYTHIA [10] Monte Carlo (MC) generator.
Figure 1 (a) shows the region of exclusion forMH± and tanβ .

To reduce the model dependence of the exclusion on BR(t → H+b), the five possible decays
were divided into 21 bins in BR(H+ → X) for each mass, subject to the constraints∑i BR(H+ →
Xi) = 1, BR(h0 → bb̄) = 0.9 andmh = 70 GeV. Limits were calculated for each BR combination
at a givenMH± , and the least restrictive limit for eachMH± is shown in Fig. 1 (b).
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Figure 1: (a) The region ofH± exclusion based on the MSSM parameters of Ref. [8]. Other MSSM
scenarios are discussed in Ref. [11]. (b) The exclusion region for BR(t →H+b) using the model-independent
approach described in the text.

2.2 D0: Topological

The D0 collaboration has extracted a charged Higgs limit for BR(H+ → τ+ντ) = 1 (tauonic
decays) [12], using the same data sample and event selections used in the “topological” measure-
ment ofσtt̄ in the ℓ± + jets final state using 0.9 fb−1of integrated luminosity [13]. The data are
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separated into two event categories of 3 and> 3 jets to improve signal discrimination. To dif-
ferentiate betweentt̄ and background events, a multivariate discriminant is defined by:D(x) =

p(x|S)/{p(x|S)+ p(x|B)}, where p is the probability density for a set of observablesx, given
contributions from backgroundB and signalS. The signal istt̄ events, which includest quarks
that decay toH± and therefore depends on BR(t → H+b) andMH± . The background includes all
important sources, but is dominated byW + jets and multijet events as can be seen in Fig. 2 (a) and
(b). For a BR(t → H±b) = 0 in Fig. 2 (a), the data agree with the SM prediction. For comparison,
Fig. 2 (b) shows the expected signal and background for a BR(t →H+b) = 0.5 andmH± = 120 GeV,
which clearly disagrees with the data.

Since the data agree with SM predictions, 95% CL limits on BR(t → H±b) are calculated
assuming that BR(H+ → τντ) = 1. The limits shown in Fig. 2 (c), are calculated using the modified
frequentist approach [14] forD > 0.55 for the 3 jets events, andD > 0.6 for the> 3 jets events.
The region of smallD is used to normalize theW + jets background.
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Figure 2: The discriminant forMH± = 120 GeV, assuming (a) BR(t → H+b) = 0, and (b) BR(t → H+b) =

0.5. (c) The expected (assuming no contribution beyond SM) andobserved 95% CL limits for BR(t →H+b).

2.3 D0: Ratios of Production Cross Sections

A powerful technique of searching for evidence of non-SM decays of t quark is to calculate the
ratios ofσtt̄ measured in different final states. What is measured is BR·σtt̄ , which can be divided
by the appropriate SM value of BR to deriveσtt̄ . If only SM decays are realized, then this defines
the trueσtt̄ . If there are non-SM contributions, the extracted values ofσtt̄ will depend on the final
state. The ratios ofσtt̄ measured in different final states can therefore provide evidence for, or used
to calculate limits on possible non-SM components int quark decays.

The D0 collaboration has extracted two ratios ofσtt̄ (Rσ ) measured in different final states
using 1 fb−1of integrated luminosity [15]. The first of these is measured in theℓ±ℓ∓ relative to
the ℓ± + jets final states. This ratio is used to search for leptophobic decays, BR(H+ → cs̄) ≈ 1,
that can occur in multi-Higgs-doublet models [16], and in the MSSM, if large radiative corrections
arise from SUSY-breaking effects [17]. If BR(t → H+b) > 0, then both the number oftt̄ → ℓ+ℓ−

and tt̄ → ℓ± + jets events will decrease relative to SM expectations, but the rate of decrease in
tt̄ → ℓ+ + jets will be smaller than fortt̄ → ℓ+ℓ− events leading to a value ofRℓℓ/ℓ j

σ < 1.
The other measurement is of the ratio ofσtt̄ measured in theτ±

h ℓ∓ final states to theσtt̄ mea-
surement in theℓ±ℓ∓ andℓ± + jets final states. This ratio is used to search for tauonic decays of
H±. Under this assumption, the number of events measured in theτ±

h ℓ∓ final state will be greater
than SM expectation, while the number of events for bothℓ±ℓ∓ andℓ± + jets final states will be
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smaller than SM expectations. The ratiosRτhℓ/ℓℓ
σ andRτhℓ/ℓjets

