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Is this particle part of  
a much larger and more 
complex Higgs sector 
than the one of  
the SM? 
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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  

Discovery of a  
Higgs-like boson 
last year with a 
mass about 125 GeV 

1 



* 

*  Models: 
 
ü  125 GeV Higgs + Electro weak singlet model 
ü Two-Higgs Doublet Models (2HDM) 
ü  MSSM and NMSSM Higgs 
 
* Searches based on: 
 
ü  Another SM-like Higgs boson with different mass  
ü Another Neutral Higgs boson with different mass and with 

non-SM properties 
ü Charged Higgs Boson 
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~125 GeV Higgs Boson + EW singlet model 

*  ~125 GeV Higgs h mixes with a singlet 
field H 

*  The allowed values of H couplings 
depend on the measured production 
and decay rates of h. 

*  H can have non-SM decays (BRnew) 

*  The relevant observables in the search 
for H are its x-section (σ’), total width 
Γ’ and the branching ratio BR’. They 
depend on k’ and BRnew 

* If BRnew = 0, narrow width is favoured 
by current h (125 GeV) measured 
couplings. Modelled by Narrow width 
Approximation (NWA) 

2HDM 

*  Addition of a second complex Higgs 
doublet 
*  5 Higgs Bosons: two CP-even scalar 

fields h and H, one pseudoscalar CP-
odd field A, two charged fields H± 
*  Parameters: 
     mh, mH,mA, mH± 

     α:rotation angle that diagonalizes 
the mass-squared matrices of the CP-
even scalars.  
    tan β: ratio of vacuum expectation 
values of the scalar fields 
*  Different type models: 
   type-I all quarks couples to one Higgs 
doublet 
   type-II right-handed up quarks couple 
to Higgs doublet and right-handed down 
quarks couple to the other doublet 
 

* 
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*  Search for a heavy Higgs boson: 

 

•  Using 20.7 fb-1 of proton-proton collision data at centre-of-
mass-energy of 8 TeV 

•  mass range 260 GeV ≤ mH ≤ 1 TeV 

•  channel: H -> WW -> lν lν (l=e,µ)  

•  Only different lepton-flavour final state considered. 

•  Analysis take into account two largely different assumptions 
on the width of the Higgs boson: 

     SM width (Higgs Boson) lineshape 

     A narrow width lineshape (NWA) 

 

ATLAS-CONF-2013-067  
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* 

*  Event selection 

ATLAS-CONF-2013-067  

Table 2: Event selection used in the analysis. The preselection applies to all final states. In the Njet � 2
final state, the rapidity gap is the y range spanned by the two leading jets.

Category 0-jet 1-jet >=2-jet

Preselection
An isolated electron and an isolated muon, with opposite charge,
each with pT > 40 GeV,
m`` > 10 GeV

Missing transverse
momentum

Emiss
T,rel > 25 GeV Emiss

T,rel > 25 GeV Emiss
T > 20 GeV

General selection
- Nb-jet = 0 Nb-jet = 0
��``,Emiss

T
> ⇡/2 - ptot

T < 45 GeV
p``T > 30 GeV Z/�⇤!⌧⌧ veto Z/�⇤!⌧⌧ veto

VBF topology

- - mj j > 500 GeV
- - |�y j j |> 2.8
- - No jets (pT > 20 GeV) in the rapidity gap;
- - require both ` in the rapidity gap

H!WW!`⌫`⌫
topology

m`` > 50 GeV m`` > 50 GeV m`` > 50 GeV
�⌘`` < 1.0 �⌘`` < 1.0 �⌘`` < 1.0

5.1 tt̄ and single top

The top-quark background in the Njet = 0 final state is estimated using the procedure detailed in
Ref. [7]. The number of events in data with any number of reconstructed jets passing the Emiss

T,rel re-
quirement (a sample dominated by top-quark background), is multiplied by the fraction of top-quark
events with no reconstructed jets, obtained from simulation. This estimate is corrected using a CR
defined by requiring at least one b-tagged jet after the Emiss

T,rel selection.
The top-quark background in the Njet � 1 channels is normalised to the data in a CR defined by

requiring exactly one b-tagged jet and all other signal selections in the relevant final state except for
the requirements on m`` and �⌘``. Figure 3 shows the mT distribution for signals and backgrounds in
the Njet = 1 and Njet � 2 top CRs. Good agreement between data and the prediction is obtained in both
final states.

