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1. Introduction

In order to preserve Supersymmetry (SUSY) [1—28], the Minimal Supersymmetric Standard
Model (MSSM) contains two Higgs doublets, which implies the existence of five physical Higgs
states; the CP-even 4° and H°, the CP-odd A°, and the electrically charged H* and H~ states [9,
10]. At lowest-order, the MSSM Higgs boson sector is defined by the gauge couplings, the ra-
tio of the two Higgs vacuum expectation values (tan 3 = %), and the mass of the CP-odd Higgs
boson (mm,40). Within the Standard Model (SM), top quarks decay promptly to a W* boson and a
b quark through t — bW, and because of lepton universality the branching ratio of W= to leptons
BR(W* — ¢*v,) is evenly distributed among the three lepton flavours (/* = e*, u*, 7%). How-
ever, if a charged Higgs boson exists with a mass lighter than that of the ¢ quark (mgy+ < m; —my),
t quarks can also decay to a H* and a b quark via t — bH™", with a cross-section that depends on
the value of tan 3, as shown in Fig. 1 (a). This opens up the possibility to search for such particles
int7 — bW*bHT and t7 — bH*bHT decays. For small values of my+, charged Higgs bosons pref-
erentially decay to a 7 lepton and a neutrino through H* — 7 v, and with BR(H* — 1¥v;) ~ 1,
as shown in Fig. 1 (b).
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Figure 1: (a) The production cross-section for light charged Higgs bosons at the LHC for the
process pp — tf — bHTbWT at \/s=7TeV [11]. (b) The decay branching ratio of charged Higgs
bosons, as a function of my+ and for tanf = 10. The shaded area indicates the region where
mp= < (my —mp) [12].

The fact that the light charged Higgs boson preferentially decays to a T lepton implies that,
should it exist, the prediction of the 7 lepton yield in the decay products of SM ¢7 pairs is expected
to be altered. Since the dominant process of production of ¢ quarks at the LHC is through pp — t7,
and given the preferential coupling of light H* to T leptons, searches for light H* are conducted
using the 7 — bH*bWT and 17 — bH*bHT processes, with the H* — t%v; decay mode. An
analysis that incorporates three final states, all characterised by missing transverse energy (E%“iss)
and multiple jets, was conducted by the Compact Muon Solenoid (CMS) Collaboration and is
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documented in Ref. [13]; the fully hadronic final state (7j,+jets), the semileptonic final states where
the 7 jet is produced in association with an electron or a muon (7,+e, T,+1), and the dilepton final
state whereby an electron and a muon are produced (ett). Two of the three final states involve a
7 lepton decaying hadronically (7 jet or 7). The study presented here concerns the fully hadronic
final state (7,+jets), whose dominant production modes are shown in Fig. 2.

Figure 2: The dominant Feynman diagrams (~ 87%) for tf — bHTbWT production at the LHC;
gluon-gluon fusion through the (a) s-channel, (b) t-channel, and (c) u-channel [12].

2. The CMS detector, reconstruction, and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal Electromagnetic Calorimeter (ECAL), and a
brass/scintillator Hadronic Calorimeter (HCAL). Muons are measured in gas-ionisation detectors
embedded in the steel return yoke. Extensive forward calorimetry complements the coverage pro-
vided by the barrel and endcap detectors. The ECAL has an energy resolution of better than 0.5%
for unconverted photons with transverse energies above 100GeV. The HCAL, when combined
with the ECAL, measures jets with a resolution AE /E ~ 100%/+/E [GeV]| @ 5%. A right-handed
coordinate system is used, with the origin at the nominal interaction point, the x axis pointing to
the centre of the LHC, the y axis pointing up (perpendicular to the LHC plane), and the z axis along
the anticlockwise-beam direction. The polar angle 6 is measured from the positive z axis and the
azimuthal angle ¢ is measured in the x-y plane. The Lorentz-invariant pseudorapidity (1) is defined
asn =—In (tan g) A more detailed description of CMS can be found in Ref. [14].

As the CMS detector cannot record every inelastic collision that takes place, it employs a
dedicated trigger system [14] that is able to select only interesting events, while also achieving a
drastic event rate reduction. This task is accomplished in two steps; the Level-1 (L.1) Trigger and
High-Level Trigger (HLT). The L1 Trigger is composed of custom-made hardware processors,
which use information from the calorimeters and muon detectors to filter events in a fixed time
interval of less than 4 us. The HLT is a software-based filter system, whose task is to decrease the
event rate from around 100 kHz to around 300 Hz, before data storage and analysis.