σ , whose mean we refer to asRτℓ/ℓℓ-ℓ j
σ ,

will therefore be> 1. Correlations in systematic uncertainties among the individualσtt̄ , are esti-
mated from pseudo-experiments. These sets are generated in MC, independently for the numerator
and the denominator, by varying the number of signal and background events about their measured
values, and the systematic uncertainties according to a Gaussian distribution.The simulation in-
cludes theℓ±ℓ∓ events that mimicℓ± + jets, and theℓ±ℓ∓ andℓ± + jets events that mimicτ±

h ℓ∓

events. The ratios are found to beRℓℓ/ℓ j
σ = 0.86+0.19

−0.17 andRτℓ/ℓℓ-ℓ j
σ = 0.97+0.32

−0.29, which are consistent
with the SM value of unity. Given the agreement with the SM for the different channels shown in
Fig. 3 (a), includingℓ±+ jets with one and twob-jet tags, D0 calculates 95% CL limits on non-SM
contributions, as shown in Figs. 3 (b) and (c), using the frequentist approach of Ref [18].
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Figure 3: (a) Observed and SM number of events for different final states used to measureσtt̄ . The expected
and observed 95% CL limits for BR(t → H+b) in: (b) the tauonic and, (c) leptophobic models.

2.4 D0: Global Fit

An alternative to using the ratios of the measuredσtt̄ , is to combine the measuredσtt̄ in a
single global fit, and use the correlations among the different final states tosearch for evidence of
non-SM decays of thet quark. D0 has carried out this kind of search using 1 fb−1 of integrated
luminosity in the context of three models: 1) leptophobic, 2) tauonic, and 3) a combination of the
two modes BR(H+ → cs̄)+BR(H+ → τ+ντ) = 1 [19].

The data samples are from theσtt̄ measurements using the final states:ℓ± + jets, ℓ±ℓ∓, and
τ±

h ℓ∓, which are described in Refs. [15, 20]. The number of expected SM and H± events, is
determined through a MC simulation of the experiment. The SMtt̄ events are generated using
the ALPGEN [21] event generator, and partons evolved usingPYTHIA. TheH± contribution to the
tt̄ decay is generated usingPYTHIA. Both the SM and non-SM samples are processed using a
simulation of the D0 detector and reconstructed with the same code as used fordata. Figure 4 (a)
shows the number of events in data, along with SM background andtt̄ production. Since, the data
and expectation agree with the SM, 95% CL limits are calculated based on Ref. [18]. To account
for statistical and systematic uncertainties and their correlations, D0 generates MC-experiments,
the results from which are used to set bands of confidence for the observed branching ratio. The
bands of confidence are then converted into 95% limits on BR(t → H+b), as a function ofMH± ,
for the observed values of branching ratio. Figures 4 show both the expected upper limits, with
bands of±1 standard deviation (sd), and the observed upper limits for the leptophobicand tauonic

5



P
o
S
(
C
h
a
r
g
e
d
 
2
0
1
0
)
0
0
4

Review of charged Higgs searches at the Tevatron Phillip GUTIERREZ

models, in (b) and (c), respectively. These limits are used to exclude regions in the [MH± , tanβ ]
plane for a number of MSSM scenarios [19].
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Figure 4: (a) Observed and expected number of events for different values of BR(t → H+b) in final states
used to measureσtt̄ . The expected and observed 95% CL upper limits for BR(t → H+b) in: (b) the tauonic
model and (c) the leptophobic model for non-SM contributions tott̄ decay.

3. Direct Searches

Several direct searches forH± have been carried out at the Tevatron, and involve the modes
H+ → cs̄ andH+ → tb̄. Another search involves extra tracks in SMt quark decays that could signal
a light CP-odd Higgs boson (A) that could have been missed in other analyses.

