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Introduction 
•  No charged fundamental scalar in the SM 
•  Charged Higgs bosons H±: 

•  e.g. MSSM 
•  coupling of the charged Higgs bosons to charged leptons and 

neutrinos  
•  ~cot β in Type-I 2HDM  
•  ~tan β in Type-II 2HDM,  
•  where tan β is the ratio of the vacuum expectation values of the two Higgs 

boson doublets  
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C. Asawatangtrakuldee : Search for extended Higgs sectors at CMS5 July 2018

Many BSM theories introduced to solve several phenomena not explained by the SM

๏ e.g. 2HDM → the simplest extension of the SM Higgs sector

Two Higgs Doublet Models (2HDM) extend the SM with another scalar doublet

๏ tan! : the ratio of the  of the two doublets

๏ " : the mixing angle of the two doublets

4 types of 2HDM with natural flavor and CP conservation, depending on how two 
Higgs doublets couple to the SM particles

Extended Higgs sectors
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Introduction 
• Doubly charged Higgs bosons H++, H--: 

•  left-right symmetric (LRS) models,  
•  Higgs triplet models,  
•  the little Higgs model,  
•  type-II see-saw models 
•  scalar singlet dark matter,  
•  Zee–Babu neutrino mass model  
•  Georgi–Machacek model, 

•  scalar sector of the Standard Model (SM) is extended by the addition of 
one complex and one real SU(2) triplet. 

•  hVV (and hhVV) coupling enhanced compared to the SM  
•  presence of additional doubly charged scalars 
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H±± → WW 
 

H±± → l± l± 
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H+ → tb 
•  dominant channel for m(H±) > m(top) 
•  one or two leptons (e, µ) + jets 
•  signal to background discrimination 

•  using jet & b-tag multiplicities 
•  MVA techniques (BDTs) 

•  limit extraction, 200 – 2000 GeV  
•  simultaneous fit in signal-rich and in   

signal-depleted regions of BDT output dist. 
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ATLAS-HIG-17-004 
to be subm. to JHEP 

Pre-fit comparison of data 
to SM expectation 
•  signal and control regions 

•  per SR & m(H+) 
•  tt+¸1b, tt+¸1c 

allowed to float 



H+ → tb      

•  Legacy Run I result 
•  still competitive limits with 8 TeV, 19.7 fb-1  

•  individual analyses – final states 
•   l+jets :  single-lepton trigger (e, µ) 
•   ¿h+µ:  single-µ trigger 
•   ll:   ee, µµ, eµ trigger 

   statistically combined to final result 
 
•  Run II searches with higher statistics 

•  better handle of systematics 
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CMS-HIG-14-023 
JHEP 11 (2015) 018 
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H+ → tb      
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H+ → ¿º      
•  dominant decay mode for light 

charged Higgs m(H±) < m(top) 
   $ complementary to H± → tb 
•   ¿had + jets, ¿had + lepton final states 

depending on W decay mode 
•  pT

miss, lepton triggers used, respectively 
 

•  MVA discriminant, 90 – 2000 GeV  
•  BDTs for both final states & 5 m(H±) bins 
•  input variables include pT

miss, object’s pT,    
b-tagging, ¢Á, ¢R, tau-polarization  

•   ¿had background from MC 
•  tt normalized to the data  

•   ¿ had from mis-ID of jets / e 
•  data-driven estimation inverting BDT-score 
•  from MC and validated in Z→ee CR 
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ATLAS-HIG-16-011 
to be subm. to JHEP 
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H+ → ¿º     
•  fully hadronic final state 
•   ¿h and pT

miss trigger 
•   ¸ 3 jets, one b-tag in central region 
•   ¿h and  pT

miss in back-to-back configuration 

•  mis-ID ¿h background at small Rmin
bb  

•  QCD multijet production 
•  data-driven estimation: isolation criteria inverted 

•  Genuine ¿h:  Z/°*, Wjets, tW, tt 
•  MC simulation 

•  signal sensitive variable mT 

•  binned max. likelihood fit on mT  
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CMS-HIG-16-031 
CDS 

