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Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
• type I / type II / type Y…

• Light: mH± < mt - mb 

• t→H±b

• ttbar and single top productions

• for tanβ > 5 preferentially decays 

into 𝝉𝝂

• Heavy: mH± > mt - mb 

• for very high masses H±→tb

• ℬ(H±→ 𝝉𝝂) ~1—10 %
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7 Charged Higgs
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• Introduce H±WZ couplings at tree level

• Different phenomenology wrt nHDM

!
!
• Georgi-Machacek: 
• real and complex triplet

• free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)

7 Charged Higgs
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8 Doubled Charged Higgs
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6 DiJet
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CMS Detector
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Status & Prospects
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J. H
igh Energy Phys. 11 (2015) 018

J. H
igh Energy Phys. 11 (2015) 018

LHC-RunI legacy from CMS:

• Focus on MSSM models:

• special case of 2HDM-typeII models

• excluding mH± < 155 GeV (various models)

• light-stop scenario is excluded mH± < 160 GeV

• low mH scenario completely excluded


• High mass searches up to 600 GeV 

• MSSM models better constrained by neutral searches

• space left at  tanβ < 10 and mA > 350 GeV

34 11 Summary

 [GeV]µ
500 1000 1500 2000 2500 3000

β
ta

n 

1

10
Excluded

3 GeV± 125≠ MSSM
Hm

Theoretically inaccessible

 (8 TeV)-119.7 fb

CMS

τν
+τ → +b, H+ H→t 

+jets final statehτ

HMSSM low-M
=110 GeVAm

Figure 12: Exclusion region in the MSSM Higgsino mass parameter (µ) vs. tan b parameter
space in the low-M H scenario [29, 33] with mA = 110 GeV for the H+ ! t+nt search with
the th+jets final state. The light-grey region is excluded and the blue region is theoretically
inaccessible. The area inside the red lines is the allowed parameter space for the assump-
tion that the discovered scalar boson is the heavy CP-even MSSM Higgs boson with a mass
mH = 125 ± 3 GeV, where the uncertainty is the theoretical uncertainty in the Higgs boson
mass calculation.

Assuming B(H+ ! tb) = 1, a 95% CL upper limit of s(pp ! t(b)H+) = 2.0–0.13 pb is set for
a combination of the µth, `+jets, and ``0 final states for mH+ = 180–600 GeV. This is the first
experimental result on the H+ ! tb decay mode. Here, cross section s(pp ! t(b)H±) stands
for the sum s(pp ! t(b)H+) + s(pp ! t(b)H�).

The results are interpreted in different MSSM benchmark scenarios and used to set exclusion
limits in the mH+–tan b parameter spaces. In the various models, a lower bound on the charged
Higgs boson mass of about 155 GeV is set assuming mh = 125 ± 3 GeV. The light-stop scenario
is excluded for mH+ < 160 GeV assuming mh = 125 ± 3 GeV, and the low-MH scenario defined
in Refs. [29, 33] is completely excluded assuming mH = 125 ± 3 GeV.
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• MSSM is a special case of 2HDM-typeII

• Constrain from neutral channels h,H,A → 𝝉𝝉

• many parts of the phase space is now excluded

MSSM RunI 

5

15

Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.
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Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.

15

Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.

