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Review of charged Higgs searches at the Tevatron Phillip GUTIERREZ

1. Introduction

Although the standard model of particle physics (SM) is remarkably ssftdest describing
the fundamental particles and their interactions, the mechanism for theingeatkelecroweak
symmetry (EWSB) has yet to be confirmed. In the SM, the EWSB sector tendifour scalar
fields represented by a single SU(2) complex doulhlet [1]. Following EV¥®Be of the fields are
responsible for the generation of &" andZ masses, while the fourth is the neutral Higgs boson.
At the present time, the Tevatron experiments have set 95% CL exclusion limiteeanass of
the SM Higgs boson for the ranges 100 to 109 GeV and 158 to 175 [beVh[2Hdition to these
constraints on the SM Higgs boson, the Tevatron experiments have alsoitebn neutral and
charged Higgs bosonsi) in the context of several models beyond the SM.

In this review, we discuss recent results from searchell foperformed by the two Fermilab
Tevatron collaborations, CDH][3] and Df] [4], with data frgp collisions at a center of mass
energy,/s= 1.96 TeV. The searches cover a mass range from 60 to 300 GeV, usmgaiaples
corresponding to 1 to 2.7 fdof integrated luminosity. These searches are categorized as indirect
and direct. Indirect searches seek deviations from expectations$kthe infer production oH*.
Direct searches refer to searches for resonant enhancemevitdaoroe consistent witH* decays.
Most of the searches are carried out in the context of a two-Higgdeloubdel (THDM), where an
additional Higgs doublet is added to the SM Higgs sedior [5], thereby intind four additional
fields, two that are neutral and two that are singly charged. A priori, ém@ibn couplings to
the two doublets are not specified. The only requirements are that no-élaanging neutral
currents (FCNC) appear at leading order in EW couplings and that the vép is ~ 1, where
p = MZ /M2 co< 8y, with My, and M being theW andZ masses, anéy is the weak mixing
angle, respectively. The couplings can therefore be selected ondisedba theorem by Glashow
and Weinberg[]6] that states: if all fermions of a given electric chargplecto the same doublet,
FCNC are absent at leading order. This leads to two possibilflies [5]: @8-Tymodels where all
the quarks and leptons couple to a single doublet, and 2) Type-2 models thie up-type quarks
and leptons couple to one doublet and the down-type quarks and leptgrie to the other doublet,
which is the same requirement as in the minimal supersymmetric standard modgaWiMigat is
required to avoid anomalief [5]. The parameters of interest in Type 1 amat2ls are the mass
of theH™ (My=+) and tar3 (the ratio of vacuum expectation values of the two Higgs doublets).
An alternative to applying the Glashow-Weinberg theorfm [6] are availatligpe-3 models that
select the parameters in a manner that suppresses FCNC at lowestrad@eimits coupling of all
quarks and leptons to either one or both Higgs doublets. The Type-3 miesiglibed in Ref[]7],
which suppresses FCNC because of the small quark masses of the twa liigivtasgenerations,
is considered by DO in thel ™ — th search. Thed* analyses described below all assume charge
conjugation invariance, and are carried out under the assumptionsrémahing ratios BR —
W*b) 4+ BR(t — H*b) =1, and thatMy= < m + my,, with the exception of the DO search for
HT —th.

2. Indirect Searches

The indirect searches look for inconsistencies in branching ratiosifiereht observedt
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final states. For example, if BR— H™b) is finite, and BRH™ — 17v;) & 1, then the number of
tt — ¢ + jets events, wher&" represents either an electrat} or a muon (1 *) from the decay of
theW, will be less than expected in the SM. On the other hand, the numberof* +jets events
will be greater than SM expectations. Several techniques have beenyeadhpibthe Tevatron to
carry out such indirect searches, and we here review the most afdbese.