3.1 CDF: H+ → cs̄

Using 2.2 fb−1 of integrated luminosity, CDF searches forH± in the context of a leptophobic
model [22], usingtt̄ → ℓ±+ jets data selected by requiring leptonpT > 20 GeV with pseudorapidity
|η | < 1, and requiring the event to have6ET > 20 GeV. The four jets with the most energy are
required to haveET > 20 GeV and|η | < 2, with at least two of the leading jets tagged asb jets.
Assumingσtt̄ = 6.7 pb andmt = 175 GeV, thett̄ signal to non-tt̄ background is expected to be
11 : 1.

In the SM, theℓ± + jets final state is composed of twob quark jets, and two light-quark jets
( j j) from the decay of theW . If the t → H+b decay occurs, then, in addition to theW , another peak
in the invariant mass will contribute to the light dijet mass spectrum. To improve the invariant mass
resolution, a modified version of the kinematic fitter described in Ref. [23] is used to reconstruct
the tt̄ event. Theℓ±, 6ET , b quark jets and the light-quark jets are included in a globalχ2, where
theℓ± 6ET invariant mass is constrained to theMW , and thepT of the final-state objects are allowed
to vary within their measured uncertainties, as is thepT of the unclustered energy to improve the
resolution in6ET . Finally, the invariant masses of the two reconstructedt quarks (ℓ±νℓb and j jb)
are required to have the same invariant mass but thej j invariant mass is not constrained. The final
dijet invariant-mass distribution is consistent with all dijets arising fromW decays, as can be seen
in Fig. 5 (a).

To extract the number ofW andH± events in data, a likelihood fit is performed to the data.
Templates for the dijet mass distribution fromtt̄ decays generated usingPYTHIA, and non-tt̄ back-
ground estimated fromALPGEN with parton evolution based onPYTHIA, are processed through a
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simulation of the CDF detector. The likelihood fit determines the normalization to theW andH±

templates allowing the non-tt̄ background to vary within the Gaussian uncertainties. The Bayesian
95% CL upper limits on BR(t → H+b) assume a flat prior for 0≤ BR(t → H+b) ≤ 1 and treats
all systematic uncertainties as nuisance parameters with Gaussian priors having means set to their
nominal uncertainties. These are integrated over in the analysis. Figure 5 (b) show the 95% CL
upper limit on BR(t → H+b) for valuesMH± > MW . For mH± ≈ MW , there is little sensitivity, so
the points are excluded from the plot. ForMH± < MW , the search assumes a generic scalar particle
that can decay toud̄, which yields smaller upper limits, since there is only a small probability of
tagging the light-quark jet as ab quark.
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Figure 5: (a) The observedj j mass distribution shown with the expected backgrounds fromtt̄ and non-tt̄
sources. Also shown is the expected signal forMH± = 120 GeV and BR(t → H+b) = 0.1. (b) The 95% CL
upper limit on BR(t → H+b) as a function ofMH± .

3.2 CDF: NMSSM

The decay-mode-independent 95% CL limit from LEP on a SM-like Higgs boson is mh >

82 GeV, which is in conflict with the MSSM predication ofmh < 82 GeV [24]. However, the next-
to-minimal supersymmetric standard model (NMSSM), which adds a chiral-superfield singlet to
the MSSM Higgs sector, increasesmh beyond the current LEP limit. The NMSSM contains an ad-
ditional CP-even and CP-odd Higgs boson, and an additional neutralino relative to the MSSM [25].

For tanβ / 2.5, the NMSSMH± comes within reach of observation at the Tevatron. CDF has
carried out a direct search for thisH±, assumingMW / MH± < mt −mb andmA < 2mb [26]. Thet
quark can thereby be observed in final states containingt → H+b → W+(∗)Ab decays in the mass
range 4 GeV< mA < 2mb, with BR(A → τ+τ−) > 80%. This decay mode could have been easily
missed in previous searches, as the small mass of theA leads toτ leptons with smallpT , and the
final state taken asW+b.

