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We describe a search for charged Higgs(H") in top decays using 2.2 fb™! of data collected by
Collider Detector at Fermilab(CDF). Considering the Minimal Super-symmetric Standard Model,
H" could be found in top decays if it has a smaller mass than a top quark’s mass. The HT is
predicted to decay into ¢§ in low tan 8 plane and is reconstructed via its di-jet decay channel like
the W' but with a higher invariant mass. Based on HT and W™ mass templates and pseudo
experiments, we develop a binned likelihood fit to distinguish H* from W*. Looking into the data,
we see no significant access of H in di-jet mass in lepton+jets top decays, and set upper limit
branching ratio at 95% C.L. for HT mass of 90 GeV/c? to 150 GeV/c? .
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I. INTRODUCTION

The SUSY particle search is one of the major goals at the Large Hadron Collider (LHC) at CERN. Prior to that,
it will be very exciting to have a clue of SUSY particles at Tevatron. However, its direct production cross-section is
too small to separate it from the Standard Model (SM) processes at the Tevatron. Therefore, searching for SUSY
particles in the decays of SM particles could be a solution. If the charged Higgs (H™ ), introduced in the Minimal
Super-symmetric Standard Model (MSSM) [2], is lighter than top quark mass, the H* can be involved in top quark
decays. The same searches have been performed several times by the CDF [1] and D@ collaborations since top was
discovered. In FIG. 1, the latest CDF result [3] shows the MSSM parameter limits, and there is a room to discover
HT in the low tan 3 region above the W mass. FIG. 2 shows the MSSM predicted branching ratio as a function of
tan 3 for a charged Higgs mass of 120 GeV/c? . According to the branching ratio plot, a charged Higgs is predicted
to decay into 7v regardless of tan 3. However, it is experimentally difficult to reconstruct 7 decay. Here we focus on
the low tan 3 ~ 1, where the H™ decays into c5 .

As seen in the FIG. 3, we expect to see same signal final state as the SM lepton + jets channel tt decays, one W
decays into e/u + v and the other decays into di-jets, but higher di-jet invariant mass for H* . We develop a binned
likelihood fit to distinguish Ht from W™ using di-jet mass templates. We use Pythia [5] Monte Carlo (MC) for W+
and HT mass template, and Alpgen [6] with Pythia showering for non-tt background mass template. The charged
Higgs MC are generated with HT mass of 90 GeV/c? , 100 GeV/c? , and up to 150 GeV/c? . The likelihood fit on
the di-jet mass gives us measured branching ratio of top decaying into H* and b. The upper limit of Br(t — HT b)
from pseudo experiments is compared to the fit result from data later.
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FIG. 1: The MSSM results obtained with 192 pb™! at CDF. The SM-expected exclusion limits are indicated by black solid
lines. The darkest solid region represents the area excluded at 95% C.L. The solid lower region is the direct searches at
LEP. For these limits, the MSSM parameters are set to: Msysy = 1000GeV /c?, p = —500GeV/c® , Ay = A, = 2000GeV/c? |
Aq— = E)OOGG\/Y/C27 MQ = M3 = MQ = MU = MD = ME = ML = MSUSY 5 and M1 = 0.4981\/.[2.

II. EVENT SELECTION

The event selection criteria are listed below.

e An isolated electron (muon) with Ep > 20 GeV (pr > 20 GeV/c ). The isolation requires the additional
calorimeter energy in a cone of AR < 0.4 around electron cluster to be less than 10% of the cluster energy.

e Missing transverse energy > 20 GeV. This is due to the neutrino, which traverses the CDF detector without
interacting. The vector sum of all visible energy in the detector in the transverse plane will have an imbalance
due to the missing neutrino energy.

o At least 4 jets with Ep > 20 GeV and || <2.0 (called leading jets).
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FIG. 2: Branching ratios as a function of tan 8 in the MSSM. Here, Higgs mass is assumed as 120 GeV/c? . This plot is made
using CPSUPERH [4]

FIG. 3: A H* is assumed to decay into c5 in low tan 3. The final state appears same as the Standard Model tt lepton+jets
channel.

e At least two of leading 4 jets should be tagged as b-jets by requiring secondary vertex (SecVtx) in the jet. The
b-quark hadron is long lived and travels a measurable distance from the pp interaction vertex. Thus, it appears
as having a secondary vertex in the jet.

