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I present the recent search for charged Higgs bosons in decays of top quarks in pp collisions at
\/S=1.96 TeV. The charged Higgs is assumed to decay only into €S, and the charged Higgs mass
can be reconstructed using two jets in top quark decays. The search is performed by looking for
an anomalous resonance in the dijet invariant mass distribution of the lepton+jets tf candidates.
In 2.2 fb~! CDF II data, no evidence of charged Higgs boson is observed, hence 95% C.L. upper
limits are placed at (t — H"b) < 0.1 to 0.3 for charged Higgs boson masses of 90 to 150
GeV/c2.
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1. Introduction

To date there is no evidence of a Higgs boson [1], which is responsible for the masses of
fermions and bosons in both standard model (SM) and Supersymmetric theory (SUSY). The Large
Hadron Collider is expected to give answers to the unresolved questions in the SM with seven
times higher energy than the Tevatron soon. Nevertheless, it is very important not to miss any
new physics from existing Tevatron data. Unfortunately the direct production cross-section of such
new particle is too small to separate it from the enormous SM processes at Tevatron energy scale.
Therefore new particles have been searched in the decays of or in associated production with SM
particles. This search was motivated by the possibility that a charged Higgs boson (H ™) is involved
in top quark decays as predicted in the Minimal Supersymmetric Standard Model (MSSM) [2].

Since the top quark was discovered at the Tevatron Run I program [3], the charged Higgs
has been searched in top quark decays. The previous search [4] performed at CDF looked for a
deficiency or an excess of the top pair production rates in four different tf channels: bblvlv (dilep-
ton'), bblvjj (lepton+jets with exact 1 b-tags and > 2 b-tags) and bblvt,v (lepton+tau). These
tt channels are categorized by the decay particles of the W bosons. The search assumed five final
states of a top quark: t — Wh, t — H*b with H* — 17V, ¢c§ t*b, Wh’(— bb). The acceptances
of each top quark final state resulting in four different tf channels were studied using Monte Carlo
(MC) simulation samples. In conclusion, the number of observed events was compared to the SM
expectation in each tf channel, and the differences were translated into the exclusion limit of the
MSSM parameter (My+ vs. tan 8) as shown in Fig. 1.
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Figure 1. Exclusion limit on the MSSM parameters (My+, tan 3) plane. This limit is computed with SUSY
parameters assuming maximum mass of the h” in reference [5].

Here I present the first direct search for H™ — cSin top quark decays using fully reconstructed
mass My+. The ¢S5 decay is dominant at small tan 8 (< 1) for low H™ masses (< 130 GeV/c?) in

"Here the lepton implies electron and muon. Tau-lepton is marked separately.
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the MSSM. In spite of the tight conditions, this channel provides a good opportunity to reconstruct
H*. Since the cSdecay leaves two jets as does the hadronic W, the search is performed by looking
for a second peak in the dijet mass spectrum in the lepton+jets top quark decays. The lepton+jets
channel has the best signal to background ratio, thus it is ideal for charged Higgs search. The tree-
level diagram of the lepton+jets tf decay involving the charged Higgs boson is shown in Fig. 2.
This search uses a data sample with an integrated luminosity of 2.2 fb~! collected by the Collider
Detector at Fermilab II (CDF II) [6].

Figure2: H™ — cSin lepton+jet tf events.

2. Event Selection and Reconstruction

The tf candidates in the lepton+jets channel are selected by requiring an isolated electron with
transverse energy Et > 20 GeV or requiring a muon with transverse momentum pt > 20 GeV/c in

the central region, [1|> < 1.0. The missing transverse energy (Et) is required to be larger than 20

GeV for the neutrino. For the four final state quarks in the tt decay, at least four jets are required
to have Er > 20 GeV in |n| < 2.0. The most energetic four jets are called leading jets, which are
used for the tf event reconstruction. In addition, at least two of the leading jets are required to have
a secondary vertex within them [7] implying a long-lived b-hadron from a b-quark. The secondary
vertex tagged jet is called a b-jet, and the other untagged jet is called an h-jet.