1

1 Introduction
During Run I, the ATLAS and CMS collaborations discovered a neutral Higgs boson with
mH =125.09 ± 0.21(stat.) ± 0.11(syst.) GeV [1, 2], compatible with a standard model (SM) Higgs
boson [3–11]. The discovery of a further scalar boson, neutral or charged, would represent un-
ambiguous evidence for an extended Higgs sector. Charged Higgs bosons appear in many
extensions of the SM with at least two Higgs doublets, of which the simplest are the two-
Higgs-doublet models (2HDM) [12, 13]. Five Higgs bosons are predicted in 2HDM: the light
and heavy CP-even Higgs bosons h and H, the CP-odd Higgs boson A, plus two charged
Higgs bosons H±. The 2HDM models can be classified depending on the Higgs boson cou-
pling to fermions. In the so-called Type-I 2HDM only one of Higgs doublet couples to fermions
while in a Type-II 2HDM one doublet couples to up-type fermions and the other to down-type
fermions. This has as consequence that the coupling of the charged Higgs bosons to charged
leptons and neutrinos is proportional to cot b in Type-I 2HDM and to tan b in Type-II 2HDM,
where tan b is the ratio of the vacuum expectation values of the two Higgs boson doublets.
The minimal supersymmetric standard model (MSSM) [14] is a special case of a Type-II 2HDM
scenarios. Charged Higgs bosons are also predicted by models with a more complicated Higgs
sector, such as Higgs triplet models [15, 16].

Experiments at the large electron-positron collider conducted searches for charged Higgs bo-
son setting limits setting a model-independent lower bound on the mass of H± of 80 GeV
(72.5 GeV) for Type-II (Type-I) models [17]. Searches at the Tevatron [18, 19] and the LHC
Run-I [20] extended the limits to large masses. Searches in Run-I resulted in model indepen-
dent limits from mH± = 200 GeV up to mH± = 600 GeV, excluding a production cross section
of 0.37–0.025 pb depending on the mass. For the light charged Higgs, the production limits
from mH± = 80 GeV to mH± = 160 GeV, excluding a production cross section at

p
s = 8 TeV of

12.–1.5 fb.

This summary describes the search of a charged Higgs boson in decays to a tau lepton and
a neutrino based on 12.9 fb�1 recorded in 2016 at

p
s = 13 TeV. The analysis considers the

production mode pp ! tbH± (pp ! H±W⌥bb) for masses larger (smaller) than the top quark
(mH± > mt � mb) and focuses on the fully hadronic final state. Figure 1 shows examples of
Feynman diagrams of the production mode for the light- and heavy-mass scenarios.
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Figure 1: Examples of charged Higgs boson (H±) production diagrams for the light-mass sce-
nario as part of the decay of the top quark (left) and for the heavy mass scenario in association
with top and bottom quark (right).

8 8 Results

Table 1: Number of selected events for the low-mass and high-mass searches in data and cor-
responding predictions for the 2016 data-taking periods.

Yields Yields
(mH± < mt � mb) (mH± > mt � mb)

EW 1454.3 1151.7
Top 1792.9 1318.4

Fake-th 2564.4 1197.8
Tot 5811.6 3667.9

Data 6276 4179
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Figure 5: The mT distribution in data compared to the post-fit background predictions for the
low- (left) and high-mass (right) search selection.

4 5 Event selection

5 Event selection
The events selection starts online requiring the presence of a th and large /ET. Online trigger
requires that a loosely isolated hadronic tau with p

th

T > 50 GeV and |hth | < 2.1, that con-
tains a leading charged hadron with pT > 30 GeV, and that the missing transverse energy,
reconstructed with the calorimetric information only, has a magnitude of /ET > 90 GeV. The
efficiency of the th and /ET parts of the trigger are measured independently and corrections
are propagated to the simulation. Figure 2 shows the efficiency in simulation (prior to the
correction) and in data for the th and /ET parts of the trigger used in the analysis.
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Figure 2: Data/simulation of the trigger efficiency for the hadronic tau transverse momentum
(left) and the missing transverse energy (right) parts of the th plus /ET trigger, respectively.

Events are subsequently selected requiring to have offline p
th

T > 60 GeV and /ET > 100 GeV;
for the search region below the top mass, the /ET and p

th

T requirements are made closer to
the trigger requirements to /ET > 90 GeV and p

th

T > 50 GeV in order to have a larger signal
acceptance. Additionally, events containing at least one isolated lepton (e, µ) are rejected.

The presence of a signal is further enhanced by requiring at least three reconstructed jets
(Njets � 3), and in the tracker-covered region one b-tagged jet.