2.1 CDF: MSSM Search

The CDF collaboration has performed a searchHeér in the context of the MSSM using
193 pbLof integrated luminosity{[8]. The analysis uses previous measurementstbptioeuction
cross sectiondip) in the/* + E1 +jets+ X final states, wherX is either &*, at lepton that decays
into hadrons- v; (1), or one or mord-tagged jets, anBt is the momentum imbalance transverse
to the beam axis. The individual data samples are required to be orthdgamatdid correlations
among all the final states.

The analysis considers the decay$t — v, H" — cs HT — t*b, andH* — W+h? —
W+bb. The branching fractions for these decays include radiative cornsctising the program
cpsuPERH] for different values oMy-, tanf3, and MSSM symmetry-breaking parametégis [8].
To set the 95% CL Bayesian exclusion limits, CDF assumes a prior probabitigjtdéhat is “flat”
in log(tanB), with efficiencies for differentH* masses and decay modes based on a simulation
of the CDF detector using events generated byrfgHIA [[Ld] Monte Carlo (MC) generator.
Figure[l (a) shows the region of exclusion fdy- and tar3.

To reduce the model dependence of the exclusion oft BRHb), the five possible decays
were divided into 21 bins in BR4* — X) for each mass, subject to the constrapt8R(H" —

X)) = 1, BR(h® — bb) = 0.9 andm, = 70 GeV. Limits were calculated for each BR combination
at a givenMy+, and the least restrictive limit for eadiy= is shown in Fig.[]L (b).
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Figure 1: (a) The region ofH* exclusion based on the MSSM parameters of Hgf. [8]. Other MISS
scenarios are discussed in R [11]. (b) The exclusiomreigir BR(t — H*b) using the model-independent
approach described in the text.

2.2 DO: Topological

The DO collaboration has extracted a charged Higgs limit fofR— 17v;) = 1 (tauonic
decays)[[12], using the same data sample and event selections usedtpthiedical” measure-
ment of g in the ¢* + jets final state using 0.9 fdof integrated luminosity[[]3]. The data are
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separated into two event categories of 3 an@ jets to improve signal discrimination. To dif-
ferentiate betweett and background events, a multivariate discriminant is definedIbk) =
p(x|S)/{p(x|S) + p(x|B)}, wherep is the probability density for a set of observablesgiven
contributions from backgroun® and signalS. The signal it events, which includes quarks
that decay td1* and therefore depends on BR- H*b) andMy=. The background includes all
important sources, but is dominated\by+ jets and multijet events as can be seen in[fig. 2 (a) and
(b). For a BRt — H*b) = 0in Fig.[2 (a), the data agree with the SM prediction. For comparison,
Fig. (b) shows the expected signal and background for@BRH*b) = 0.5 andmy: = 120 GeV,
which clearly disagrees with the data.

Since the data agree with SM predictions, 95% CL limits on(tBR H*b) are calculated
assuming that BRH* — tv;) = 1. The limits shown in Fid] 2 (c), are calculated using the modified
frequentist approaclj [[L4] fab > 0.55 for the 3 jets events, arid > 0.6 for the > 3 jets events.
The region of smalD is used to normalize th&/ + jets background.
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Figure 2: The discriminant foMy+ = 120 GeV, assuming (a) BR— H*"b) =0, and (b) BRt — H*b) =
0.5. (c) The expected (assuming no contribution beyond SMpéisdrved 95% CL limits for BR — H™hb).

2.3 DO: Ratios of Production Cross Sections

A powerful technique of searching for evidence of non-SM decéysjoark is to calculate the
ratios of gir measured in different final states. What is measured is@Rwhich can be divided
by the appropriate SM value of BR to derigg. If only SM decays are realized, then this defines
the trueay. If there are non-SM contributions, the extracted valuegoWill depend on the final
state. The ratios afi measured in different final states can therefore provide evidencerfosed
to calculate limits on possible non-SM componentsdguiark decays.

The DO collaboration has extracted two ratiosagf (R;) measured in different final states
using 1 fo lof integrated luminosity[[15]. The first of these is measured in/th&" relative to
the /* + jets final states. This ratio is used to search for leptophobic decay$ BR: cS) ~ 1,
that can occur in multi-Higgs-doublet modd]s|[16], and in the MSSM, if laagkative corrections
arise from SUSY-breaking effects J17]. If BR— H*b) > 0, then both the number of — ¢+¢~
andtt — /* + jets events will decrease relative to SM expectations, but the rate ofadeche
tt — ¢+ + jets will be smaller than foit — ¢+ ¢~ events leading to a value Effm < 1.