5.2 WW

In the Njet  1 final states, the WW background is normalised using a CR defined with the same
selection as the signal region except that the �⌘`` selection is reversed to �⌘`` > 1.0. In addition, a
selection is applied on the rapidity of the dilepton system, Y``, namely Y`` < 1.0. This requirement
ensures that the kinematic phase-space in the WW CR is similar to that in the signal region. The
WW prediction in the Njet � 2 final state is taken from simulation because it is di�cult to isolate a
kinematic region with both a su�cient number of events and a small contamination from the top-
quark background. Figure 4 shows the mT distribution for signals and backgrounds in the Njet = 0 and
Njet = 1 WW CRs. The distributions exhibit good agreement between data and the expectation.
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* 

*  Transverse mass distributions 

for the 0-jet, 1-jet and >=2 jets 

final states 

ATLAS-CONF-2013-067  
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* 

*  95% CL upper limits on the Higgs boson production cross 
section times branching ratio for H->WW->lvlv for a Higgs 
boson with a SM-like lineshape 

* A Higgs boson  

with SM-like  

Production cross  

section and couplings 

Is excluded at 95% CL  

in the range  
260 GeV ≤ mH ≤ 642 GeV  

ATLAS-CONF-2013-067  
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* 

*  Boson observed by ATLAS and CMS is part of a 2HDM -> low mass 
Higgs h of the 2HDM. 

  

*  Analysis searches for additional signal contributions by higher 
mass CP-even boson H of the model. 

 

*  Both bosons are reconstructed in the h/H -> WW* -> lν lν (l= e, 
µ) decay channel 

 

*  Considered ggF and VBF Higgs production modes 

 ggF: two charged leptons + large MET required. 

 VBF: two high pt jets required in addition. 

 

* mass range : 135 GeV < mH < 300 GeV 

ATLAS-CONF-2013-027  

ggF 

VBF 
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* 
ATLAS-CONF-2013-027  

Distribution of the highest-ranking input variable of the NN optimised for mH=150  
GeV in the signal region of the 0-jet and 2-jet channel respectively 9 

To separate 2HDM signal from background in the WW* channel, several kinematic 
variables are combined to one discriminant by employing artificial neural 
networks NN 
NNs are trained at 3 Higgs mass points: 150 GeV, 180 GeV and 240 GeV. 



* 

*   

ATLAS-CONF-2013-027  

Discriminant distribution obtained with  
the NN optimised for mH=150 GeV in 
 the 0-jet channel and 2-jet channel 
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* 
ATLAS-CONF-2013-027  

Exclusion 
contour in 
the cosα-mH 
plane for 
different 
values of  
tanβ of the  
type-I (up) 
and type-II 
(down) 
2HDM. 

tanβ = 1 tanβ = 3 
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* 

*  In the MSSM model two higgs doublets are necessary (at tree level 
MSSM is a type-II 2HDM). 

 

*  In the MSSM, the Higgs boson couplings to τ leptons and b-quarks 
are strongly enhanced for a large part of the parameter space 
(large tan β values) 

*  Search in the dimuon and ditau decay modes 

 

*  Events from each channel are classified according to the presence 
or the absence of an identified b-jet  

 

JHEP 02 (2013) 095 
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* 

Invariant mass distribution of the two 
muons of the h/H/A->µµ search 

Pair of isolated muons with high pT and opposite charge. 
 
Complicated channel because of the small BR and the considerable background rates 
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* 
*  The τ+ τ- decay channel is analysed in several categories: 

   τeτµ , τe τhad, τµ τhad , τhad τhad 

*  Invariant mass of ττ system cannot be reconstructed directly 
due to the presence of the neutrinos from the τ lepton decays. 

*  To reconstruct the Higgs Boson candidate mass: use of the 
Missing Mass calculator (MMC). 

Invariant mass distribution of the two taus of the h/H/A>ττ search (leptonic 
Hadronic) 14 
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*   
JHEP 02 (2013) 095 

The 95% confidence level CLs  
Limits for each of the µµ,  
τ(e)τ(µ), τ(lep)τ(had) and  
τ(had)τ(had) channels and  
their statistical combination 
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* 

*  Charged Higgs H+ and H- are predicted in several BSM 
models, with Higgs triplets and 2HDM. 