Moreover, the event variable R
min
bb [20] is used to reject multijet events where the /ET and th are

in a back-to-back configuration. It is defined through the angular correlation among the th, the
/ET, and the three leading jets in the event (j1..j3) as:

R
min
bb = min

j2j1..j3

q
Df( /ET, j)2 + (p � Df(th, /ET))2 (1)

Its value is required to be greater than R
min
bb > 40�, and the distribution of this variable for

events passing the all selection with the exception of the self requirement is presented in Fig. 3.
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Figure 3: Sketch of the plane Df(th, /ET)–Df(th, jn) and it’s connection to the R
min
bb variable

(left), and the angular variable R
min
bb after the all selection except the self requirement (right);

the data points (solid black) with their statistical uncertainty (solid lines) are compared to the
background predictions split for the different contributions (filled histograms).

The signal extraction is performed with the transverse mass variable (mT), reconstructed from
the hadronic tau and /ET, and defined as [42]:

m
2
T = 2 · p

th

T | /~ET|
⇣

1 � cos Df( /ET, th)
⌘

(2)

The presence of additional neutrinos from the t !th decay smears the distribution to lower mT
values, preserving but making less sharp the end-point expected at mT = mH± . An additional
smearing of this distribution is expected from the width of the charged Higgs, especially large
at high values of mH± .

6 Background estimation
The main background process are QCD multijet production, electroweak (EW) processes and
events containing top quark(s). We distinguish processes with genuine tau leptons and those
with electrons, muons or jets being misidentified as hadronic tau decays.

Data-driven techniques are exploited in order to estimate the misidentified jets faking a hadronic
tau. This background comes mostly from the multijet production. The probability of a jet faking
a tau is small, but the huge cross section makes this background contribution sizable. Jointly
to the lacking of reliable predictions from simulations in this phase space and tau enrichment
filters, data-driven techniques are deployed and predictions based on reverting the isolation
identification requirements allow for quite good control over these kind of backgrounds.

The background with misidentified tau leptons is measured by selecting events which are en-
riched in this contribution, by reverting the isolation requirements on the hadronic taus (in-
verted selection). In order to normalize this contribution to the one with at least one isolated



H+ → ¿º      

model independent 
cross section limit 
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A binned maximum likelihood fit is performed to the mT distribution, in order to extract the
signal. The fit to the mT distribution is shown in Fig. 5 for the low- and high-mass searches
selections. The fit is carried out both in the background-only and signal+background scenarios,
and the 95% confidence level (CL) limits are set on the production cross-section using the CLs
criterion [43, 44] on the likelihood ratio test-statistics [45, 46].

Model independent limits on the branching fraction of B (t ! bH±) ⇥ B(H± ! t±nt) are
shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model
independent limits on the production cross section s(pp ! tbH±) at

p
s = 13 TeV times the

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.
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Figure 6: The observed 95 % CL exclusion limits (solid points) on B(t ! bH±) · B(H± ! t±nt)
(left) and s(pp ! H±W⌥bb) · B(H± ! t±nt) (right) is compared to the expectations from
the SM model (dashed line). The green (yellow) error bands represent one (two) standard
deviations of the expected limit.

The limits are compatible with the SM expectations of a background only hypothesis. Limits
are interpreted in the context of the m

mod+
h

benchmark scenario [47]. The excluded region of
the (mH± , tan b) parameter space at 95% CL is shown in Fig. 7. Since the production cross
section times branching fraction enhances at large tan b, the high tan b region is consequently
excluded.

9 Summary
We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic
final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if
the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in
association with a top quark at high masses. In both cases the experimental final state is similar.
The search is performed using data collected in 2016 by CMS at

p
s = 13 TeV, corresponding

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model
prediction. Model independent limits on charged Higgs bosons branching fraction B(t !
H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !
tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,
respectively. The results are interpreted in the context of the MSSM m

mod+
h

benchmark scenario.
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Figure 7: Exclusion limits in the mH±–tan b plane in the context of the mh-mod+ model, for the
low mass search (left) and the high mass search (right).



H± → W±Z     
•  WZ jj electroweak vector boson scattering 

measurement 

•  exactly 3 leptons (e, µ) 
•  two jets: high m(jj), ¢´jj,  
•  pT

miss > 30 GeV 
•  veto cuts against 

•  non-prompt leptons and Z: m(ll), top: b-tag 

•  Z°, WW, ZZ, EW WZjj: prompt leptons 
•   from MC simulation  

•  QCD WZjj:  
•  simulation normalized to data in control region (failing 

m(jj), ´jj, ´*3l) 

•  non-prompt leptons: from data 
•  “tight-to-loose” wrt lepton identification and isolation 
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Figure 4: Transverse mass of the WZ system for events satisfying the EW signal selection, used
to place constraints on anomalous coupling parameters. The EW WZ contribution, which is
treated as background in the fit, is shown as a filled histogram. The dashed lines show predic-
tions for several aQGC parameters values, which include the EW WZ process. Normalizations
are shown as the best fit values from the background-only fit. The last bin also contains all
events with transverse mass greater than 2000 GeV. Other details as in the caption of Fig. 2.

