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Abstract

Results on the search for a light charged Higgs boson HT decaying to cb in top quark
pair events using the CMS detector at the LHC are presented. The total dataset corre-
sponds to 19.7 fb~! of proton-proton collisions at /s = 8 TeV. In tt decays, if one top
quark decays to Hb, instead of Wb, and the H" subsequently decays to cb, while
other top quark decays leptonically (t — W~b — [7b)), the final state then consists
of four jets (three b quark jets), one lepton (electron or muon), and missing energy:
tt — (H™b)(W~b) — (cbb)(I#b). The main observable used in the analysis is an in-
variant mass of two jets, one of which is identified as a b quark jet. The dijet pair is
selected from at least four jets in an event by a dedicated kinematic fitter. No signal
for the presence of a charged Higgs boson is observed and upper limits are set at 95%
confidence level on the branching ratio for t — H*b from 1.1-0.4% for the charged
Higgs boson mass in the range 90-150 GeV in the assumption of branching ratio of
B(H' — cb) = 100% for the first time.
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1 Introduction

The Higgs boson was discovered at a mass of 125 GeV in 2012 [1, 2] and its properties [3—6] so
far have been found to agree with those of the Higgs boson, an integral part of the standard
model (SM) [7-9]. This discovery shed a light on the mystery of spontaneous symmetry break-
ing which had been pursued for 50 years since it was proposed [10-15]. Although the final
missing parameter of the SM was found, many questions still remain unexplained in the scope
of the SM. Thereby several hypotheses beyond the SM (BSM) have been tested to solve these
questions.

In many BSM scenarios, there are more than one Higgs boson, some of which can be charged.
For example, two Higgs doublet models (2HDM) [16, 17] predict five Higgs bosons: two
charged (H*) and three neutral Higgs bosons (A°, H°, h?), and the observed 120 GeV boson
would be just one of the CP-even neutral bosons (H° or h?). Unlike in the SM, in the 2HDM
flavour changing neutral current (FCNC) occurs at tree level because Yukawa couplings are not
flavour diagonal. In order to supress the tree level FCNC, all fermions which have the same
quantum numbers are supposed to couple to the same Higgs multiplet [18, 19]. The 2HDM is
categorized into four different types of models depending on the assignment of how the right-
handed charged quarks and leptons couples to Higgs fields; type-I, type-II, type-X, and type-Y.
Table 1 summarizes each model that leads to natural flavour conservation.

Table 1: Four 2HDM models with each right-handed fermions coupling to each of two Higgs
doublets. Each model leads to natural flavour conservation.

Model Up-type Quarks | Down-type Quarks | Charged Leptons
Type-I CI)Z CDZ q)z
Type-II D, Dy D
Lepton-specific(Type-X) D, D, D,
Flipped(Type-Y) b, D b,

Here we search for a charged Higgs boson that is predicted in the 2HDM model. In this model
the mass of the charged Higgs boson (H") is an unknown parameter, but it is expected to have
a large coupling to the top quark. If the mass of the charged Higgs boson is less than the top
quark mass (so-called a light charged Higgs boson scenario), the top quark can decay to the
charged Higgs boson, t—H"b. The light charged Higgs boson has been directly searched in
H™ — tv [20-24] and HT — cs [25-28] decays at hadron collider experiments. The charged
Higgs boson has not been observed in top quark decays in these two channels and upper limits
on the branching ratio of t—+H™b is placed at O(1%).

In the search presented here the light charged Higgs boson decay channel Ht — cb is con-
sidered (the charge conjugated state is implied). This decay branching ratio is enhanced and
dominant in the type-Y 2HDM model [29, 30].

If the t—+H*b — cbb process takes place, the best channel to find such decays is tt production,
with one top quark decaying to the charged Higgs boson and subsequently giving three jets,
two of which originate from b-quarks, while the other top quark via the SM leptonic decay
t — W~b — /ib. This gives a final state with three b-jets, compared with two from the semi-
leptonic SM tt decay. In the SM tt decay the invariant mass of the two un-tagged jets will peak
at the W mass. However, in this case of t—-H*b — cbb decays, the dijet invariant mass will
peak at the mass of the charged Higgs boson. Figure 1 shows the dijet mass distribution for two
jets from H™ and W decays in tt events. This analysis searches for a charged Higgs boson by
looking for a second peak in this dijet mass spectrum in tt decays. The analysis takes advantage
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of the additional b quark in the final state, and divides the search into events with 2 b-tagged
jets and events with at least 3 b-tagged jets.
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Figure 1: Expected dijet mass distribution for W from SM tt and from H™ signal tt in the events
with two b-tagged jets (left), and with more than two b-tagged events (right).