Since two b-jets are already selected for two b-quarks, the My+ is reconstructed directly from
two h-jets. However, its mass can be improved by reconstructing the tf event as a whole. The tt
event is kinematically reconstructed by assigning the final state objects to the tf decay particles.
The assignment is evaluated in the form of XZ,

i.fi i, meas 5 meas
ooy BB (e pemy
i:/,zéljets O-iZ =Xy OUEZ
M, — Mw )2 M, — M )2 Miii — M )2
( v 2W) +( blv ; t) +( bjj 2 t). 2.1
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In the x? function, leptonic decays of the W boson (Iv) are constrained to have an invariant mass of
80.4 GeV/c?, and both top quark decays (blv and bjj) are constrained to have the same top quark

2n = —Intan(8/2), where 8 is a polar angle with respect to the proton beam direction at CDF
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mass of 175 GeV/c2. Minimizing the X2 by MINUIT [8] fit, the measured energies (pi7mea5) of
UE,meas
]

vary within their uncertainty. The UE is sum of the extra measured energies, which is not included

in the leading jet energies. The UE fit is used to have correct Et ( = —pi{-ﬁt - pljJ Efit

the lepton and four leading jets, and the unclustered transverse energies (p ) are allowed to
). Among the
possible assignments, the assignment with the best x? is used for this tf analysis. Subsequently, the
two h-jets reconstruct hadronically decaying charged boson with better resolution.

3. Backgrounds

In search for the charged Higgs boson, all the SM processes are considered background. The
biggest background is the SM tf events, which are about 92% of the background. The rest of the
SM processes are called non-tf backgrounds consisting of diboson (WW~, ZZ, W*Z), single top,
Z(— 1717) + light flavored jets, multijets and W-+jets processes. Among the backgrounds, elec-
troweak processes (SM tf, diboson, and single top) and Z+jets background have well predicted
cross-sections, hence the expected number of electroweak events are estimated directly from the
MC simulation study. However, MC program could not reproduce the production rate of jet back-
grounds (W+jets and multijets) due to large theoretical uncertainty. Those backgrounds are es-
timated directly from the selected data after subtracting the electroweak and Z-+jets candidates.
Details of the background estimation method can be found in [7]. Assuming 6.7 pb for the SM
tf production cross-section [9], the numbers of expected and observed events in the 2.2 fb~! data
sample are listed in Table. 1.

diboson & single top 2.6 +04
W /Z+jets & multijets | 11.4 £ 7.1
SM tt 152.64+25.0
Observed Events 200

Table 1. Expected number of events from the SM processes is compared to the observed tf candidates in
the CDF 1II data sample of 2.2 fb~!. The production cross-section of the SM tf process is assumed to be 6.7
pb.

4. Simulation

The dijet mass distributions of the H™, W, and non-tf background are obtained from the MC
simulation sample. The H™ boson in decays of tf (— bbH™(— c§)W~(— |v)) is generated with
H* masses of 90 to 150 GeV/c? and zero width of H*. The PYTHIA [10] MC program is used to
simulate the H* sample and the SM tf, assuming a top quark mass of 175 GeV/c?. The diboson and
single top processes also use PYTHIA program for the simulation. ALPGEN [11] event generator
with the PY THIA parton showering are used for the simulation of backgrounds involving jets. All
the MC samples are realistically simulated to reflect the time dependent operation of the CDF II.
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5. Improvement on My +

In the H" simulation, the reconstructed H has a significant low mass tail if the tf event has
extra jets in the final state. The extra jets are mostly hard radiation jets originating from either
incoming quarks (initial state radiation) or daughter particles of the H™ (final state radiation). The
final state radiation jet is close to its mother particle, while the initial state radiation jet is randomly
distributed. In order to recover the lost energy due to radiation, the most energetic extra jet (called
5th jet) is merged with the closest leading jet if the 51" jet has Er > 12 GeV in In| < 2.4, and if
AR (=+/(8N)2 4 (A@)?, where @ is an azimuthal angle) between the 5" jet and the nearest leading
jet is less than 1.0. This merging process improves the entire tf final state energy in the kinematic
reconstruction fit and the mass resolution by 5% in the 120 GeV/c?> H* events with more than four
final jets.