Table 4: Observed and expected 95% CL limits for one coupling parameter while all other
parameters are set to zero.

Parameters Expected limit ( TeV�4) Observed limit ( TeV�4)
fM0/L4 [-10.7, 10.7] [-8.80, 8.55]
fM1/L4 [-10.1, 10.6] [-8.25, 8.85]
fS0/L4 [-31.5, 33.5] [-25.7, 27.5]
fS1/L4 [-50.5, 51.5] [-40.5, 41.5]
fT0/L4 [-0.85, 0.85] [-0.72, 0.75]
fT1/L4 [-0.55, 0.55] [-0.48, 0.52]
fT2/L4 [-2.98, 2.92] [-1.42, 1.83]

1. Introduction 1

1 Introduction

The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2

S
). This class of processes is referred to as QCD-induced WZjj

production (or QCD WZ), and is distinguishable from the EW-induced component via kine-
matic variables.

q

q

q�

q�

W±

Z

(a)
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q

q
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Z
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q

q
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W±

Z
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-

6

final state, the event must have p
miss
T > 30 GeV. To reduce contributions from tt events, the

leptons constituting the Z boson candidate are required to have an invariant mass satisfying
|m`` � mZ| < 15 GeV and there should be no b-tagged jet with pT > 30 GeV and |h| < 4.7.

The invariant mass of any dilepton pair must be greater than 4 GeV. Such a requirement is
necessary to prevent problems with collinear emission of same-flavor opposite-sign dilepton
pairs in theoretical calculations, and 4 GeV is chosen for event generation efficiency. The se-
lection is extended to all dilepton pairs at the detector level to reduce backgrounds from low
mass resonances with a negligible affect on signal efficiency. The trilepton invariant mass, m3`,
is required to be more than 100 GeV to exclude a region where production of Z bosons with
final-state radiation is expected to contribute.

Furthermore, the event must have at least two jets with pT > 50 GeV and |h| < 4.7. The
jet with the highest transverse momentum is called the leading jet and the jet with the sec-
ond highest pT the subleading jet. To exploit the unique signature of the VBS process, these
two jets are required to have a dijet mass mjj > 500 GeV and a pseudorapidity separation
|Dh(j1, j2)| ⌘

��Dhjj

�� > 2.5. The variable h⇤

3` = h3` �
1
2 (hj1 + hj2) of the three-lepton system is

additionally required to be between -2.5 and 2.5. This selection is referred later to as the “EW
signal selection.” The same set of selections, but with no requirement on the h⇤ variable and
with a lower requirement on the jet transverse momenta, pT > 30 GeV, is used for searches for
charged Higgs bosons and therefore called the “Higgs signal selection.”

Table 1: Summary of event selections and fiducial region definitions for the analysis. The selec-
tions in the first two columns are applied to data and reconstructed simulated events. The elec-
troweak selection is used for all measurements except for charged Higgs boson studies, which
use the selection indicated in the second column. The fiducial selections shown in the last two
columns are applied to showered and hadronized events using the RIVET framework [49] or
to Born level leptons and partons. The WZjj cross section is reported in the fiducial regions
indicated.

Electroweak Signal Higgs Signal Tight Fiducial Loose Fiducial
pT(`Z,1) [GeV] > 25 > 25 > 25 > 20
pT(`Z,2) [GeV] > 15 > 15 > 15 > 20
pT(`W) [GeV] > 20 > 20 > 20 > 20

|h(µ)| < 2.4 < 2.4 < 2.5 < 2.5
|h(e)| < 2.5 < 2.5 < 2.5 < 2.5��mZ � m

PDG
Z

�� [GeV] < 15 < 15 < 15 < 15
m3` [GeV] > 100 > 100 > 100 > 100
m`` [GeV] > 4 > 4 > 4 > 4
p

miss
T [GeV] > 30 > 30 - -
|h(j)| < 4.7 < 4.7 < 4.7 < 4.7

pT(j) [GeV] > 50 > 30 > 50 > 30
|DR(j, `)| > 0.4 > 0.4 > 0.4 > 0.4

nj � 2 � 2 � 2 � 2
pT(b) [GeV] > 30 > 30 - -

nb�jet = 0 = 0 - -
mjj > 500 > 500 > 500 > 500

|Dh(j1, j2)| > 2.5 > 2.5 > 2.5 > 2.5��h3` �
1
2 (hj1 + hj2)