This search is performed using CMS data collected at /s = 8 TeV, with a total integrated lumi-
nosity of 19.7 fb~!. The datasets and simulation samples used in the analysis are described in
Section 2 and 3. The event selection criteria are listed in Section 4. Section 5 describes the back-
ground estimation used in this search. Energy corrections for the jets in the selected events are
explained in Section 6 while the kinematic fitter used for sorting jets in the event is presented
in Section 7. Section 8 summarizes systematic uncertainties. Fit on the observed data and
the upper limits on B(t—H"b) with 95% C.L. are presented in Section. 9. The summary of the
search is given in Section 10.

2 CMS detector and Event reconstruction

The central feature of the CMS detector is a superconducting solenoid with an internal radius
of 3 m. The solenoid provides a magnetic field of 3.8 T along the direction of the beam, which
represent the z-axis of the detector coordinate system, with the center of the detector defined
to be at z = 0. The azimuthal angle ¢ is measured in the plane perpendicular to the z axis,
while the polar angle 0 is measured with respect to this axis. Within the superconducting
solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed
of a barrel and two endcap sections. The electromagnetic calorimeter provides a coverage in
pseudorapidity |77| < 1.479 in the barrel region (EB) and 1.479 < |¢| < 3.0 in the two endcap
regions (EE), where we define pseudorapidity as 7 = —In[tan(6/2)]. Muons are measured
in gas ionization detectors embedded in the steel return yoke. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors.

The first level of the CMS trigger system, composed of custom hardware processors, uses in-
formation from the calorimeters and muon detectors to select up to 100 kHz of the most in-
teresting events. The High Level Trigger (HLT) processor farm uses information from all CMS
subdetectors to further decrease the event rate to roughly 300 Hz before data storage. The LHC
provided luminosity is measured using the forward calorimeters and pixel detector. A more
detailed description of the CMS detector, as well as definitions of the coordinate system used,
can be found in Ref. [31].



Final state objects used in this analysis are reconstructed using the standard CMS particle-
flow (PF) algorithm [32]. This algorithm reconstructs five different types of objects—muons,
electrons, photons, neutral hadrons, and charged hadrons—coherently exploiting all the CMS
sub-detectors. It also reconstructs vertices using associated tracks.

Electron candidates are reconstructed in pseudorapidity range || < 2.5 by associating electro-
magnetic depositions in the ECAL with reconstructed charged tracks in the tracking system.
Muons are identified in pseudorapidity range || < 2.4 by matching tracks reconstructed in
the muon system and the central tracker.

Jets are clustered using all the particle flow candidates except isolated leptons and charged
hadrons from non-primary vertices. The anti-kt algorithm [33] with a distance parameter (AR)
of 0.5 is used. A series of corrections [34] are applied to the jet energy-momentum 4-vector
in order to account for the effect of pileup, non-uniform detector response, and residual data-
simulation differences. The missing transverse momentum vector is defined as the projection
on the plane perpendicular to the beams of the negative vector sum of the momenta of all
reconstructed particles in an event. Its magnitude is referred to as ETss,

3 Simulation samples

The charged Higgs boson signal events are simulated using the generator PYTHIA [35]. In this
process tt events are produced, where the top quark decays to H' and a b quark and anti-top
quark to W~ and b. The charged Higgs boson is then decayed to cb, and the W decays to an
electron or a muon and an accompanying neutrino.The charge conjugate state (H™ — ¢b) is
also simulated. We assume a very small (~ zero) width of the charged Higgs boson. The signal
tt samples are prepared for the H masses of 90, 100, 110, 120, 130, 140, and 150 GeV.

Background samples, including SM tt which is the dominant background, are mainly generated
with MADGRAPH 5.1.3.30 [36]. The exceptions are single top quark and diboson samples for
which POWHEG v1.0 11380 [37] and PYTHIA are used respectively.

Parton showering and hadronization are simulated using PYTHIA v6.4 [35]. These samples
include the full simulation of the CMS detector based on GEANT4 [38] and simulated events are
reconstructed using the same CMS software as used for data. To ensure correct simulation of
the number of additional interactions per bunch crossing (pileup), simulated events are mixed
with multiple minimum bias events. Each simulated event is then weighted such that the
distribution of pileup interactions in the simulation matches that of the real data.

4 Event Selection

Signal events, tt—b(H*)bW~—bb(cb)¢v, contain one prompt lepton, one neutrino, and four
quarks, three of which are b quarks. Therefore we expect the final state to consist of either a
muon or an electron, at least four jets and missing transverse energy. This section describes the
selection of the final state objects and events to be used in the analysis.