All jets are reconstructed using particles detected within cone size (AR = \/An? + A¢?) of 0.4 and only jets
directed within detector pseudorapidity (n = —In(tan/2)) less than 2.4 are considered for analysis. The 6 and ¢
are polar and azimuthal angles with respect to the z (beam axis), which is defined to be along the direction of the
proton. For the leading jets, |n| is required to be less than 2.0. The four leading jets are supposed to be from final
state quarks in tt events, and are used to reconstruct tt events in the kinematic fitter. We also allow additional jets
with ET > 12 GeV in || < 2.4 present in selected events. The most energetic extra jet is called as 5*1 jet, and it is
used later for the di-jet mass improvement for Higgs in sect. IIT A.

IIT. MASS RECONSTRUCTION

A tt event is reconstructed from all the final state particles and jets using a kinematic fitter, Eqn. 1. The fitter
picks the most probable jet-parton assignments based on the smallest x? from a Minuit [8] fit. In the lepton + jets
channel, the leading 4 jets are supposed to be 2 b-jets (b-quark jets) and 2 h-jets (Higgs jets). Since we require two
SecVtx tagged jets, only non-tagged 2 jets are assigned as 2 h-jets.
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The W™ mass in the leptonic decaying side of top, sum of lepton and neutrino 4-vector, is constrained to 80.4

GeV/c? . The t(t) quark mass, the 4-vector sum of HY /W* +b (W~ /H~ +b), is constrained to 175 GeV/c? . The
tagged b-jets are assigned to each t(t) quark as to minimize the 2.

A. Di-jet Mass Improvement

Di-jet invariant mass of H in top decays is compared to the W+ in the SM tt events in FIG. 4. The H' has a
significant low mass tail. We focus on that the Higgs events have one or more extra jets other than leading 4 jets with
about 50% chance in a MC study. The extra jet is mostly decayed from Higgs or incoming quarks (ISR). Once the
5" jet is a final state radiation jet from the Higgs (FSR-h jet), it is decaying very close to the leading jet assigned
to Higgs. Or the 5*" jet is distributed randomly. Consequently the 5" jet is added to the closest leading jet if AR
between them is less than 1.0. FIG. 5 shows an improved mass distribution after adding 5th jet to the closest leading
jet. The mean of histogram in the mass window, 100GeV/c* < My+ < 140GeV /¢ is increased from 113.4 GeV/c?
to 115.3 GeV/c? for true mass of 120 GeV/c? in FIG. 5. However, di-jet masses of W+ and non-tt background are
not affected by adding extra jet.
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FIG. 4: Di-jet invariant mass for the HT ( generated mass of 120 GeV/c? ) and W in SM tt events. The number of events in
both samples is normalized by the area.

IV. BACKGROUNDS

We assume that the lepton+jets data sample consists of electroweak, single top, tt , QCD (non-W), and W+jets
processes. In the sense of charged Higgs search, the biggest background is the SM tt events in the lepton+jets channel,
which takes about 92% of all the backgrounds. Considering that both of W* and H™ belongs to the tt events, we
will concentrate on the non-tt background in this section.

The non-tt backgrounds are estimated in two ways, data-driven background and MC-driven background. The SM
predicted backgrounds are theoretically is very well-proven, so we can estimate the shape and cross-section from
MC. The MC-based backgrounds are di-boson, Z to 77 + multi-jets, and s-channel/t-channel single top processes.
On the other hand, simulation is not perfectly matched to the multi-jet processes in data, therefore the background
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FIG. 5: Improved di-jet mass resolution adding a nearby extra jet to a closest leading jet.

normalization of those backgrounds rely heavily on data. In the case of multi-jet productions assiciated with a real
W+ (W+jets background), it can fake a signal with missing E1 and lepton from real W* | and multiple jets. This
W-jets background is a dominant non-tt background. Other than W+jets background, there exist multi-jet events
with faked W (conversion electron or semi-leptonic B decays), non-W background. A large uncertainty is assigned
to this least understood non-W background.