The other measurement is of the ratioggf measured in theﬁﬁ final states to the&i mea-
surement in thé*/¢T and/* + jets final states. This ratio is used to search for tauonic decays of
H*. Under this assumption, the number of events measured irﬁ‘ﬁ%final state will be greater
than SM expectation, while the number of events for bBGth™ and¢* + jets final states will be
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smaller than SM expectations. The ratiRls”“ andR™/®* whose mean we refer to &'/,
will therefore be> 1. Correlations in systematic uncertainties among the individgahre esti-
mated from pseudo-experiments. These sets are generated in MC riddefhe for the numerator
and the denominator, by varying the number of signal and backgrowmdseabout their measured
values, and the systematic uncertainties according to a Gaussian distribLhi®simulation in-
cludes the/=¢T events that mimi¢* + jets, and the¢*(¥ and¢* + jets events that mimic; ¢*
events. The ratios are found to B§'* = 0.86219 andRY/**1 = 0.97t232 which are consistent
with the SM value of unity. Given the agreement with the SM for the differbanhoels shown in
Fig.3 (a), including’® + jets with one and twd-jet tags, DO calculates 95% CL limits on non-SM
contributions, as shown in Fidg. 3 (b) and (c), using the frequentisbapp of Ref[18].
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Figure3: (a) Observed and SM number of events for different final stased to measumi: The expected
and observed 95% CL limits for BR— H*b) in: (b) the tauonic and, (c) leptophobic models.

2.4 DO: Global Fit

An alternative to using the ratios of the measutgd is to combine the measuregi in a
single global fit, and use the correlations among the different final statesatoh for evidence of
non-SM decays of thequark. DO has carried out this kind of search using 1}fbf integrated
luminosity in the context of three models: 1) leptophobic, 2) tauonic, and 8jrébimation of the
two modes BRH" — ¢s) + BR(H" — 1+v;) = 1 [19].

The data samples are from tiog- measurements using the final statés+ jets, ¢*¢7, and
(7, which are described in Refd. [1F,]20]. The number of expected SMHah events, is
determined through a MC simulation of the experiment. ThetSkvents are generated using
the ALPGEN [R1]] event generator, and partons evolved usingHiA. TheH* contribution to the
tt decay is generated usimyTHIA. Both the SM and non-SM samples are processed using a
simulation of the DO detector and reconstructed with the same code as ustddoFiguré¢]4 (a)
shows the number of events in data, along with SM backgroundtgrdduction. Since, the data
and expectation agree with the SM, 95% CL limits are calculated based orfIREfTp account
for statistical and systematic uncertainties and their correlations, DO gesdfi&€-experiments,
the results from which are used to set bands of confidence for thevebiseranching ratio. The
bands of confidence are then converted into 95% limits ot BRH"b), as a function oMy,
for the observed values of branching ratio. FigUfes 4 show both theceg upper limits, with
bands oft1 standard deviation (sd), and the observed upper limits for the leptopiiatbiizuonic
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models, in (b) and (c), respectively. These limits are used to excludensemidhe My+, tanf]
plane for a number of MSSM scenari¢s|[19].
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Figure 4: (a) Observed and expected number of events for differenegabf BRt — HTb) in final states
used to measure;. The expected and observed 95% CL upper limits fo{tBR H*b) in: (b) the tauonic
model and (c) the leptophobic model for non-SM contribugitoit decay.

3. Direct Searches

Several direct searches fei™ have been carried out at the Tevatron, and involve the modes
H* — csandH ™' — th. Another search involves extra tracks in $uark decays that could signal
a light CP-odd Higgs bosomy] that could have been missed in other analyses.