In both the muon and electron channels events are selected using single lepton triggers. For the
muon channel the trigger requires an isolated single muon with a pr threshold of 24 GeV and
upper |77| threshold of 2.1. While for the electron channel the trigger selects events by requiring
a single isolated electron with a py greater than 27 GeV and |7| smaller than 2.5. Events are first
required to contain a well reconstructed primary vertex, where the primary vertex is assigned
to the vertex with the highest ) p%tmcks in the event.
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For the H' search events are selected by requiring exactly one lepton, at least four jets and large
missing transverse energy. This analysis uses both the electron and muon channels. The elec-
tron (muon) candidates are required to have a pr larger than 30 (26) GeV, |y| < 2.5 (2.1) and
must be consistent with originating from the primary vertex. Electron candidates must pass
a number of identification requirements on the shower shape, track quality and matching be-
tween the track and supercluster. Electrons directing to the barrel-endcap transition gap (1.4442
< 75| < 1.5660) are excluded. Electrons that are consistent with being due to a photon con-
version are vetoed. The electrons must be well isolated from other activity in the event, which
is ensured by requiring their relative isolation parameter (Iso,) to be less than 0.1. Here Iso,
is defined as the scalar sum of momenta of PF objects within AR = /(An)? + (A¢)? < 0.3 of
the candidates direction, excluding the candidate itself, divided by the lepton candidates trans-
verse momentum. A set of track quality cuts are applied to the muon selection [39]. Similar to
electron candidates, muon candidates are required to be isolated with Iso, < 0.12. For muons
Isoy is calculated in a cone AR < 0.4. No other e(or u) with a looser requirement of pp > 20
(10) GeV within || < 2.5 and relative isolation less than 0.3 are allowed.

Jets are selected that have pr > 30 GeV and must be within the tracker coverage of |17| < 2.4,
while additional quality cuts are applied to remove fake jets reconstructed from detector noise.
Since this analysis looks for events which include a neutrino in the final state, we require ET"$
> 20 GeV.

The signal events, tt — (H™b)(Wb) — (cbb)(¢vb), have three b quarks in the final state, while
the SM decays, tt — (Wb)(Wb) — (jjb)(¢vb), give only two b quarks. We use the combined
secondary vertex tagger to identify jets originating from b quarks , with the medium working
point, defined such that the misidentification rate is 1% while the b-tagging efficiency is ~
70% [40]. Events with two or more b-tagged jets are taken as a signal region, while events with
only one b-tagged jet are used as a control sample as discussed in Section 5.

The analysis uses four event categories (signal regions) in total, depending on the lepton flavour
and number of b-tagged jets, which are defined as:

1. Electron + EM + four or more jets, with two of the four leading jets b-tagged (electron
2b-tag signal region);

2. Electron + EMsS + four or more jets, with three of the four leading jets b-tagged (electron
3b-tag signal region);

3. Muon + ETS + four or more jets, with two of the four leading jets b-tagged (muon 2b-tag
signal region);

4. Muon + EM*$ + four or more jets, with three of the four leading jets b-tagged (muon 3b-tag
signal region);

5 Background Estimation

In this analysis we consider three types of backgrounds. These include backgrounds from top
quark, such as tt and single top quark decays, backgrounds which are not associated with top
quark (non-top backgrounds), and QCD multijet events where a jet is misidentified as a non-
prompt lepton. It is important to note here that the SM tt background is scaled down with the
appearance of signal, t—H™"b, to account for the change in branching ratio of the SM decays.

In the 2 b-tag region the estimation of the top quark and non-top backgrounds are both done
using simulation. A number of corrections are applied to the simulated events to better model



the data. Non-top backgrounds here include for example events from boson-+jets (where boson
is either W or Z) or diboson+jet.

The 3 b-tags events from SM tt decays have two components: tt+jets (where jets come from
gluons and light quarks and one of these jets is mis-tagged) and tt + bb. Simulation of the
latter process is known to give too few events [41, 42]. To find the scale factor we need to apply
to tt + bb simulation, we compare data and simulation in the high purity tt + bb sample: two
isolated leptons of opposite charge, large ET5, and three b-tagged jets. The data/MC ratio is
found to be 1.23 £ 0.10 (stat). Therefore, we scale the simulated event yield for events of the
tt + bb. It is noted that this correction has applied to the dijet mass template after tt kinematic
fit.

Since we perform a shape analysis for the search, having a smooth shape is very important.
The backgrounds including at least one boson in the 3 b-tag region are estimated in simulation,
however the simulation used to estimate these backgrounds suffer from low statistics when
requiring 3 b-tagged jets. For this reason the non-top background estimation in the 3 b-tag
signal region is done by applying the tagging efficiency to the non-tagged jets in the selected 2
b-tag events.