 [GeV]Am
200 400 600 800 1000

β
ta

n

10

20

30

40

50

60

 scenariomax
hMSSM m

(MSSM,SM)<0.05:SCL

Observed

Expected

 Expectedσ 1±

 Expectedσ 2±

3 GeV± 125≠ h,H
MSSMm

 (7 TeV)-1 (8 TeV) + 4.9 fb-1                     19.7 fbττ→   h,H,ACMS

 [GeV]Am
200 400 600 800 1000

β
ta

n

10

20

30

40

50

60

 scenariomod+
hMSSM m

(MSSM,SM)<0.05:SCL

Observed

Expected

 Expectedσ 1±

 Expectedσ 2±

3 GeV± 125≠ h,H
MSSMm

 (7 TeV)-1 (8 TeV) + 4.9 fb-1                     19.7 fbττ→   h,H,ACMS

 [GeV]Am
200 400 600 800 1000

β
ta

n

10

20

30

40

50

60

 scenariomod-
hMSSM m

(MSSM,SM)<0.05:SCL

Observed

Expected

 Expectedσ 1±

 Expectedσ 2±

3 GeV± 125≠ h,H
MSSMm

 (7 TeV)-1 (8 TeV) + 4.9 fb-1                     19.7 fbττ→   h,H,ACMS

Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.

JHEP 1410 160JHEP 1410 160

For runII results see 
talk from Poja Saxena



Andrea Carlo Marini 6 Aug 2016

flipped 2HDM model

!
Selection:

• 1 lepton: μ (e):

• pT > 26 (30) GeV

• |η|< 2.1 (2.5)


• Njets ≥ 4 jets

• MET > 20 GeV

• Nb-jets ≥ 2 

!
!
Strategy:

• Fit mjj of the invariant mass

• kitematic fitter to reconstruct the ttbar event

• simultaneously in two categories

• Nb-jets = 2 (constrain tt)

• Nb-jets ≥ 3


• Assume B(H±→cb) =1

Search for H± ➙ cb

6

CMS-PAS-HIG-16-030

NEW

 

First attempt to search for H+ to 
cb in top quark decays at CMS

Geum Bong Yu

Poster:
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• Left, 2-btag category (electron)

• Right, 3-btag category (electron)

Mjj Distributions
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• Setting limits on the B(t→H±b) assuming B(H±→cb) = 1

• data agree with the SM

Results 
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• 3 leptons (μ, e) 

• pT > 20, 10, 20 GeV

• |η| < 2.4 (2.5) electrons (muons)


• 2 jets 

• pT > 30 GeV

• |η| < 5


• MET > 30 GeV

• One Z:

• Opposite sign same flavor leptons 

• |mll - mZ| < 15 GeV


• VBF:

• mjj > 500 GeV

• 𝚫η(j,j) > 2.5


• anti b-tag

H± ➙WZ in VBF signature

10

6 DiJet
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10 References
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Figure 4: Transverse mass distributions after full selection. The background yield predictions
correspond to the background only hypothesis fit result. The signal distribution is shown for
m(H+) = 700 GeV.
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of vacuum expectation value in the Georgi-Machacek model (right) for 2.3 fb�1 and 12.9 fb�1

of pp collisions at 13 TeV collected in 2015 and 2016.
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• mT (massive particles)

Background & Signal Extraction

11

• Non prompt background:

• data-driven

•  Transverse mass used for signal extraction

•  Expected background yields

•  Statistical and systematic unc.

Signal region (2015)

15!

 [GeV]TM
0 500 1000

Ev
en

ts

0

5

10

data
(*)γV+

WZ
ZZ

VVV
 Non-prompt

=1.0H=700 GeV, s±Hm
 Sys. unc.⊗Stat. 

 (13 TeV)-12.3 fb

CMS
Preliminary

 (PAS) 

CMS-PAS-HIG-16-027

7

 [GeV]miss
TE

50 100 150

Ev
en

ts

0

50

100

150

200
data

(*)γV+
WZ
ZZ

VVV
 Non-prompt

 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

 [GeV]Tm
0 100 200 300 400 500

Ev
en

ts

0

50

100

150

200
data

(*)γV+
WZ
ZZ

VVV
 Non-prompt

 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

 [GeV]jjM
100 200 300 400 500

Ev
en

ts

0

50

100

150
data

(*)γV+
WZ
ZZ

VVV
 Non-prompt

 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

jj
η ∆

0 0.5 1 1.5 2 2.5

Ev
en

ts

0

20

40

60
data

(*)γV+
WZ
ZZ

VVV
 Non-prompt

 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

Figure 3: Kinematic distributions in the background control region of 2016 data. The uncer-
tainty band corresponds to the total statistical and systematic uncertainty.