31 CDF: Ht —cs

Using 2.2 fo! of integrated luminosity, CDF searches fF in the context of a leptophobic
model [22], usingt — ¢* + jets data selected by requiring leptpp> 20 GeV with pseudorapidity
In| < 1, and requiring the event to ha# > 20 GeV. The four jets with the most energy are
required to havér > 20 GeV andn| < 2, with at least two of the leading jets taggedbgets.
Assumingair = 6.7 pb andm = 175 GeV, thett signal to norkt background is expected to be
11:1.

In the SM, the/* + jets final state is composed of tviboquark jets, and two light-quark jets
(jj) from the decay of thev. If thet — H*b decay occurs, then, in addition to & another peak
in the invariant mass will contribute to the light dijet mass spectrum. To improvehdamt mass
resolution, a modified version of the kinematic fitter described in Ref. [23%ésldo reconstruct
thett event. The/*, Er, b quark jets and the light-quark jets are included in a glgFalwhere
the /* Er invariant mass is constrained to thig,, and thepr of the final-state objects are allowed
to vary within their measured uncertainties, as is phieof the unclustered energy to improve the
resolution inZy. Finally, the invariant masses of the two reconstrudtgdarks (*v,b and j jb)
are required to have the same invariant mass buj jtrevariant mass is not constrained. The final
dijet invariant-mass distribution is consistent with all dijets arising fi¥ndecays, as can be seen
in Fig. B (a).

To extract the number oV andH* events in data, a likelihood fit is performed to the data.
Templates for the dijet mass distribution fratrdecays generated usiry THIA, and nonkt back-
ground estimated fromLPGEN with parton evolution based arvTHIA, are processed through a
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simulation of the CDF detector. The likelihood fit determines the normalization te/taadH*
templates allowing the noti-background to vary within the Gaussian uncertainties. The Bayesian
95% CL upper limits on BR — H"b) assume a flat prior for & BR(t — H"b) < 1 and treats

all systematic uncertainties as nuisance parameters with Gaussian prioig m@&ans set to their
nominal uncertainties. These are integrated over in the analysis. Flgb)esBdw the 95% CL
upper limit on BRt — H*b) for valuesMy+ > My. Formy: ~ My, there is little sensitivity, so

the points are excluded from the plot. Ad = < My, the search assumes a generic scalar particle
that can decay tad, which yields smaller upper limits, since there is only a small probability of
tagging the light-quark jet aslaquark.
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Figure 5: (a) The observedj mass distribution shown with the expected backgrounds ftoand nontt
sources. Also shown is the expected signaMgy- = 120 GeV and BR — H*b) = 0.1. (b) The 95% CL
upper limit on BRt — H"b) as a function oM.

3.2 CDF: NMSSM

The decay-mode-independent 95% CL limit from LEP on a SM-like Higg®hasm, >
82 GeV, which is in conflict with the MSSM predication of, < 82 GeV ]. However, the next-
to-minimal supersymmetric standard model (NMSSM), which adds a chirgreld singlet to
the MSSM Higgs sector, increases beyond the current LEP limit. The NMSSM contains an ad-
ditional CP-even and CP-odd Higgs boson, and an additional neutrelatéve to the MSSM[[25].

For tanB3 < 2.5, the NMSSMH* comes within reach of observation at the Tevatron. CDF has
carried out a direct search for this®, assumingviyy S My <m —mp andma < 2my [4]. Thet
quark can thereby be observed in final states containirgH *b — W+(*) Ab decays in the mass
range 4 Ge\k ma < 2my,, with BR(A — 7777) > 80%. This decay mode could have been easily
missed in previous searches, as the small mass ok thads tor leptons with smallpr, and the
final state taken a#/"h.