6. Extracting #(t — H'b)

In order to extract the components of the dijet mass distribution, a binned likelihood (LH) is
constructed employing Poisson probability:

v x eV
LH =] 'T(X)G(kag,abkg). (6.1)

Prior probability (P') of finding events in the mass bin i comes from a set of simulated dijet
mass distributions of H*, W, and non-tf backgrounds, called templates. The templates are shown
in Fig. 3. The Poisson probability in bin i is computed from the prior probabilities, v; = P,i_|+ X
Ny+ + P\iN X Nw + Pti)kg X Npkg, and the observed number of events () in the dijet mass distribution.
A multiplication of the Poisson probabilities for all mass bins completes the LH, and the maximum
LH returns the most probable number of H*, W and non-tf background in the given dijet mass
distribution: Nw, Ny+, and Npke. In the LH fit, N and Ny~ float without limits, but the non-
tt backgrounds (Npgg) are constrained within Gaussian uncertainty (Ony,,)- Based on the LH fit
output, the Z(t — H™b) is calculated assuming (t — H™b) + Z(t —Wb) =1 and Z(H" — c5)
=1.

7. Incorporating Systematic Uncertainties & Setting Upper Limits

There are a number of systematic error sources that affect the resulting (t — H™b): jet
energy scale corrections [12], initial state and final state radiation, W+jets production scale, the
choice of simulation program (PYTHIA vs. HERWIG [13]), and b-tagging scale factor (the ratio of
b-tagging efficiency €para/émc). These systematic sources, except for the b-tagging scale factor,
perturb the dijet mass shape, and cause a shift in the LH fit results, Z(t — H'b). The A(t —
H™b) shift is estimated from the LH fits to perturbed and un-perturbed pseudoexperiments; the
pseudoexperiments are generated from a bin-by-bin Poisson fluctuation to the perturbed and un-
perturbed dijet mass distributions of the SM processes. The Z(t — H™b) shift from each source
provides an estimate of the systematic uncertainty. On the other hand, +10 shift on the b-tagging
scale factor causes the selection acceptances of the H™ and W events to change, thus affecting the
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Template Distribution
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Figure 3: A template consists of the dijet mass of H* (120 GeV/c?), W, and non-tf background. A dummy
pseudoexperiment containing Ny = N+ = Npon_tt is fit with the template, and shows its components.

2(t — H™b) calculation. The individual systematic uncertainties are combined in quadrature, and
the total systematic uncertainty is shown as a function of Z(t — H™b) in Fig. 4.
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Figure4: Total systematic uncertainty (A%(t — H b)) shown as a function of #(t — H™b) for H* masses
of 90 to 150 GeV/c?.

The total systematic uncertainty A%(t — H'b) is used for an input error in the Gaussian
smearing of the LH as a function of Z(t — H'h):

1 X —X
/LH x/)\/TT &Pl () /% (7.1)

Here the LH (x) is a direct likelihood fit result as a function of x. Both x and X stand for the
branching ratio, Z(t — H™b), and vary between 0 and 1. A(x’) is the total systematic uncertainty
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at x". The smeared likelihood LH’(X) is computed from LH (X) in convolution with the Gaussian
probability for the entire X range. The upper limit on Z(t — H™b) with 95% confidence level
(C.L.) is estimated by one-sided integration of LH'(X') up to 95% of the positive A(t — H*b)
area. Repeating this process on a thousand null-Higgs pseudoexperiments provides the expected
upper limit in the SM with 1, 2 0 statistical fluctuations.

8. Resaults

The observed dijet mass distribution in the 2.2 fb~! CDF II data is compared with the SM
expectations in Fig. 5. There is no significant excess observed, hence the 95% C.L. upper limits are
placed at Z(t — H'b) < 0.1 to 0.3 for the H masses of 90 to 150 GeV/c? in Fig. 6. This result
shows that the observed upper limits from data agree with the SM expectation.
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Figure 5: Observed dijet mass in top quark decays is compared with the SM expectation, a stack of W
bosons and non-tf backgrounds in the 2.2 fb~! CDF II data sample. An example distribution of the 120
GeV/c? H* boson is overlaid assuming Z(t — H*b) = 0.1, which corresponds to the 95% C.L. upper limit
on A(t — HTb).
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