For the reconstruction of the collision events in this analysis, the electrons are reconstructed
from clusters of energy deposits in the ECAL which match hits in the silicon tracker [15]. Muons
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are reconstructed by performing a simultaneous global track fit to hits in the silicon tracker and
the muon system [16]. For composite objects such as jets, T jets, and E%‘i“, the reconstruction
is achieved by the use of the Particle Flow (PF) algorithm [17], which combines sub-detector
information from the tracker, ECAL, HCAL, and muon systems to reconstruct a particle-based
description of the full event. In particular, the anti-kt algorithm [18] with distance parameter of
R = 0.5 is used for jets, while E"'*S is defined as the magnitude of the vector sum of the transverse
momenta of all PF reconstructed objects in the detector volume (leptons, photons, and hadrons).
The tagging of jets originating from the hadronisation of a b quark (b jet) is performed using the
Track Counting High Efficiency (TCHE) algorithm [19], which relies on the significance of the
impact parameter of tracks and is designed to maximise the efficiency of finding genuine b jets.
The identification and reconstruction of 7 jets is accomplished with the use of the Hadron plus
Strips (HPS) algorithm [20], which considers candidates with one or three charged pions and up to
two neutral pions. The 7 jet isolation is based on a cone of AR = \/A¢? + An? = 0.5 around the
reconstructed 7 jet momentum direction. Within this isolation cone, besides the 7 jet constituents
no charged hadrons with pr > 0.5GeVic and no photons with Et > 0.5GeV are allowed to be
present.

Simulated events are processed through the full detector simulation based on GEANT4 [21],
followed by a detailed trigger emulation and the CMS event reconstruction. Several minimum-
bias events are superimposed upon the hard interactions to simulate pileup. The simulated events
are weighted according to the measured distribution of the number of interaction vertices, and
are normalised by their cross-section to the total integrated luminosity of the collision data. The
PYTHIAG [22] parameters for the underlying event are set according to Tune Z2 [23], which incor-
porates fine-tuning to parameters related to colour re-connection and parton showering [24].

3. Event selections

The present analysis is based on an integrated luminosity of 2.3fb~! of data recorded with
the CMS detector in 2011, with an LHC instantaneous luminosity of up to 5 x 103cm=2 s~!. The
collision events are selected by employing a single 7 jet+ E%ﬁss trigger, chosen due to its relatively
low rate and its effectiveness in suppressing the dominant QCD multijet background. In particular,
the trigger requires the presence of a 7 jet with transverse momentum pt > 35 GeVic (leading-track
pt > 20GeVie) and a large calorimetric E%“iss (> 60GeV). The offline event selections require that
no isolated electrons or muons with pr > 15GeV/c are present (isolated lepton veto), in order to
ensure orthogonality with the semileptonic and dilepton final states. In addition, the presence of a
well identified and tightly isolated 7 jet is required, with py > 40 GeVic and within |n| < 2.1. Only
7T jet candidates consisting of exactly one charged hadron (one-prong) with track pt > 20GeVic are
considered. In order to enhance the signal with respect to background events with W+ — t5v;
decays, the 7 helicity correlations are exploited by setting a lower bound on R, = p'de- tk. /pTjet >
ldg.- k- js the momentum of the leading charged particle [25, 26]. In this way, the
different polarisation of 7 leptons originating from H™ (scalar) or W* (vector) decays is taken

0.7, where p

into account. At least 3 other jets with pr > 30GeVic and |n| < 2.4 are also required, with at
least one of them tagged as a b jet. In order to suppress the QCD multijet background, a large
Ess requirement is imposed on the selected events (EMS > 50GeV), while the EM* and 7 jet
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objects must be azimuthally separated by an angle A¢(7 jet,E%‘iss) < 160°. After all selection
requirements the transverse mass (mr) is reconstructed from the 7 jet and E%‘iss vectors, providing
additional discrimination between signal and background events.