�� < 2.5 - < 2.5 -

A summary of these selections is shown in Table 1. The selections used to report fiducial WZjj



H± → W±Z     

•  VBF channel: Georgi-Machacek model 
•  3 leptons (e, µ) 

Similar backgrounds & estimation methods 
•  SM WZqq main background:  

•  MC simulation validated in CR 
•  inverting 100 < mjj < 500 GeV or ¢´ < 3.5 

•  ZZ, tZ, ttX: prompt leptons 
•  MC simulation 

•  non-prompt leptons: ° or jet “fakes” 
•  data-driven “Matrix method” 

•  background-only fit to the data 
•  pulls < 1 s.d. compared to prefit values 

•  slight excess at m(WZ) ¼ 450 GeV 
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X→WZ resonance

qq category: 2260 (2460) GeV 
for gV = 1 (gV =3)

95% CL upper limits W′ VBF

 18

95% CL upper limits H5 VBF

Model-dependent lower mass limits derived for three new physics models:
• W′  in Heavy Vector Triplet benchmark Model A (Model B) with coupling  

constant gV = 1 (gV =3) in qq and VBF categories.
• Fermion coupling suppressed in the VBF category (cF =0).
• H5 in the Georgi–Machacek model  in the VBF category. 

A	local	excess	visible	@	450	GeV	in	VBF	category

significance 2.9 (local) and 1.6 
(global, LEE) 

significance 3.1 (local) and 1.9 
(global, LEE) 
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Figure 4: Observed and expected distributions of the W Z invariant mass (a) in the qq̄ and (b) in the VBF categories
after applying all selection criteria. Signal predictions are overlaid, normalized to the predicted cross sections. The
uncertainty in the total background prediction, shown as shaded bands, combines statistical, theory and systematic
contributions. The lower panel show the ratios of the observed data to the background predictions.
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H± → W±Z     
•  SM WZjj measurement: 
  ¾/¾SM = 0.6±0.4 @ 1.9 (2.7) s.d. 
•  H± narrow width assumption 
•  Combined fit of H± signal and WZjj 

background: 
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the vacuum expectation value ratio in the Georgi-Machacek model (bottom).

consistent with the SM prediction. The dijet transverse mass and dijet rapidity separation are
used to extract the significance of EW WZ production, which is found to be 1.9 standard devi-
ations with 2.7 expected from the SM prediction. These are the first results for electroweak WZ
production at 13 TeV.

Constraints are placed on anomalous quartic gauge couplings in terms of dimension-eight ef-
fective field theory operators, and upper limits are given on the production cross section times
branching fraction of charged Higgs bosons. Results are competitive or more stringent than
previous constraints from the WZ channel or from other final states.
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9 Conclusion

A search is performed for resonant W Z production in fully leptonic final states (electrons and muons)
using 36.1 fb�1 of

p
s = 13 TeV pp data collected by the ATLAS experiment at the LHC during the 2015

and 2016 run periods. Two di�erent production modes are considered using quark–antiquark annihilation
and vector-boson fusion.

The data in the qq̄ fusion category are found to be consistent with Standard Model predictions. The
results are used to derive upper limits at 95% CL on the cross section times branching ratio of the
phenomenological Heavy Vector Triplet benchmark Model A (Model B) with coupling constant gV = 1
(gV = 3) as a function of the resonance mass, with no evidence of heavy resonance production for masses
below 2260 (2460) GeV.