Control region

CMS-PAS-HIG-16-027

CMS-PAS-HIG-16-027

2015

2016



Andrea Carlo Marini 6 Aug 2016

• 95% CL limits (CLs criterion) on the production cross section

Cross section limits

12

10 References

 [GeV]TM
0 500 1000

Ev
en

ts

0

5

10

data
(*)γV+

WZ
ZZ

VVV
 Non-prompt

=1.0θ=700 GeV, sin ±Hm
 Sys. unc.⊕Stat. 

 (13 TeV)-12.3 fb

CMS
Preliminary

 [GeV]TM
0 500 1000

Ev
en

ts

0

20

40

data
(*)γV+

WZ
ZZ

VVV
 Non-prompt

=1.0θ=700 GeV, sin ±Hm
 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

Figure 4: Transverse mass distributions after full selection. The background yield predictions
correspond to the background only hypothesis fit result. The signal distribution is shown for
m(H+) = 700 GeV.

 [GeV]±Hm
200 400 600 800 1000

Z)
 [f

b]
±

 W
→ 

±
 B

R(
H

× 
σ

200

400

600

800

1000

1200

1400

1600

1800
PreliminaryCMS  (13 TeV)-115.2 fb

Observed
Expected

σ 1±
σ 2±

 [GeV]±Hm
200 400 600 800 1000

v
χv2

2
 =

 
θ

si
n 

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
PreliminaryCMS  (13 TeV)-115.2 fb

Observed
Expected

σ 1±
σ 2±

Figure 5: Expected exclusion limits at 95% confidence level for the s(H+)⇥ BR(H+ ! WZ)
assuming narrow width signal as a function of m(H+) (left) and on the ratio of vacuum expec-
tation value in the Georgi-Machacek model (right) for 2.3 fb�1 and 12.9 fb�1 of pp collisions at
13 TeV collected in 2015 and 2016.

10 References

 [GeV]TM
0 500 1000

Ev
en

ts

0

5

10

data
(*)γV+

WZ
ZZ

VVV
 Non-prompt

=1.0θ=700 GeV, sin ±Hm
 Sys. unc.⊕Stat. 

 (13 TeV)-12.3 fb

CMS
Preliminary

 [GeV]TM
0 500 1000

Ev
en

ts

0

20

40

data
(*)γV+

WZ
ZZ

VVV
 Non-prompt

=1.0θ=700 GeV, sin ±Hm
 Sys. unc.⊕Stat. 

 (13 TeV)-112.9 fb

CMS
Preliminary

Figure 4: Transverse mass distributions after full selection. The background yield predictions
correspond to the background only hypothesis fit result. The signal distribution is shown for
m(H+) = 700 GeV.

 [GeV]±Hm
200 400 600 800 1000

Z)
 [f

b]
±

 W
→ 

±
 B

R(
H

× 
σ

200

400

600

800

1000

1200

1400

1600

1800
PreliminaryCMS  (13 TeV)-115.2 fb

Observed
Expected

σ 1±
σ 2±

 [GeV]±Hm
200 400 600 800 1000

v
χv2

2
 =

 
θ

si
n 

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
PreliminaryCMS  (13 TeV)-115.2 fb

Observed
Expected

σ 1±
σ 2±

Figure 5: Expected exclusion limits at 95% confidence level for the s(H+)⇥ BR(H+ ! WZ)
assuming narrow width signal as a function of m(H+) (left) and on the ratio of vacuum expec-
tation value in the Georgi-Machacek model (right) for 2.3 fb�1 and 12.9 fb�1 of pp collisions at
13 TeV collected in 2015 and 2016.