4. Measurements, results, and systematics uncertainties

The single 7 jet+ E‘TniSS trigger efficiency is measured from data, separately for the T part and
the E%‘iss part. The efficiency of the 7 part of the trigger is measured in three separate runs, by
the use of single isolated u trigger and the Tag-and-Probe technique. More specifically, Z°/vy* —
757T events are selected with the additional requirement that one 7 lepton decays to a u (tag)
and the other decays hadronically (probe). The offline selections require that exactly one good
muon and one well identified 7 jet are present. Furthermore, the transverse and invariant mass
requirements mr (1, EMN) < 40 GeVie? and m(, T jet) < 80GeVic? are used to suppress W + jets
and Z°/y* — u*uT events, respectively. The overall L1+HLT efficiency, as a function of offline
T jet pr, is shown in Fig. 3 (a) for a selected run period. The difference in the efficiencies between
data and simulation is taken into account by applying scale factors to simulation. In Fig. 3 (b)
the efficiency of the E%liss part of the single 7 jet+ E%‘iss trigger is shown, as a function of offline
E%“iss. This efficiency is measured from the calorimetry E* object, which was found to be a good
approximation of HLT E%“i“ , using events where single u triggers are fired and with signal-like
topologies. The efficiencies for data and simulation are in agreement within 10% in the region of
interest (E%rliss > 50GeV) and thus no scale factors are used, and instead a 10% uncertainty is added
to the 7 part of the trigger.

The background processes related to the analysis can be separated into three main categories;
QCD multijet, Electroweak (EWK)+:f T and EWK+¢f no-7. Their estimation is explained in de-
tail in Refs. [12, 27, 28]. The dominant reducible background arises from QCD multijet events
with large E%ﬁss and jets mimicking the signature of a T jet or being misidentified as b jets.
This background is largely suppressed by employing tight 7 jet isolation, large E%‘iss, and the
AQ (T jet, EMNSS) < 160° requirement. It is measured from data by employing factorisation meth-
ods on events passing the single T jet + EMS trigger, as QCD multijet events strongly dom-
inate at this selection step. The other two background categories consist of EWK processes,
namely W + jets, Z + jets, di-boson (WW,WZ,ZZ), Drell-Yan (Z°/y* — ¢£) as well as single-top
(s-, t- and tW-channels) and SM ¢7 production, with the W + jets and SM ¢f particularly dominant.
This largely irreducible background is divided into the EWK+¢f 7 and EWK+¢f no-t type back-
grounds. The EWK+¢7 T background refers to events where at least one 7 lepton is in the final state
and within the acceptance of the analysis (pt > 40GeVic, |n|< 2.1). It is measured from data using
events resembling a #f topology and containing an energetic muon and jets, by transforming the
muon into a simulated 7 jet with the T-embedding method. The EWK+¢7 no-t background refers
to events with no 7 leptons in the final state, or with a 7 lepton outside the acceptance. This minor
background can pass the selection requirements due to electrons, muons and jets being misidenti-
fied as 7 jets. As this is a minor background (~ 5% of event yield) it is taken from simulation.

The use of data-driven techniques to determine the QCD multijet and EWK+¢f T processes
allows for key kinematical distributions to be extracted from data, in successive steps of the event
selections. In Fig. 4 (a), the distribution of the number of selected jets is shown, after the 7 jet
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Figure 3: Overall L1+HLT efficiency for data and simulated samples for (a) the T part of the single
T jet+ E%‘iss trigger as measured for one of the three 2011 run periods and (b) the E%‘iss part of the
single 7 jet+ E‘TniSS trigger as measured from the requirement that calorimeter E%‘iss > 60GeV [12,
217].

identification, isolated lepton veto, and > 3 jets requirements. The observed and expected back-
ground events are found to agree within statistical uncertainties in the first two bins, which are the
most dominant ones statistics-wise. At the same selection step the E‘TniSS distribution, presented in
Fig. 4 (b), shows that the number of observed and expected background events are within statistical
uncertainty over the full E%‘iss spectrum, supporting the case that the dominant backgrounds are
described well by the analysis. A prominent feature of the event topology is the transitional region
at E‘Tniss ~ 90GeV, where the EWK+#7 T background overtakes the QCD multijet background as
the dominant process.