In the case of the VBF production processes, limits on the production cross section times branching ratio
are obtained as a function of the mass of a charged member of a heavy vector triplet or of the fiveplet
scalar in the Georgi–Machacek model. The results show a local excess of events over the Standard Model
expectations at a resonance mass of around 450 GeV. The local significances for signals of H

±
5 and of a

heavy vector W
0 boson are 2.9 and 3.1 standard deviations respectively. The respective global significances

calculated considering the Look Elsewhere e�ect are 1.6 and 1.9 standard deviations respectively.
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•  Excess observed in VBF category 
only 

•  Excess at m(H±) ¼ 450 GeV:      
2.9 s.d. (local), 1.6 s.d. (global) 
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Triplet models: H++→WW

Additional selections to suppress backgrounds 
✤ mll > 20 GeV against nonprompt leptons 
✤ b jet veto against top events 
✤ Z veto (mll-mZ > 15 GeV) against Drell-Yan 
✤ 3rd lepton veto (pT > 10 GeV) against WZ 
✤ τh veto (pT > 18 GeV) against WZ 10
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VBF H++ production predicted by Georgi Machacek model
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Event selection 
✤ Two isolated same-sign leptons 

✤ pT > 25 GeV or pT >20 GeV 
✤ |η| < 2.5 (2.4) for electrons (muons) 

✤ pTmiss > 40 GeV  
✤ Two AK4 jets (pT > 30 GeV, |η|<5)  
and mjj > 500 GeV 

✤ max(zl*) < 0.75, zl* =|ηl-½(ηj1+ηj2)|/∆ηj1j2

Irreducible background:  
SM W+W+ production

H+→τυ

H+→tb

H+→cb

H+→cs

H++→WW

H+→WZ
36 fb-1

•  H++→WW dominates for large Higgs triplet 
vacuum expectation value v¢ 

•  Vector boson fusion (VBF) 
•  Higgs triplet – Georgi-Machacek model 
 

•  two like-sign charged leptons e, µ 
 → little SM background 

•  pT
miss > 40 GeV 

•  two jets: large m(jj), ¢´ (zl*) 
•  veto cuts against 

•  non-prompt leptons and Z: m(ll), top: b-tag, WZ: 3rd 
lepton (e, µ, ¿) 

•  Discriminate s over b in (mll, mjj) plane 
 

•  WW irreducible SM background: simulation 
•  WZ simulation normalized to data control 
•  non-prompt leptons:  

•  from data (veto pass/fail) 
 

5

shown in Table 2, where all the results are obtained by varying the effective operators one by
one. The table also shows CMS limits from the LHC Run-I. The effect of possible aQGCs on the
WZ process in the signal region is negligible because the background is normalized using data.

Observed limits Expected limits Run-I limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L [ -7.7, 7.7] [ -7.0, 7.2] [-38 , 40] [11]
fS1/L [-21.6,21.8] [-19.9,20.2] [-118 , 120] [11]
fM0/L [ -6.0, 5.9] [ -5.6, 5.5] [-4.6 , 4.6] [29]
fM1/L [ -8.7 ,9.1] [ -7.9, 8.5] [-17 , 17] [29]
fM6/L [-11.9,11.8] [-11.1,11.0] [-65 , 63] [11]
fM7/L [-13.3,12.9] [-12.4,11.8] [-70 , 66] [11]
fT0/L [-0.62,0.65] [-0.58,0.61] [-3.8 , 3.4] [30]
fT1/L [-0.28,0.31] [-0.26,0.29] [-1.9 , 2.2] [11]
fT2/L [-0.89,1.02] [-0.80,0.95] [-5.2 , 6.4] [11]

Table 2: Observed and expected 95% CL limits on the coefficients for BSM higher order
(dimension-eight) operators in the EFT Lagrangian. The last column is summarizing the LHC
Run-I observed limits obtained by CMS.

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology
and the couplings depend on m(H±) and the parameter sin qH, or sH, where s

2
H

denotes the
fraction of the W boson mass squared generated by the vacuum expectation value (vev) of the
triplets. The cross section for VBF production of H±± and decay to W±W± is directly propor-
tional to s

2
H

. The remaining five parameters in the model are adjusted to get the given mH±±

hypothesis while requiring one of the scalar singlets to have a mass of 125 GeV. The Georgi–
Machacek model of Higgs triplets [31] is considered. By using the (mjj, m``) two-dimensional
distributions to discriminate between signal and background processes, 95% CL upper limits
on sVBF(H±±)⇥ B(H±± ! W±W±) are derived as shown in Fig. 3 (left). The WZ background
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization of the
predicted signal and background distributions corresponds to the result of the fit. The hatched
bars include statistical and systematic uncertainties. For illustration, the doubly charged Higgs
boson signal normalized to a cross section of 0.1 pb (left) and the distribution with aQGCs are
shown. The histograms for other backgrounds include the contributions from QCD WW, Wg,
wrong-sign events, DPS, and VVV processes.