First, the well-estimated MC-driven background including SM tt events are subtracted from lepton+jets data.
Then, we estimate non-W background by fitting the missing E1 with electron-like objects which fail the final electron
selection cuts. From the missing Ex fit, we can estimate the fracton of non-W background out of selected sample.
Now the data remained after subtracting non-W background is considered only W+jets backgdound. In the tagged
sample, W+jets is broken into W+heavy flavored jets or W+light flavored jets. For the prior, we select SecVtx tagged
events and then apply a data-corrected heavy flavor fraction and a SecVtx tagging efficiency. Then, we isolate the
number of W+light flavored jets sample. To estimate the light-flavor contribution to the SecVtx tagging, we apply
the parameterized generic jet tag rate (mistags), which is driven from data, to the jets before SecVtx tagging required.

In this manner, the number of backgrounds are estimated using cross-section of 6.7 pb for tt events as in TABLE. 1.

Process > 4 tight jets fraction(%)
di-boson(WW/ZZ/WZ) 0.7 £ 0.1 0.4
s-channel single Top 1.0 £ 0.1 0.5
t-channel single Top 0.8 £0.1 0.5
Z+I1f 0.5+ 0.1 0.3
W+bb 5.6 + 2.3 34
Wtce/W+c 1.9+ 0.8 1.1
WHIf 1.9+ 0.6 1.1
non-W 1.6 £33 0.9
non-tt 13.9 £ 7.5 8.4
tt (6.7pb) 152.6 £+ 25.0 91.6
Total Prediction 166.5 + 32.4 100

Observed 200

TABLE I: Expected number background events in 2.2 fb~! data after two b-jets are required. In the background calculation,
tt production cross-section is assumed 6.7 pb.

V. LIKELIHOOD FIT

This section describes how to extract Br(t — H™ b) from di-jet mass in top decays. Using templates, we know how
probable HY 'W* | and non-tt backgrounds would exist in each bin. In the following sub sections, we will describe the



binned likelihood function construction using mass templates, branching ratio uncertainty due to shape systematic,
and likelihood function marginalization with systemtic uncertainties.

A. Binned Maximum Likelihood construction

A binned likelihood fitter is constructed as

LH = H yixe ®G(kag70'bkg)a

ni!
where v; = Nig x (1 — Br(t — H'b)) x Br(W+ — e/u/7 +v) x 2.0 x Br(t — H'b)
xAp x PE" 4 Ny x (1 — Br(t — H™b))? x Ay x PV
+Npig X Pibkg (2)

, where Ny, Br(t — H™' b), and Ny, are fit parameters. Br(t — HT b) is the most interesting parameter that we
concern. Ny is number of produced tt events, and Ny, is number of background in the histogram. We assume that
we know very well about the backgrounds, so we make Gaussian constraints on the number of background in the
fitter. The probabilities of W+ (PV"), HT (PE"), and non-tt (P’*) backgrounds are obtained from the template
distributions as shown in the FIG. 6. Here, the acceptances of W and H' | A,, and A}, are calculated using MC
events.

Once data (magenta dot) comes into the fitter, the fitter finds the maximum likelihood value and gives us the fit
output, Br(t — HT b), number of tt (W* + HT ), and number of backgrounds.
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FIG. 6: A template consists of di-jet mass of Higgs, W, and non-tt background. Higgs mass of 120 GeV/c? template is shown
as an example.

B. Systematic Uncertainties

Since this analysis mostly relys on template shapes, any variation which can make change on di-jet mass is to be
checked. The way of measuring uncertainties is common to all kind of systematics. At first, we make new di-jet mass
distribution (shifted di-jet mass) of W+ and H™ by varying systematic conditions. Then, a pseudo experiments set
(shifted pseudo experiments) is generated using the shifted di-jet mass distribution. The next step is to fit shifted
pseudo experiments with un-shifted di-jet mass template. Finally, we compare the output branching ratio from shifted
pseudo experiments to the expected branching ratio from non-shifted pseudo experiments. The difference of branching
ratio is set to the systematic uncertainty for each kind of variance. The systematics in consideration are listed as
below. The biggest systematic uncertainties are measured from the Jet energy uncertainty and the MC generator. A
square-root-sum of all the listed systematic is shown as a function of the br(t — H*b) in the FIG. 7.



e Jet Energy Scale Uncertainty : A jet energy scale uncertainty is a dominant systematic uncertainty because
the jet energy shift directly affects invariant mass. We vary +1o of jet energy corrections and take averaged
absolute difference of output branching ratio as uncertainty.