To focus on the final state containing theA, the CDF collaboration returned to theℓ± + jets
sample of Ref. [27]. Assuming aτh decay of theτ lepton, each event is required to have one isolated
charged track withpT > 3 GeV, separated from theℓ± and jets by∆R ≡

√

(∆φ)2 +(∆η)2 > 0.4,
whereφ is the azimuthal angle about the beam axis. The isolation requirement applied tothe
candidate track is that it have> 90% of the momentum of all tracks contained in a cone of∆R > 0.4
about the candidate track. The background from the underlying eventis calculated using three
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samples, 1) a dilepton sample ofZ candidates with one or two jets, 2) aℓ± + jets sample with one
or two jets, and 3) a multijet sample. ThepT spectrum of the isolated track for these different
categories is found to be similar. Figure 6 (a) shows the expected background, the expected signal
for a calculation withMH± = 90 GeV andMA = 9 GeV, and the data. The data agree with the
background, and 95% CL limits are therefore calculated on BR(t → H+b) using the modified
frequentist method, as shown in Fig. 6 (b).

(a)

(b)

Figure 6: (a) ThepT spectrum of the observed isolated track. (b) The expected and observed 95% CL upper
limits on BR(t → H+b).

3.3 D0: H+ → tb̄

Using 1 fb−1 of integrated luminosity, D0 has performed a search for directqq̄′ → H± produc-
tion for MH± > mt [28]. In most such models, when tanβ > 1, theH± decays predominately totb̄.
The search is performed therefore in the final state ofH± → tb̄ → ℓ±+ 6ET +bb̄, which is the same
as the final state in the 1 fb−1 “single top” s-channel analysis [29]. The mass range for this search
is restricted to 180< MH± < 300 GeV, which is larger than the smallest mass allowed forH+ → tb̄
and below the mass at which the cross section in most models is an order of magnitude smaller
than its value at 180 GeV. This search, which complements other searches that have concentrated
on MH± < mt , is performed using the same data sample and selection criteria as the “single top”
analysis, except that the event must have exactly two jets, one or both of which are tagged asb
candidates [30]. After all selections are applied, the efficiency for signal varies from about 0.5% to
1.25% with increasingMH± .

The tb̄ invariant mass is used as the discriminating variable in the analysis. In terms of the
observables, this corresponds to the invariant mass of jet1 (jet with the higher pT ), jet2 (the other
jet) and theW boson. The 4-vector of theW boson is constructed from theℓ± 4-vector and the6ET ,
constraining its mass to the known value ofMW . The longitudinal momentum (pz) of the neutrino
is defined as the smallest absolute value of the two possible solutions forpz. Figure 7 (a) shows the
tb̄ invariant mass, along with expectations for a Type-3 THDM coupling [7].

Given that the data are consistent with the SM expectations, 95% CL Bayesian upper limits
on charged Higgs production are calculated for the Type-1, 2 and 3 THDM discussed in Sect. 1.
The effective Lagrangian forH± quark couplings in the THDM is proportional to the sum of left-
and right-handed chiral couplings. Hence, to modelH± production and calculate the efficiencies
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Figure 7: (a) Distributions in the invariant massM(jet1, jet2,W ) for expected signal and background com-
pared to data. The signal corresponds to a Type-3 model. (b) The 95% CL exclusion in the[MH± , tanβ ]

plane for a Type-1 THDM. The region withΓ(H+ → tb̄) > 50 GeV corresponds to where the width of the
charged Higgs width is significantly larger than detector resolution, and the results of the analysis not valid.

for detectingH± decays, events are generated using the COMPHEP program [31] for pure chiral
states. These pure samples are then combined according to the strength of left- and right-handed
couplings to simulate any desired version of the THDM.

The Bayesian limits on BR(H+ → tb̄) ·σ(qq̄′ → H+) are set by constructing a binned like-
lihood function, and assumes a flat prior for the signal cross section. Allsystematics and their
correlations are taken into account in the calculated limits, which are in the range of 2 to 10 pb, and
are larger than the expectation from the three THDM models, except for theType-1 model with
values ofMH± close to 180 GeV. This is used to exclude regions in the[MH± , tanβ ] plane, given
in Fig. 7 (b). Results in the[MH± , tanβ ] plane that correspond toΓ(H+ → tb̄) significantly larger
than detector resolution are not valid in this analysis.

4. Summary

Six recent results onH± searches from the CDF and D0 collaborations have been presented.
These cover theH± mass range from 80 GeV to 300 GeV. Both indirect searches, where deviations
from SM expectations are used to seek evidence oft → H+b, and direct searches, where an en-
hancement in the mass spectrum or other direct evidence is used to establisha H± signal, provide
null results.
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