*  In MSSM for tanβ > 3, light charged Higgs boson decay 
mainly via  

H+ -> τ ν 

ATLAS-CONF-2013-090 

Light charged Higgs 
mH < mtop  
t-> H+ b 

Heavy charged Higgs 
mH > mtop 
Production via top quark association 

16 



* 

Transverse mass 
 m_T distribution 
for events passing  
the heavy H+ 

 signal selection. 

1 Introduction

Charged Higgs bosons, H+ and H�, are predicted by several non-minimal Higgs scenarios [1, 2], such
as models containing Higgs triplets [3] and Two-Higgs-Doublet Models (2HDM) [4]. The observation
of a charged Higgs boson1 would clearly indicate physics beyond the Standard Model (SM). In a type-II
2HDM, which is the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) [5], the
main production mode at the Large Hadron Collider (LHC) for charged Higgs bosons with masses mH+

smaller than the top quark mass mtop (in the following called light charged Higgs bosons) is through the
top quark decay t ! H+b. For charged Higgs bosons with mH+ > mtop (called heavy charged Higgs
bosons in the following), the main production mode is top quark associated. Feynman diagrams of these
processes are shown in Fig. 1. For tan � > 3, where tan � is the ratio of the vacuum expectation values of
the two Higgs doublets, light charged Higgs bosons decay mainly via H+ ! ⌧⌫ [6]; for heavy charged
Higgs bosons the branching fraction to ⌧⌫ can still be sizeable.
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Figure 1: Example of leading-order Feynman diagrams for the production of charged Higgs bosons at
masses below (left) and above (center and right) the top quark mass.

The combined LEP lower limit for the charged Higgs boson mass in a type-II 2HDM with B(H+ !
⌧⌫) = 1 is mH+ > 94 GeV [7], and the lower limit for any B(H+ ! ⌧⌫) is 80 GeV. The D0 [8] and
CDF [9] collaborations at the Tevatron placed upper limits on B(t ! H+b) in the 15 � 20% range for
light charged Higgs bosons. Both the CMS [10] and ATLAS [11, 12] collaborations searched for light
charged Higgs bosons assuming B(H+ ! ⌧⌫) = 1 and improved the Tevatron limits to the 1 � 4% range
for a mass range 90 GeV < mH+ < 160 GeV. The recent discovery of a Higgs boson at the LHC with
mass of 125.3 � 125.5 GeV and properties resembling those of the SM Higgs boson [13, 14] can be
compatible with an extended scalar sector. The new particle can be easily incorporated as one of the
scalar particles that are predicted by these theories, e.g. in the MSSM [15].

This note describes the search for a charged Higgs boson produced and decaying as follows:

tt̄ ! [H+b] [W�b̄]! [(⌧+ + ⌫⌧)b] [qq̄b̄] (1)

gb̄! [t̄] [H+]! [qq̄b̄] [⌧+ + ⌫⌧] (2)

gg! [t̄b] [H+]! [(qq̄b̄)b] [⌧+ + ⌫⌧] (3)

where the top quark in Eqs. (2) and (3) decays to a W boson and b quark, and the W boson decays
hadronically. The decay products of the W bosons (q, q̄) can be observed as jets and the b jets can be
identified as such experimentally. In this analysis, only final states with hadronically decaying ⌧ leptons
are selected. The visible decay products of the ⌧ lepton (⌧had�vis) can be observed as narrow jets. The
neutrinos cannot be detected, leading to missing transverse momentum (Emiss

T ).

1In the following, charged Higgs bosons will be denoted H+, with the charge-conjugate H� always implied.

1

ATLAS-CONF-2013-090 

In this search 
 
Production and decay of the H+ :   

Only consider τ decaying  
hadronically 

• Muon candidates are rejected if they are found within �R < 0.4 of any jet that passes the nominal
pT, ⌘, and JVF requirements.

• A ⌧ candidate is rejected when it is found within �R < 0.2 of a selected muon or electron.

• Finally, a jet is removed if found within �R < 0.2 of a selected ⌧ object.

3.7 Missing transverse momentum

The missing transverse momentum (Emiss
T ) definition used in this analysis is an object-based defini-

tion [58]. It is computed using fully calibrated and reconstructed physics objects.

4 Event selection

The triggers used for this search require a threshold on the transverse momentum of the ⌧ object of
p⌧T > 29 GeV or > 27 GeV and a requirement that Emiss

T > 40 GeV or > 50 GeV. The ⌧had�vis + Emiss
T

trigger definition varied slightly during the 2012 data-taking period as trigger object thresholds were
adjusted to maintain a high e�ciency without exceeding the bandwidth of the trigger system while the
luminosity increased.