To focus on the final state containing tAethe CDF collaboration returned to ti& + jets
sample of Ref.[[37]. Assumingm decay of ther lepton, each event is required to have one isolated
charged track witlpr > 3 GeV, separated from the and jets byAR = /(A@)2 + (An)2 > 0.4,
where @ is the azimuthal angle about the beam axis. The isolation requirement applied to
candidate track is that it hawe 90% of the momentum of all tracks contained in a con&Rf> 0.4
about the candidate track. The background from the underlying évematiculated using three
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samples, 1) a dilepton sample Htandidates with one or two jets, 2Y& + jets sample with one
or two jets, and 3) a multijet sample. The spectrum of the isolated track for these different
categories is found to be similar. FigUfe 6 (a) shows the expected backyrihe expected signal
for a calculation withMy+ = 90 GeV andMa = 9 GeV, and the data. The data agree with the
background, and 95% CL limits are therefore calculated oritBR H*b) using the modified
frequentist method, as shown in Fyy. 6 (b).
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Figure6: (a) Thept spectrum of the observed isolated track. (b) The expectédbserved 95% CL upper
limits on BR(t — Hb).

33 D0 HT —tb

Using 1 fb-! of integrated luminosity, DO has performed a search for dgct- H* produc-

tion for My > m [B§]. In most such models, when tBn> 1, theH* decays predominately tb.

The search is performed therefore in the final statd 6f— th— 0= 4 Fr+ bb, which is the same

as the final state in the 1 b “single top” s-channel analysig [P9]. The mass range for this search
is restricted to 186 M= < 300 GeV, which is larger than the smallest mass alloweéhfor— th

and below the mass at which the cross section in most models is an order dfudagmaller

than its value at 180 GeV. This search, which complements other searaehésle concentrated

on My+ < m, is performed using the same data sample and selection criteria as the “sirigle top
analysis, except that the event must have exactly two jets, one or bothicHi are tagged as
candidates[[30]. After all selections are applied, the efficiency foraigaries from about 0.5% to
1.25% with increasing/ly+.

Thetb invariant mass is used as the discriminating variable in the analysis. In terms of th
observables, this corresponds to the invariant mass of jetl (jet with thertpgh jet2 (the other
jet) and theW boson. The 4-vector of th& boson is constructed from tié 4-vector and thé-,
constraining its mass to the known valueMdf;. The longitudinal momentunpg) of the neutrino
is defined as the smallest absolute value of the two possible solutiops feigure[} (a) shows the
th invariant mass, along with expectations for a Type-3 THDM couplihg [7].

Given that the data are consistent with the SM expectations, 95% CL Baygsger limits
on charged Higgs production are calculated for the Type-1, 2 and 3Vl HiScussed in Sect. 1.
The effective Lagrangian fdd* quark couplings in the THDM is proportional to the sum of left-
and right-handed chiral couplings. Hence, to mddél production and calculate the efficiencies
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Figure 7: (a) Distributions in the invariant mas(jetl,jet2, W) for expected signal and background com-
pared to data. The signal corresponds to a Type-3 model. {®)95% CL exclusion in théM,,+, tanf]

plane for a Type-1 THDM. The region with(H™ — tB) > 50 GeV corresponds to where the width of the
charged Higgs width is significantly larger than detectgphation, and the results of the analysis not valid.

for detectingH* decays, events are generated using the COMPHEP pro§ram [31]rfochiral
states. These pure samples are then combined according to the strenfthapideight-handed
couplings to simulate any desired version of the THDM.

The Bayesian limits on BRH* — tB) -o(qq — H™) are set by constructing a binned like-
lihood function, and assumes a flat prior for the signal cross sectionsyAtematics and their
correlations are taken into account in the calculated limits, which are in the cdr2go 10 pb, and
are larger than the expectation from the three THDM models, except fofyipe=1 model with
values ofMy+ close to 180 GeV. This is used to exclude regions in[ig-, tang] plane, given
in Fig. [T (b). Results in théMy=+, tanB] plane that correspond fo(H* — tB) significantly larger
than detector resolution are not valid in this analysis.

4. Summary

Six recent results oAl * searches from the CDF and DO collaborations have been presented.
These cover thel* mass range from 80 GeV to 300 GeV. Both indirect searches, wheiatides
from SM expectations are used to seek evidence-efH b, and direct searches, where an en-
hancement in the mass spectrum or other direct evidence is used to establistignal, provide
null results.
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