H++ → l+l+    
•  H++→ll dominates for small Higgs triplet vacuum 

expectation value v¢  
•  2, 3, 4 lepton (e, µ) signal regions, 250 – 1300 GeV 
 

•  irreducible like-sign charged lepton SM background from 
W±W±, WZ, ZZ, ttX MC 

•  non-prompt e, µ “fake” background 
•  data-driven estimation from data-sideband regions 
•  e.g. requiring no b-tagged jet 

•  Max. likelihood fit in m(ll), M in signal & control regions 
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Figure 1: Feynman diagram of the pair production process pp ! H++H��. The analysis studies only the
electron and muon channels, where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±.

Additional motivation to study cases with B(H±± ! `±`±) < 100% is given by type-II see-saw models
with specific neutrino mass hypotheses resulting in a fixed branching ratio combination [13, 25, 26]
which does not necessarily correspond to B(H±± ! `±`±) = 100%.

The ATLAS Collaboration previously analysed data corresponding to 20.3 fb=1 of integrated lumin-
osity which were recorded in 2012 at a centre-of-mass energy of 8 TeV [27]. This study resulted
in the most stringent lower limits on the mass of a potential H±±L particle. Depending on the fla-
vour of the final-state leptons, the observed limits vary between 465 GeV and 550 GeV assuming
B(H±±L ! `±`±) = 100%. The analysis presented in this paper extends the one described in Ref. [27]
and is based on 36.1 fb=1 of integrated luminosity collected in 2015 and 2016 at a centre-of-mass
energy of 13 TeV. A similar search has also been performed by the CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and an almost 4⇡ coverage in solid angle.1 It consists of an inner
tracking detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range |⌘| < 2.5. It is composed of silicon pixel, silicon micro-
strip, and transition radiation tracking detectors. A new innermost layer of pixel detectors [30] was
installed prior to the start of data taking in 2015. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic energy measurements with high granularity. A hadronic (steel/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and forward re-
gions are instrumented with LAr calorimeters for both EM and hadronic energy measurements up to
|⌘| = 4.9. The muon spectrometer surrounds the calorimeters and features three large air-core toroidal
superconducting magnets with eight coils each. The field integral of the toroids ranges between 2.0 to

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in
units of �R ⌘

p
(�⌘)2 + (��)2. Rapidity is defined as y ⌘ 0.5 ln [(E + pz)/(E � pz)] where E denotes the energy and pz

is the momentum component along the beam direction.

3

each corresponding to a di↵erent diboson region: electron channel, muon channel, mixed channel, and
the four-lepton channel. After the fit, the compatibility between the data and the expected background
was assessed. For various branching ratio assumptions, 95% CL upper limits were set on the pp !
H++H�� cross-section using the CLs method [85].

7.1 Fit results

The observed and expected yields in all control, validation, and signal regions used in the analysis
are presented in Figure 7 and summarised in Tables 5 to 7. No significant excess is observed in any
of the signal regions. Correlations between various sources of uncertainty are evaluated and used to
estimate the total uncertainty in the SM background prediction. Two- and four-lepton signal regions
are presented in Figure 8 and three-lepton signal regions are presented in Figure 9. In the four-lepton
signal region only one data event is observed. It is an e+µ+e�µ� event with invariant masses of
228 GeV and 207 GeV for the same-charge lepton pairs.
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Figure 7: Number of observed and expected events in the control, validation, and signal regions for all channels
considered. The background expectation is the result of the fit described in the text. The hatched bands include
all systematic uncertainties post-fit with the correlations between various sources taken into account. The
notation `±`0±`⌥ indicates that the same-charge leptons have di↵erent flavours and `±`±`0⌥ indicates that same-
charge leptons have the same flavour, while the opposite-charge lepton has a di↵erent flavour.

The likelihood fit to the two-, three-, and four-lepton control and signal regions was designed to fully
exploit the pair production of the H±± boson with its boosted topology and lepton multiplicity. For
B(H±± ! `±`±) = 100% the production cross-section is excluded down to 0.1 fb, corresponding to
3–4 signal events, which is the theoretical limit of a 95% CL exclusion. Some representative cross-
section upper limits as a function of the H±± boson mass are presented in Figure 10, for di↵erent
combinations of the branching ratios for decay into light-lepton pairs.