The following requirements are then applied to select events compatible with the signal hypothesis:

• at least 4 (3) jets pass the pT, ⌘ and JVF criteria as described in Sec. 3.2 for the light (heavy) signal
selection,

• at least one of the selected jets must be b-tagged,

• exactly one hadronically decaying ⌧ has pT > 40 GeV (this ⌧had�vis candidate must match to the ⌧
object used in the trigger decision),

• there must be no additional hadronically decaying ⌧ leptons with pT > 20 GeV, nor any muon or
electron with pT > 25 GeV,

• Emiss
T >65 (80) GeV for the light (heavy) charged Higgs boson search,

• a requirement is placed on the quantity Emiss
T

0.5·
pP

pPV trk
T

>13 (12) GeV1/2 in the light (heavy) H+

search. Here pPV trk
T is the transverse momentum of a track originating from the primary vertex and

the sum is taken over all tracks from the PV.

The final discriminating variable is the ⌧had�vis + Emiss
T transverse mass, defined as

mT =

q
2p⌧TEmiss

T (1 � cos��⌧,miss), (4)

where ��⌧,miss is the azimuthal angle between the hadronic decay products of the ⌧ lepton and the di-
rection of the missing transverse momentum. In the case of backgrounds that produce a real W boson
decaying to (⌧+ ⌫) with a subsequent hadronic ⌧ decay, mT corresponds to the transverse W boson mass.
For the signal hypothesis it corresponds to the transverse H+ boson mass. The simulated mT distributions
of the dominant SM backgrounds are shown in Fig. 2, overlaid with mass distributions for several signal
mass points. Backgrounds are scaled to luminosity while signals are scaled arbitrarily for shape compar-
ison. Signal selection e�ciencies, including ⌘ and pT cuts on selected objects are given in Table 1 for
various H+ mass points.

The mT distribution in data is modeled using a combination of background components and a hypo-
thetical signal component. The background components are described below. The hypothetical signal
component is modeled using simulation across a range of charged Higgs boson masses.

5
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* 
ATLAS-CONF-2013-090 

Data and background predictions after applying the nominal selection 
for the light and heavy charged Higgs boson search 

Light charged Higgs Heavy charged Higgs 18 



* 
ATLAS-CONF-2013-090 

Heavy charged Higgs 
BR(H+ ->τν) = 1 

The expected and observed 95% CL  
upper limits for charged Higgs Boson 

Light charged Higgs 
BR(H+ ->τν) = 1 
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* 
*   Different extensions of the SM predict non-SM properties 

of a 125 GeV Higgs boson and additional Higgs Bosons. 

*  Different searches have been performed in ATLAS: with 
different channels, topologies and final states. Different 
models have been considered. 

*  No evidence of deviations from the SM have been found. 
Limits have been set. 

*   More analysis for other channels are being implemented. 

*  Looking forward for the next RUN II data. 
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* 
Table 2: Input variables used for the NNs in the 0-jet and 2-jet channels. The definitions of the variables

use the terms leading lepton and leading jet, defined as the lepton/jet with the highest pT.

Variables used in the 0-jet channel and the 2-jet channel

|!("1)| The absolute value of the pseudorapidity of the leading lepton.

mT The transverse mass of the lepton-Emiss
T system, as defined in Equation 2.

m("1"2) The invariant mass of the dilepton system.

Variables used in the 0-jet channel only

pT("1"2) The transverse momentum of the dilepton system.

Emiss
T,rel The projection of the calorimeter-based missing transverse momentum.

|!Y("1"2)| The absolute value of the rapidity di"erences of the two charged leptons.

Variables used in the 2-jet channel only

pT("2) The transverse momentum of the second-leading lepton.

pT( j1) The transverse momentum of the leading jet.

m( j1) The mass of the leading jet.

cos #("1, "2) The cosine of the angle between the two charged leptons.

m( j1 j2) The invariant mass of the dijet system.

ptotT The total transverse momentum, defined as the magnitude of the vector sum of the transverse

momenta of the two jets, the two leptons and the missing transverse momentum:

ptotT = |p
tot
T | = |p

"1
T + p

"2
T + p

j1
T
+ p

j2
T
+ pmiss

T |.
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