For background from multijet events where a non-prompt lepton is misidentified from a jet
we use a data driven technique to estimate the contribution in the signal region. In this anal-
ysis we define a non-prompt lepton as any lepton that does not decay from a W or Z boson.
For the misidentified lepton background the shape of the signal kinematics is obtained using
signal-like events in the data, except the relative isolation (Iso,) of a lepton is between 0.15-
0.3. Background events estimated from simulation samples (tt and non-top bacgkrounds) are
subtracted from data for this multijet event estimation. To correct for the difference in normal-
isation of events in the signal region with an isolated and anti-isolated lepton a scale factor is
applied to the anti-isolated sample. This scale factor is defined as the ratio of the number of
events with a single isolated lepton versus a single anti-isolated lepton and is determined us-
ing a sample of data events orthogonal to the signal region (ET5 < 20 GeV). The scale factor
used for estimating the misidentified lepton background in signal region were obtained in 2
b-tagged events, and applied to the QCD estimation in both the 2 and 3 b-tagged selections.
Kinematic distributions for the multijet background are obtained by applying the scale factor
to events with an anti-isolated leptons with E™s* > 20 GeV. The same technique to estimate
the multijet background was used previously in the H" —¢s search [27].

Selected event yields are listed in Tables 2 and 3 for the electron and muon channels. Lepton
and jet pr distributions for data and background-only in the 2b-tag category are shown in
Figure 2, and 3 b-tag signal region observable kinematic distributions are compared in Figure 3
for e+jets and u+jets selection together. The comparison shows a good agreement of data and
background predictions.
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Table 2: Event yields with the e+jets selection from simulation and data corresponding to 19.7
fb~! at \/s = 8 TeV. The correction to the tt simulation in the 3 b-tag region is not applied here.

etjets | 1b-tag 2b-tag 3b-tag
tt+jets 69289 + 83 43592 £ 63 4007 £ 19
QCD multijet | 6187 4 87 1116 4 33 82+8
Single Top | 4069 + 43 1882 + 28 147 £ 8
W/ Z+jets 10351 £368 1098 £114 79 £20
WW/WZ/ZZ | 290 £5 56 + 2 54+£04
tt+W/Z/H | 279 £2 169 £ 2 35+1
Total Bkgd | 90464 + 389 47911 £ 137 4355 £ 30
Observed 92877 50542 4848

Table 3: Event yields with the u+jets selection from simulation and data corresponding to 19.7
fb~! at /5 = 8 TeV. The correction to the tt simulation i n the 3 b-tag region is not applied here.

p+ets | 1b-tag 2 b-tag 3 b-tag
tt+jets 81622 + 91 51823 £69 4755+ 21
QCD multijet | 2446 + 42 597 £ 17 515
Single Top | 4829 + 47 2212 £ 30 169 £+ 8
W/ Z+jets 11982 +£ 417 1306 =127 64 +12
WW/WZ/Z7 | 330 £ 6 62+2 7+1
tt+W/Z/H | 322+2 195 £ 2 41 +1
Total Bkgd | 101531 +431 56195 + 149 5087 £ 26
Observed 102404 57593 5754
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Figure 2: Lepton and jet pr distributions for data and background-only in the 2b-tag category:
(top left) electron; (top-right) muon; the four bottom plots are for the four leading jets. The
data-driven correction to the tt simulation in the 3 b-tag region is not applied in these plots.
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Figure 3: Lepton and jet pr distributions for data and background-only in the 3b-tag category:
(top left) electron; (top-right) muon; the four bottom plots are for the four leading jets.



6 Top Quark Specific Correction to Jets

The search for a charged Higgs boson is performed using the dijet mass distributions for a pair
of jets selected as the best match for a H" — cb decay. Therefore, it is important to achieve
a good dijet mass resolution. Standard jet energy corrections bring the jet energy to particle
level. In this analysis, we introduce additional parton-specific jet energy corrections so that the
corrected jet energy matches closer to the energy of the primary quark of a specific flavour (b,
¢, and light quarks u/d/s). The assignment of jets to specific quarks arising in tt — ¢v + 4jets
decays (and selection of a candidate pair to be associated with a potential Higgs boson decay) is
performed by the kinematic fitter to be described in the next section. The jet-parton pr response
function f is defined in Equation 1 comparing the matched parton pt with the reconstructed

jet pPT-

_ pr(parton) — pr(jet)
f_ pT(jet) (1)

The response function is referred to as a top quark specific (TS) correction. Among the four
partons generated in the lepton+jets channel SM tt events, two of them are decay products of
a W and the other two are b and b quarks from t and t, respectively. The matching between
a parton and reconstructed jet is done based on a matching with AR< 0.3. When more than
one jet is matched to a parton, this event is not used. The jet response function is fit with a
function of pr as shown in Equation 2 for each parton flavour (b, ¢, and u/d/s), and is shown
in Figure 4.

c
f(pT):a—i—bx\/p*T—i—E—i—dxpT. )

This response function fit is repeated for each jet # regions. In addition, for the pr response of
a jet matched to a b quark, a constraint on |Apr(parton,jet)| < 25 GeV is applied to prevent
over-correction.
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Figure 4: Jet pt response as a function of reconstructed pt for a b quark jet, c quark jet, and
light-flavour jets in || < 0.174.