As it can be seen in Fig. 5 (a), the inclusion of the E%ﬁss > 50GeV selection to the aforemen-
tioned set of selections, results in a small excess of observed events that contain exactly 1 b jet.
The remaining b jet spectrum appears to show good agreement within statistical uncertainty be-
tween the number of observed and expected background events. This slight excess appears to be
carried over to the A¢ (r jet,E%‘i“) distribution, shown in Fig. 5 (b), where a distinct separation
between QCD multijet and EWK+¢7 T processes is clearly visible. For QCD multijet events the
A¢ (17 jet,E%liSS) distribution structure can be understood by the production of back-to-back jets,
with one of the two jet energies being mismeasured and one jet falsely identified as T jet. In this
configuration the E%‘iss vector points to the same (opposite) direction as the direction of the under-
measured (overmeasured) jet. For EWK+¢f T events in which the 7 lepton is produced boosted, as
is the case for ¢7 events for example, the neutrino and the 7 lepton decay products are collinear,
and thus the angle between the reconstructed 7 jet and E%‘iss is expected to be small. However,
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Figure 4: (a) Distribution of the number of selected jets after 7 jet identification, isolated lepton
veto, and > 3 jets requirements [12]. (b) Distribution of E%’iss after the 7 jet identification, isolated
lepton veto, and > 3 jets requirements. The QCD multijet and EWK+¢f T backgrounds are shown
as measured from data, while the EWK+#f no-7 background is estimated from simulation. The
expected event yield in the presence of the t — bH*, H* — t*v, decays is shown as the dashed
red line for my+ = 120GeVic? and assuming BR(t — bH*) = 0.05 and BR(H* — 7¥v;) = 1.

effects such as semileptonic b quark decays and jet mismeasurements can have a smearing effect
on the expected A@ (T jet,E%‘iSS) distribution which results in the structure shown here. In Fig. 5
(c), the total event yield after each selection step is shown. A distinct feature is that, although QCD
multijet events is the dominant background, it can nevertheless be greatly suppressed, unlike the
EWK+¢7 T background which remains largely irreducible. The EWK+¢f no-t background remains
negligible throughout the selection steps, while the presence of a signal is persistently expected to
be manifested as an excess of events.

The number of observed and expected background events after all selections is summarised
in Table 1, along with the total signal yield expected from t7 — bW*bHT and t7 — bH*bHT
for my+ = 120GeVic?, and assuming BR(t — bH*) = 0.05 and BR(H* — t5v;) = 1. The quoted
systematic uncertainties are due to multiple sources. The uncertainty on the Jet Energy Scale (JES),
Jet Energy Resolution (JER) and E%"iss is estimated as described in Ref. [29]. The uncertainty on
the 7 jet energy is taken to be 3% [20]. The theoretical uncertainties on the signal and background
cross sections is accounted for, as is the uncertainty on pileup modelling due to the re-weighting of
simulated events according to the measured distribution of the number of vertices. The statistical
limitation of the simulated samples used is accordingly included, as is the statistical uncertainty of
the data samples. A 2.2% uncertainty is adopted for the integrated luminosity [30]. The uncertainty
on trigger efficiencies, used in the EWK+¢7 T background estimate, is calculated by adding in
quadrature the 7 part and E%‘iss part uncertainties. The data-to-simulation correction factors are
used for the signal and EWK+#7 no-7 estimates. The uncertainty in the application of the isolated
lepton veto is also accounted for, as estimated from the uncertainty in the lepton reconstruction,
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Figure 5: (a) Number of selected b jets after 7 jet identification, isolated lepton veto, > 3 jets, and
Ess > 50GeV requirements. (b) The A¢ (’L' jet,E%‘iss) distribution after 7 jet, lepton veto, > 3
jets, ET"* > 50GeV, and > 1 b jet requirements. (c) The event yield after each selection step. The
figure style is the same as in Fig. 4.

identification, and isolation efficiencies of 2% (1%) for electrons (muons) measured using Z° —
(*(T (¢ = e, u) events. The uncertainty on the efficiency of 7 jet identification is estimated to be
6%. The uncertainty on the rate of misidentification of a jet as a 7 jet, or of a lepton (e, ) as a T jet
is estimated to be 15% [20]. The uncertainty on the efficiency of b-tagging is taken to be 5.4%,
while the uncertainty on the rate of misidentification of a jet as a b jet is taken to be 10% [31]. The
QCD multijet uncertainty is evaluated by error propagation, while for the EWK+¢f T background
the uncertainty accounts for the single 7 jet+ E%liss trigger efficiency, the T jet energy scale, the
7T jet identification efficiency, and the statistical uncertainty of the samples.

Table 1: Summary of the expected and observed event yields, for 2.3fb~! of data.