CMS-PAS-HIG-16-027

CMS-PAS-HIG-16-027

• Limits on the parameters, in the G-M model
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First search for H+ to cb-bar in top quark decays at CMS  
Geumbong Yu1 for the CMS Collaboration 

1Seoul National University
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• The search using 8TeV data for the production of H± → cb  
has been presented for the first time


!
• The first results on charged higgs searches in CMS using  

RunII data has been presented

• H± → WZ (VBF)

!

• So far, limits agree with SM expectations

!
• A lot of data are being and will be delivered by the LHC

• New results will come out soon 

• stay tuned!

Summary
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• Systematics

VBF WZ
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8 8 Results

and resolution, Emiss
T modeling, and jet energy scale are applied to the reconstructed objects in

simulated events by randomly spreading and scaling the relevant observables and propagat-
ing the effects to the kinematic variables used in the analysis, in particular the transverse mass.
Uncertainties in lepton momentum scale and resolution are about 1% per lepton depending on
the kinematics, and the effect on the yields at the analysis selection level is less than 1%.

The uncertainties in the jet energy scale and resolution result in a 5% uncertainty in the signal
yields.

The uncertainty in the resolution of the Emiss
T measurement is 10%. Randomly smearing the

measured Emiss
T by one standard deviation of the resolution gives rise to 2-5% variation in the

estimation of signal yields after full selection, dependent on charged Higgs mass m(H+).

Uncertainties of 2.7% and 6.2% are assigned to the integrated luminosity measurement in the
years 2015 and 2016, respectively.

The effect of higher-order corrections in the signal cross section in the Georgi-Machacek Model
is taken from [41]. The theoretical uncertainty is dominated by missing higher order elec-
troweak corrections estimated to be 7%, uncertainties due to PDF and QCD scale are between
2-3% and less than a 1%, respectively.

The uncertainty in the estimation of expected WZ events is 21-23%, which is estimated from
the uncertainty on the measured yield in the two-jet control region. The total uncertainty in
the prediction of the non-prompt background is 30-80%, dominated by the low number of non-
prompt leptons passing the fake side-band selection. The uncertainties in the ZZ, VVV, and
Zg background processes vary from 15% to 60% and are dominated by the statistical precision
obtained from the number of simulated events.

A summary of the relative systematic uncertainties in the estimated signal and background
yields is shown in Table 1. The correlation of the systematic uncertainties on the luminosities
and jet energy scale for the data recorded in 2015 and 2016 are taken into account to obtain the
final result.

Source Signal WZ VVV Zg ZZ Non-prompt
Luminosity 2.7-6.2 — 2.7-6.2 2.7-6.2 2.7-6.2 —
Lepton efficiency 4.0 — 4.0 4.0 4.0 —
Lepton momentum scale 1.0 1.0 1.0 1.0 1.0 —
Jet momentum scale 2.0 - 5.0 8.0 6.0 30.0 13.0 —
Emiss

T resolution 5.0 1.7 1.0 — 7.0 —
B-tagging 2.0 — 2.0 2.0 2.0 —
WZ normalization — 21-23 — — — —
Non-prompt normalization — — — — — 30-81
GM uncertainties 8 — — — — —

Table 1: Relative systematic uncertainties in the estimated signal and background yields, in
units of percent

8 Results

After applying the full selection, 9 and 32 events are selected in data collected in 2015 and 2016,
respectively. The data yield together with the MC expectation for the different processes is
given in Table 2 and 3 for data collected in 2015 and 2016, respectively. The distribution of the
transverse mass variable is shown in Figure 4. No significant excess is observed with respect to
the SM background prediction. Expected and observed exclusion limits on s(H+)⇥ BR(H+ !
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• Systematics (see PAS for the full list)

Hcb
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16 10 Results

distribution are compared for Q2, ME-matching, top mass, and MC generator uncertainties.334

Table 4: List of rate systematic uncertainties for e+jets (µ+jets) channel H+ signal samples for 2
b-tagged (up) and � 3 b-tagged (down) region.