With the TS correction applied, the corrected jet pr should be closer to the corresponding parton
pt- Thereby, the pr of the TS corrected jets are compared with the original matching parton in
selected pt and 7 bins. Corrected pt response distributions, pr(TS-corrected jet - pr(parton),
are shown for the case of the |57| < 0.174 in Figure 5. The jet energy resolution after the TS
correction is obtained from the width of Gaussian fit on the residual distribution in each pr
and 7 region. The resolution width in each || region is again parameterized as a function of
pr using the Equation 2 and used in the kinematic fit as described in the Sec. refsec:ttres.

Figure 6 compares the invariant mass distributions with and without the TS corrections for the
dijet mass of a boson and for the hadronic side top quark masses, M(bqq) and M(bcb). The jets
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Figure 5: Corrected pr response distributions for b quark jets for || < 0.174. From the top left,
some selected plots for different pt ranges: (50,60), (70,80), (90,100), and (150,300).

used in the Figure 6 are matched to the quarks from the SM tt events and from the H™ signal
samples, thereby the TS corrections are applied to those jets according to the matching quark’s
flavour. With the TS correction applied the mean value of the dijet mass distribution is closer
to the true value, while the resolution is improved by 7~9 % in both samples.

7 tt Event Reconstruction

The resolution of the dijet invariant mass is improved further by using a kinematic fitter. The
fitter is performed to find the best-matched assignment of four jets to the four quarks in the
semi-leptonic decays of tt. In the selected events, only four leading jets are assumed to be
from the tree level partons and used for the tt reconstruction. The TS correction is applied to
those selected jets in the kinematic fitter based on its assigned parton flavor. For example, a jet
which is assigned to be the b quark from the top quark decay is corrected with the b flavour TS
correction for a given jet pr. The minimization x? function used for the H' search is defined as

ifit i,meas

X = Y (Pt —pr

2
i=14jets i

)2 (ijE,fit . ijE,meas)Z

+ )
j=xy
(M, — Mw)? n (Mpry — My)? + (Mppe — My)?
T2 T2 T2 ‘

ONE?

N 3)

While constraining the invariant masses of the leptonic W, and both the leptonic and hadronic
top quarks to the true values in simulation, 80.4 GeV and 172.5 GeV respectively, the MINUIT
fitter runs to find the best jet to parton assignment with the smallest x? by varying the pr of
leading four jets and lepton, and the non-clustered jet energy (NE) accordingly. The lepton
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Figure 6: Top plots show M(jj) distribution before and after the TS correction for SM tt (top left)
and for H™(120) signal (top right), while the bottom plots are M(bqq) for tt (bottom left) and
M(bcb) for 120 H*(120) signal (bottom right)

pr is varied within its uncertainty. Input jets to the fitter are TS-corrected for each jet-parton
combination, then the corresponding resolution of the TS correction is used for as the jet pr
uncertainty. The non-clustered energy is firstly estimated by

NE,y = —Pxy (lepton) — Z Pxy — E%ﬁssxly, 4)
jets(pr>10GeV)

then varies in the fitter. Non-clustered energy is not very well understood, thereby relatively
large uncertainty (50%) is used. The EXS is then derived from the NE fit output using the
relationship shown in Equation 4.

In two b-jets event, each b-tagged jet is assigned to the two top quark decays, so that the dijet
mass is reconstructed from two un-tagged jets. When an event has three b-tagged jets, any two
b-tagged jets are assigned to two top-b-quarks and one remaining b-tagged jet is assigned to
either W/H™ based on the minimum x? for the low mass HT (< 120 GeV). However, for a
higher mass H' (130 - 150 GeV) that has decayed from a top quark, the accompanying b quark
becomes softer. Figure 7 compares the generated pr distribution of the top-b-quark in H
samples with that from the SM tt sample. Since there are no constraints on the dijet mass, the
fitter confuses the b-jet assignment between two b-quarks from the same hadronic top quark,
which degraded the dijet mass resolution worse. Subsequently among two b-tagged jets from
the process t — H*b — H*bb, the softer pr jet is assigned to the top-b-quark in the fitter.