The final result of the fit is a lower limit on the two-dimensional grid of the H±± boson mass for any
combination of light lepton branching ratios that sum to a certain value. The fit was performed for
values of B(H±± ! `±`±) from 1% to 5% in 1% intervals, and from 10% to 100% in 10% intervals.
Expected limits for B(H±± ! `±`±) = 100% are presented in Figure 11 for H±±L and in Figure 12
for H±±R . Results of the fit are presented in Figures 13 and 14 for H±±L and H±±R , respectively. Here,
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Figure 8: Distributions of m(`±`±) in representative signal regions, namely (a) the electron–electron two-lepton
signal region (SR1P2L), (b) the muon–muon two-lepton signal region (SR1P2L), (c) the electron–muon two-
lepton signal region (SR1P2L), and (d) the four-lepton signal region (SR2P4L). The hatched bands include all
systematic uncertainties post-fit with the correlations between various sources taken into account. The solid
coloured lines correspond to signal samples, normalised using the theory cross-section, with the H±± mass and
decay modes marked in the legend.
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H++ → W+W+ 
•  Limits on ¾VBF£ B(H++→ W+W+) 
•  EW  W±W± measured to              
¾/¾SM=0.9±0.2 @ 5.5 (5.7) s.d. 
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6 References

contribution in the signal region is constrained using the control region. The excluded sH values
as a function of m(H±±) are shown in Fig. 3 (right). As discussed before, the WZ background
contribution in the signal region is constrained using the control region. The blue region shows
the parameter space for which the H±± total width exceeds 10% of m(H±±), where the model is
not applicable [32]. The observed limit excludes sH values greater than 0.18 and 0.44 at m(H±±)
= 200 and 1000 GeV, respectively. Results on this model have also been reported by the CMS
collaboration in a search for VBF H± ! W±Z production [33].
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Figure 3: Expected and observed 95% CL upper limits on the cross section times branching
fraction, sVBF(H±±) ⇥ B(H±± ! W±W±) (left) and on sH in the Georgi–Machacek model
(right) as a function of doubly charged Higgs boson mass. The blue area covers the theoretically
not allowed parameter space [32].

In summary, we present a first observation of electroweak production of same-sign W boson
pairs in proton-proton collisions at 13 TeV. The data sample corresponds to an integrated lu-
minosity of 35.9 fb�1 collected with the CMS detector. Events are selected by requiring exactly
two leptons of the same charge, moderate missing transverse energy, and two jets with large
rapidity separation and large dijet mass. The two dominating sources of background events
after the event selection are non-prompt leptons and the WZ ! 3`n. The event yield of the
signal process is extracted using a 2-dimensional fit of mjj and m`` variables. The observed sig-
nificance is 5.5 standard deviations, where a significance of 5.7 standard deviations is expected
based on the standard model. A cross section measurement in a fiducial region is reported.
No evidence for anomalous quartic gauge couplings is observed, and stringent bounds on the
structure of quartic vector-boson interactions are given in the framework of dimension-eight
effective field theory operators, together with upper limits on the production of doubly charged
Higgs bosons.
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Figure 10: Upper limit on the cross-section for pp! H++H�� for several branching ratio values presented in the
form B(ee)/B(eµ)/B(µµ): (a) 100%/0%/0%, (b) 0%/0%/100%, (c) 0%/100%/0%, and (d) 30%/40%/30%.
The theoretical uncertainty in the cross-section for pp ! H++H�� is presented with the shaded band around
the central value.
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Figure 11: The (a) expected and (b) observed lower limits on the H±±L boson mass for all branching ratio
combinations that sum to 100%.
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H++ → l+l+ 
•  H±±

L and H±±
R have different 

couplings to the Z 
•  lower limit on m(H±±) between 660 

and 870 GeV for HL & HR, B(ll)=1  

CMS-PAS-HIG-16-036 CDS H++ → l+l+ 
 includes associative production & taus 

12.9 fb-1, 13 TeV 

limit ~3 – 4 signal events 
for B(H±± → l±l±) = 1 



Conclusion 
•  Several new results in different charged Higgs channels 

•  many more results expected on the full Run II 13 TeV data 
•  No signs of physics beyond the standard model so far 
•  Age of “easy discoveries” at the LHC has gone; sensitivity will 

grow with ~√integrated luminosity, i.e. √time ! 
•  improving systematics with more statistics 

•  Only ~1% of high-luminosity LHC dataset analyzed so far 
 
•  Changes in analysis strategy: 

•  Combinations 
•  More specific final states 
•  Sophisticated background suppression & 
   signal identification 
•  Difficult accessible signal phase-space 
•  Unconventional signal models 
•   … 
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Analyzed HL LHC 