H+ mass ( GeV) 90 100 110 120 130 140 150
2 b-tags

B-tagging SF (b/c) 1.3(1.3)% 1.2(1.3)% 1.3(1.2)% 1.2(1.2)% 1.5(1.4)% 1.6(1.7)% 2.1(2.1)%
B-tagging SF (light/gluon) 0.1(0.1)% 0.1(0.1)% 0.1(0.1)% 0.2(0.1)% 0.1(0.1)% 0.1(0.1)% 0.1(0.1)%

Pileup reweight SF 0.3(0.4)% 0.8(0.3)% 0.8(0.2)% 0.1(0.4)% 0.4(0.1)% 0.4(0.1)% 1.2(0.2)%
3 b-tags

B-tagging SF (b/c) 5.7(5.7)% 5.8(5.7)% 5.7(5.8)% 5.7(5.8)% 5.7(5.7)% 5.7(5.7)% 5.6(5.7)%
B-tagging SF (light/gluon) 0.3(0.3)% 0.2(0.3)% 0.2(0.3)% 0.2(0.3)% 0.3(0.2)% 0.3(0.4)% 0.7(0.4)%

Pileup reweight SF 0.6(0.4)% 0.7(0.1)% 0.3(0.1)% 0.7(0.1)% 0.5(0.3)% 0.1(0.1)% 0.7(0.4)%

Table 5: List of rate systematic uncertainties of e+jets (µ+jets) channel tt and non-tt samples.

tt,2b tt, 3bnor tt, 3bhigh non-tt,2b non-tt, 3bnor non-tt, 3bhigh
B-tagging SF (b/c) 3.6(3.6)% 5.7(5.7)% 5.7(5.7)% 3.0(2.9)% 4.4(4.0)% 4.3(4.0)%

B-tagging SF (light/gluon) 0.2(0.2)% 2.8(2.7)% 2.8(2.7)% 1.7(1.9)% 2.3(3.2)% 2.3(3.2)%
Pileup reweight SF 0.3(0.5)% 0.3(0.7)% 0.3(0.7)% 0.7(1.3)% 0.3(0.4)% 0.4(0.3)$

9 Fit on B(t!H+b)335

RooStat based statistics tools (Combine) [39] are used for this shape analysis. The templates336

are prepared from the tt kinematic fitter in the 2 b-tag and 3 b-tag regions respectively as shown337

in Figure 8 - Figure 10. The shape of the template for the 3 b-tagged events is very sensitive338

in the H+ signal search because of the higher acceptance from H+ which has an additional339

b-quark in the final state. However, due to the low statistics in the 3 b-tagged region, we340

simultaneously fit the 2 b-tagged events to control common systematic between the 2 b-tags341

and 3 b-tags regions. The sensitivity of the search comes from the reduced number on the SM342

tt yield and an additional peak in the dijet mass distribution as the B(t!H+b) increases.343

9.1 Maximum Likelihood Fit on data344

The observed data in the 2 b-tagged and 3 b-tagged regions are fitted with the H+ mass tem-345

plate using a Maximum Likelihood Fit (MLF) Method. Each template for H+, SM tt(W), and346

for non-tt SM backgrounds is normalized by the best fit value. Figure 12 shows the dijet mass347

distribution of the templates with observed data in 2 b-tagged region where the SM tt process348

is dominant. Figure 13 shows the 3 b-tagged region fit on data for the low H+ mass fitter on the349

left and for high H+ mass fitter on the right. The result of the best branching ratio fit is written350

on each figure, and the expected dijet mass distribution, assuming the H+ signal is produced351

with the B(t!H+b) equal to the expected limit, are compared in the same figures. If there exists352

a signal with B(t!H+b) ⇠ 1%, we can observe event deficit in the 2 b-tagged region and an353

excess in the � 3 b-tagged region.354

10 Results355

This analysis looks for a charged Higgs boson from top quark decays in the lepton+jets channel356

of top-pair events. It is the first attempt to search for the charged Higgs boson decaying to357