To mitigate somewhat the problem of wrong assignments, two goodness cuts are applied in
selecting the best-matched assignment rather than imposing a cut on x? as shown below. These
cuts help preventing the occurence of a wrong jet-parton assignment which result in a small x2.
The efficiency of these goodness cuts is estimated to be about 50% for SM tt and 60% for the
H™ signal tt sample in > 3 b-tags region.
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Figure 7: pr distribution of the top-b-parton in the hadronic side top quark. The b-quark pr
distribution in the SM tt sample (red) is compared with the H™ signal tt sample with M(H")
=90, 100, 110, 120, 130, 140, and 150 GeV.

o |pin — plitted| < 20 GeV for each jet,
e M(hadronic top quark) (before fit) < 200 GeV.

The obtained dijet mass distributions (i.e., the mass of the two non b-tagged jets in the 2 b-
tagged region) from the tt reconstruction fitter are shown in Figure 8. Figures 9 and 10 show
the dijet mass distributions in the 3b-tagged region as obtained with the low and high mass
fitters, respectively. In all these plots the tt background is scaled down due to the presence of
signal, according to the branching ratio, B(t—+H"b). Additionally the tt similation is scaled up
by a factor of 1.23 in the 3 b-tag region as discussed in Section 5. The signals shown correspond
to M(H")=110/140 GeV and B=0.2 (Fig. 8), M(H*)=110 and B=0.05 (Fig. 9), and M(H")=140
and B=0.05 (Fig. 10).

8 Systematic Uncertainties

In this analysis, we use both 2 b-tag and 3 b-tag events sample. The sample with 2 b-tag events
are dominated by background contributions, whereas signal events are mostly in the 3 b-tag
region. Thus many common systematics between 2 b-tag and 3 b-tag events can be constrained
using the high-statistics of the 2 b-tags data.

Effect on the analysis templates from systematic sources appears in two aspects. The first one is
related to the overall rate of signal and background contributions, while the second one affects
the shape of the dijet mass distribution. In several cases the systematic source changes both
rate and kinematic shape. For the systematic uncertainty estimation, we use the top quark
analysis group guideline and systematic samples, which are well described in the Ref. [43].
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The considered sources of uncertainties summarized in Table 4 and more details follow:

Table 4: Summary of the systematic uncertainties in the search for a charged Higgs boson
covering both the p+jet and e+jet channels. For cases where the uncertainties in the u+jet and
e+jet channels differ, range is given. Rate uncertainties for the H* signal, tt, non-tt are listed
for the 2 b-tag and 3 b-tag selections, and the uncertainties marked with (s) are used for shape
systematic uncertainties.

Source of uncertainty’ signal (my = 120) tt non-tt QCD multijet
2 b-tag 3 b-tag 2 b-tag 3b-tag 2 b-tag 3 b-tag 2 b-tag 3 b-tag
tt cross section 6.5 20 6.5 20
Top quark mass 5(s) 5(s) 5(s) 5(s)
tt pp reweighting (s) (s) (s) (s)
%ﬁgg:g_Lv(z_sMh:gecmph) 8590(s) 7.6-88(s) | 83-85(s)  80(s)
PYTHIA-MADGRAPH pr(tt) difference (s) (s)
ME-PS matching 0.6-0.8 (s) 0.8-1.4 (s)
Renormalization and factorization scales 4.0-4.2 (s) 6.8-7.2 (s) 1.3-1.7 (s) 1.3-2.0(s)
Jet energy scale (JES) 4.6-5.3 (s) 5.0-5.9 (s) 34(s) 3.3 (s) 7.5-9.6 (s) 0.9-2.8 (s)
Flavour-dependent JES (b quark) 0.3-0.4 (s) 0.2-0.6 (s) 0.1(s) 9.0 (s) 0.1-0.7 (s) 0.5-0.9 (s)
Flavour-dependent JES (udsc,g) 0.9-1.2 (s) 0.4-0.6 (s) 1.0 (s) 9.0 (s) 3.1-4.1 (s) 1.1-1.8 (s)
Jet energy resolution 0.1-0.2 (s) 0.2-0.8 (s) 0.3 (s) 0.4 (s) 1.1(s) 1.5(s)
B-tag scale factor for b/c quark jets 12-21 5.6-5.8 3.6 57 2.9-3.0 4.0-4.4
Mis-tag scale factor for light quark jets 0.1-0.2 0.2-0.7 0.2 0.3-0.7 0.7-1.3 0.3-0.4
Pileup reweighting ~ 0.5
Electron scale factor (e+jets) 2.0
Muon scale factor (p+jets) 2.0
Luminosity 2.6
Data driven prediction Shift anti-Iso| region (s)

e tt cross section: The theoretical value of the tt cross section is used to estimate the
backgrounds of the SM tt which has an uncertainty of 6.5%. The calculation is done
at next-to-next-to leading order (NNLO) in QCD including resummation of next-
to-next-to-leading logarithmic (NNLL) of the soft gluon terms [44]. However this
uncertainty may not be sufficient in the 3 b-tags region, where there can be an ad-
ditional uncertainty in the modelling of additional bb production. As described in
Section 5, the tt +bb contribution to the tt background in the 3b-tag category is scaled
up by factor of 1.23, derived from comparing data and simulation in a control region.
Since the origin of this data-vs-simulation difference is not yet understood, we as-
sign 20% uncertainty on the entire tt background in the 3b-tag category.
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Top quark mass: Two tt simulation samples generated with alternative top quark
masses, 171.5 GeV and 173.5 GeV, are used to assess the uncertainty in the M(jj)
template distributions and event yields associated with the uncertainty in the top
quark mass.