e Initial State Radiation (ISR)/Final state Radiation (FSR) : Using the ISR enhanced/reduced Pythia
MC for 120/150 GeV /c? Higgs, we calculate averaged absoute difference of output branching ratio. For the Higgs
mass templates which do not have ISR samples, we extrapolate the uncertainties linearly. If any extrapolated
value is less than measured one, we take the measured one as the uncertainty in the mass bin. FSR systematic
samples are available for 120/150 GeV/c? Higgs only, so we calculate systematic uncertainty in the same way
as done for ISR uncertainty.

e MC Generator : tt sample generated by Herwig [7] for the W+ di-jet mass shape. There is no Herwig Higgs
sample, therefore we shifted di-jet mass of W+ only for the uncertainty calculation.

e Background Q? scale changes : The W+multi-jets background generated with different Q2 affects the
overall background shape. We have W+multi-jet MC sample with Q2 of 0.5 and 2.0. After having shifted
background shape from samples we take the averaged absolute difference of output branching ratio.

e b-tagging scale factor : The b-tagging scale factor of data to Monte Carlo is 0.95 &+ 0.05 for SecVtx tagging
method. We shift the scale factor by £10 and check the branching ratio differences.
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FIG. 7: Total systematic uncertainty (ABr(t — H™b)) as a linear function of input branching ratio ( br(t — H™b) ).

C. DMarginalization Method

The effect of systematic uncertainty is convoluted to the likelihood function as Gaussian distribution for null-Higgs
signal. The output branching ratio shift due to systematic uncertainty is parameterized as a function of Br(t — H*b)
and is put into the likelihood convolution as below :

s ! 1 1 2 —x 2
LH') = [ 1) x g e (g 3)

, where x is the input branching ratio (Br(t — H*tb)), and A(x’) is parameterized branching ratio shift at x’.
Through this marginalization process, the likelihood function is smeared out as shown in the FIG. 8.

The upper limit branching ratio is calculated by integration of positive (physical) likelihood function up to 95%
of total area. The projection on to the branching ratio is the upper limit, which is represented by an arrow on the
FIG. 8. That upper limit increases according to the likelihood function smearing out. Final upper limit from the
pseudo experiments, whose size corresponds to 10 fb~! of data, with null-Higgs hypothesis is compared with upper
limit from data in the FIG. 10.
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FIG. 8: Likelihood function before (red) and after (black) marginalization. According to the likelihood shape changes, the
upper limit on the br(t — H'b) at 95% C.L. also increases from red arrow to black arrow.

VI. RESULTS

We use 2.2 fb~! data to search for a charged Higgs decaying into di-jet in tt lepton-+jets decays. The di-jet mass
distrbution in the selected tt events is validated with prior MC distribution in the FIG. 9, where the MC normalization
is done by likelihood fit (sect. V) forcing Br(t — H™ B) to be 0. This is a promissing search if tan 3, one of MSSM
parameter, is small around unity and the HT mass is not so heavy (< 130 GeV/c? ) [9]. We have no significant access
of charged Higgs in top decays of 2.2 fb~!. Hence we set the upper limit on the branching ratio using the data fit for
HT mass of 90 GeV/c? to 150 GeV/c? | and the results agree very well with the SM expection in FIG. 10.

Di-jet mass in top decays [CDF Runll Preliminary]

N
o

IL 22201

4]
[3)]

—e— Data
Cwni
0 oo

..... Br(t- H'(120GeV) b) = 0.1

w
o

N
o
L L L L B L L B B L L

Nevents/[6 GeV/c?]

N
[$)]

15

10

%20 40 60 80 100 120 140 160 180
M(di-jet) [GeV/c?

FIG. 9: Di-jet mass in top decays in 2.2 fb~! data validated with the background distribution. The 120 GeV/c? Higgs events
with br(t — H* b) = 0.1, corresponding to the upper limit branching ratio at 95% C.L., are compared in the plot.
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FIG. 10: The upper limit branching ratio, Br(t — H' b), at 95% C.L. from data likelihood fit is compared to the upper limit
from pseudo experiments with null-Higgs hypothesis. That upper limit is set to Higgs mass of 90 GeV/c? to 150 GeV/c? .
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