Process Events Statistical Systematic
H*HT + H*WT 51 +4 +8
EWK+17 T (data-driven) 85.8 +3.6 +11.2
QCD multijet (data-driven) 26 +2 +1
EWK+¢7 no-7 (simulation) 6.4 +3.1 +3.3
Expected from SM 119 +5 +12
Observed in data 130

5. Exclusion limits

The light charged Higgs boson transverse mass is used to extract upper limits on the branching
ratio BR(¢ — bH®), which are calculated with the modified frequentist CLs criterion, using a test
statistic on the profile likelihood ratio [32]. All associated systematic uncertainties are incorporated
in the form of nuisance parameters. The transverse mass mr (7 jet, EMs*) distribution after all selec-
tions is shown in Fig. 6. The expected background events are found to accurately describe the dis-
tributions observed in the data, and to be in agreement within the total uncertainties for the majority
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of the mp (7 jet,E%“iss) spectrum. The EWK+#f T background appears to be separable and largely
irreducible, while the EWK+7 no-7 has a negligible contribution. The QCD multijet background
has a two-bump structure, with one of them residing in the region of mry(t jet,E%“iss) ~ 100GeV,
thus obscuring the Jacobian peak expected from signal processes. This effect, which was identified
to originate from mismeasured back-to-back jets, is found to be significantly suppressed by the
use of the A¢ (‘c jet,E‘TniSS) < 160° requirement. The small excess of data events that is visible in
the region mry(7 jet,E%‘iss) ~ 100GeV persists for even tighter requirements on A¢ (r jet,E%‘iss),
suggesting that it is unlikely that it originates from QCD multijet processes.
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Figure 6: The transverse mass mr (7T jet,E%‘iss) distribution after all selections, used in extracting
the upper limits on BR( — bH™). The figure style is the same as in Fig. 4.

The full set of systematic uncertainties is used as input to the exclusion limit calculation. The
background and signal uncertainties is modelled with a log-normal probability distribution function
and their correlations are taken into account. The uncertainties on the transverse mass shapes for the
QCD multijet and EWK+¢7 T backgrounds, which were derived from data, are evaluated by taking
into account the corresponding uncertainty in every bin of the mr distribution [12, 27]. For the
signal and the small EWK+7 no-7 background the mt shape uncertainty in the JES +JER +E¥liss
scale is evaluated from simulation. The 95% CL model-independent upper limits on BR(r —
bH?*) are shown in Fig. 7 (a). The observed and expected limits are found to lie in the range
2.2—7.3% and 1.5 — 5.2%, respectively, for the mass range 80GeVicr < my= < 160 GeVic. The
FeynHiggs [33] software is used to calculate BR(t — bH*) and BR(H* — 1% v;) for various tan 8
values, and thus transform the model-independent upper limits to exclusion regions in the MSSM
parameter space. The corresponding exclusion region in the MSSM (my+,tan B) plane is presented
in Fig. 7 (b), for the m™* scenario and for y = 200GeV.
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Figure 7: (a) Model-independent upper limits on BR(t — bH™), as a function of my+. (b) The
exclusion region in the MSSM (my+,tan B) parameter space for the m™* scenario and with u =
200GeV [12]. The one- and two- standard deviation uncertainty bands around the expected limits
are also shown.

6. Summary

The present analysis deals with the search for light charged Higgs bosons in #7 events with the
t — bH* and H* — 1% v; decay modes, in the fully hadronic final state. A total of 2.3fb~! of data
is used, selected with a single T jet—{—E‘TniSS trigger. The offline event selections require the presence
of an isolated and well identified 7 jet (pt > 40GeVic and |n|< 2.1), at least 3 jets (pr > 30GeVic
and |1|< 2.4) of which at least one is tagged as a b jet, EIN*S > 50GeV and A¢ (7 jet, EMIsS) < 160°.
Events with isolated electrons or muons are rejected. The dominant backgrounds are found to be
QCD multijet and EWK+¢7 T processes, both of which are determined from data. The EWK+¢f no-
T background is found to be small and is thus evaluated from simulation. After all selections the
transverse mass mr(T jet,E%‘iss) is employed in a binned maximum likelihood ratio fit to the data,
to extract model-independent upper limits on BR(r — bH*). The observed and expected upper
limits are found to be 2.2 —7.3% and 1.5 — 5.2%, respectively, for 80 GeVic?> < my= < 160 GeVic?.
These limits are transformed to the (my=+,tanf) plane of the MSSM maximal mixing scenario
max

mp®*, and are found to exclude a significant region of the parameter space that had previously

remained unexplored.
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