tt pr-reweighting: The pr spectrum of individual top quarks observed in data [45]
was found to be softer than the NNLO QCD predictions [46, 47]. Event-by-event
weights have been derived by CMS top quark analysis group, then applied to the tt
simulation. The difference in the M(jj) templates obtained with and without reweight-
ing is taken as a systematic uncertainty.

NLO-vs-LO shape: To estimate the uncertainty due to the missing NLO contribu-
tions, we use Powheg (NLO) to simulate an alternative tt sample. The difference
between the M(jj) templates obtained with MadGraph and Powheg (Figure 11) is
taken as a shape uncertainty.

PYTHIA-MADGRAPH pr(tt) difference: The H' signal sample is generated by PYTHIA
while the SM tt sample was done by MADGRAPH. The difference between two gen-
erators appear in the different peaks in the pr(tt) spectrum at the generate level.
Effect on the dijet mass distribution is estimated by applying the event weight by
pr(tt) shape from SM tt to that of H' signal tt, then added to the shape systematic
uncertainty.

ME-PS matching: In the tt simulation sample, matching threshold that interfaces the
matrix element (MADGRAPH) to the parton-showering (PYTHIA) is shifted up/down
as desribed in Ref. [43].

Renormalization and factorization scales (Q?): The uncertainty on the M(jj) tem-
plate of tt background due to missing beyond-LO terms is estimated by varying
the renormalization and factorization scale by the conventional factor of 2 up and
down. This can be a double counting of the NLO-vs-LO shape uncertainty, however
we take a conservative estimation on uncertainties.

Jet energy scale (JES): The JES uncertainty is one of the most significant sources of
uncertainty in this analysis. This uncertainty affects both the event yield and the
mass template shapes. The JES uncertainty is evaluated as a function of jet pr and
17 [48].

Flavour dependent JES: The jet energy response may not be same for different par-
ton flavour. An additional uncertainty for different parton flavour is studied along
with the jet energy corrections [48]. In order to separate the effect by parton flavour,
the uncertainties are estimated separately by £1¢ shift of only b-quark jets and by
+10 shift for other jets. This uncertainty also takes into account the difference in the
hadronization processes given by the difference from PYTHIA to HERWIG.

Jet energy resolution (JER): Previous measurements of jet energy resolution in data
have indicated that it is about 10% worse than in the simulation [48]. The resolution
in simulated events is therefore degraded accordingly to match the data. Based on
the jet energy, the resolution for each jet is scaled up and down within its uncertainty.
B-tagging scale factor: The b-tagging scale factor uncertainty has a large impact
on event rates for signal and backgrounds. According to the b-tagging performance
study for 2012 CMS data [49], the scale factor for mistag is 1.17 +0.02(stat.) = 0.15(syst.)
and the for the b and ¢ quarks it is assigned to be 0.953 =+ 0.012(combined). We use
same scale factor for b and ¢ quarks but assigns doubled uncertainty for the c quark.

Pileup reweighting: To estimate the uncertainties associated with pileup, the minimum-
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bias pp cross section used in the minimum bias production used in the pileup reweight-
ing procedure in simulation is varied up and down by 5%

Lepton identification/isolation/trigger scale factor: For both e+jets and pi+jets chan-
nels, the uncertainty on the lepton identification and isolation efficiencies are esti-
mated to be 0.2% (0.04%) for electron (muon). We assign an uncertainty of 2% on the
rate by combining the identification and isolation scale factor uncertainties with the
trigger scale factor uncertainty (0.5%/0.04% for electron/muon) [27].

Luminosity uncertainty: The uncertainty on the luminosity measurement is given
to be 2.6% by the Luminosity group [50].

Data driven multijet: The uncertainty on data-driven multijet background is esti-
mated by shifting anti-isolation region, which is defined by 0.15 < Iso,e < 0.30 of a
selected lepton in the analysis. The dijet mass distributions for multijet uncertainty
is obtained by (1) inverting the standard isolation cut (Iso, > 0.1 (0.12) for electron
(muon)) and (2) using 0.2 < [Iso.| < 0.3. The shape and rate are then re-evaluated
for the non-tt background template using these two new shifted multijet contribu-

tions.
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Figure 11: Comparison of dijet mass distribution using low mass fitter for the SM tt (left) and

for charged Higgs boson signal at 100 GeV (right) in 3 b-tags e+jets channel: shifts due to jet

energy scale: tt (top left), signal (top right), tt MC generator (bottom).

9 Resulis

RooStat [51] based statistics tools are used for this shape analysis. The observed data in the
four signal regions (Figures 8 and 9 or Figures 8 and 10) are fitted using a Maximum Likelihood
Fit (MLF) Method for the branching ratio B(t—+H"b), assuming BH" — cb)=100%, using the
binned M(jj) templates for background and signal. Expected number of events in a mass bin i
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consists of
u;i = ui(non — tt) + (1 — BR)? x p;(tf - WbWb) +2 x BR x (1 — BR) x ;(tt — H'bW™b),  (5)

whereas the BR is B(t—+H"b) and y; is the number of events in i-th bin mass templates for
non-tt SM backgrounds, H", and SM tt(W). These templates are normalized by the best MLF
value in Fig. 12 and Fig. 13. Figure 12 shows the dijet mass distribution of the templates with
observed data in 2 b-tagged region where the SM tt process is dominant. Figure 13 shows the
3 b-tagged region fit on data for the low H™ mass fitter on the left and for high H' mass fitter
on the right. Based on the fit on data, the tt — H"bH b contribution to the fit is neglected.
The expected dijet mass distribution, assuming the H" signal is produced with the B(t—H"b)
equal to the expected limit, are compared in the same figures. Presence of the H signal causes
tt — WbWb being decreased, which results in the event deficit in the 2 b-tagged region and an
excess in the > 3 b-tagged region.
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Figure 12: Dijet mass distribution MC stack in the two b-tagged jets events are fitted on the
observed data by maximum likelihood fit in e+jets(left) and u+jets(right) channel. The best
branching ratio from the fit is written on the figure for a 100 GeV (left) and a 140 GeV (right)
H* mass. Dijet mass distribution with injecting signal B(t—H"b) equal to the expected limit is
overlaid.

The best-fit values for B(t—H"b) for all Higgs boson mass hypotheses are consistent with B=0.
L(data|B,dg)
L(data|B,9)
is the global likelihood maximum, while the numerator is the likelihood maximum at a given
B. The results are shown in Figure 14. The limits with statistics uncertainty only are overlaid
in the same plot to show the systematic effect on the limits. As the mass of the H' tends to
the mass of the W, the limit obtained using all systematic uncertainties is found to be a factor
of two larger than the limit obtained using the statistical uncertainty only. It implies that this
analysis is seriously affected by the systematic uncertainties, however, this effect is diminished
when the mass separation becomes clear at the high mass of the H*. Combining both electron
and muon channels, the 95% C.L. upper limits on B(t—H"b ) are obtained to be 0.4 to 1.1%.

The upper 95% CL limits are obtained by setting 2 In = 3.84, where the denominator
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Figure 13: Dijet mass distribution MC stack in the at least three b-tagged jets events are fitted on
the observed data by maximum likelihood fit in e+jets(left) and p+jets(right) channel with the
low (left) and high mass (right) fitter. Dijet mass distribution with injecting signal B(t—H*b)
equal to the expected limit is overlaid.

10 Summary

Results on the search for a light charged Higgs boson H* decaying to cb in top quark pair
events using the CMS detector at the LHC are presented. The total dataset corresponds to
19.7 fb~! of proton-proton collisions at /s = 8 TeV. In tt decays, if one top quark decays to
H'b, instead of Wb, and the H" subsequently decays to cb, while other top quark decays
leptonically (E — W~b — (b), the final state then consists of four jets (three b quark jets),
one lepton (electron or muon), and missing energy: tt — (H"b)(W~b) — (cbb)(¢wb). The
main observable used in the analysis is an invariant mass of two jets, one of which is identified
as a b quark jet. The dijet pair is selected from at least four jets in an event by a dedicated
kinematic fitter. No signal for the presence of a charged Higgs boson is observed and upper
limits are set at 95% confidence level on the branching ratio for t — H"b from 1.1-0.4% for the
charged Higgs boson mass in the range 90-150 GeV in the assumption of branching ratio of
B(H" — cb) = 100% for the first time.
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Figure 14: Observed upper limits on B(t—H"b) with 95% C.L. are shown for electon channel
(top left), muon channel (top right), and combined channel (bottom) with expected limts in-
cluding all systematic uncertainties. The limits with statistical uncertainty only are overlaid in
blue dots to show the effect of systematic uncertainties.
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