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The	
  Charged	
  Higgs	
  boson	
  
§ 	
  Charged	
  Higgs	
  bosons	
  appear	
  whenever	
  the	
  scalar	
  sector	
  	
  
	
  	
  	
  responsible	
  for	
  EWSB	
  is	
  extended	
  by	
  fields	
  transforming	
  	
  
	
  	
  	
  non-­‐trivially	
  under	
  SU(2).	
  
	
  
§ 	
  In	
  this	
  talk:	
  SU(2)	
  doublet	
  -­‐>	
  One	
  charged	
  Higgs	
  pair	
  
	
  	
  	
  -­‐	
  Minimal	
  supersymmetry	
  (MSSM,	
  NMSSM,	
  …)	
  
	
  	
  	
  -­‐	
  General	
  two-­‐Higgs-­‐Doublet	
  models	
  (2HDM)	
  
	
  
§ 	
  Charged	
  Higgs	
  bosons	
  are	
  important	
  since	
  the	
  search	
  results	
  	
  
	
  	
  	
  (exclusion	
  limits,	
  …)	
  complements	
  the	
  neutral	
  Higgs	
  sector,	
  	
  
	
  	
  	
  and	
  can	
  oUen	
  be	
  discussed	
  with	
  fewer	
  ambiguiVes:	
  
	
  	
  	
  e.g.	
  light/heavy	
  SM-­‐like	
  Higgs	
  quesVon,	
  CP-­‐admixture,	
  	
  
	
  	
  	
  MSSM	
  mass	
  relaVons,	
  scenarios	
  …	
  
	
  	
  	
  	
  
	
  	
  	
  -­‐>	
  Don’t	
  disregard	
  searches	
  which	
  appear	
  to	
  have	
  low	
  sensiVvity	
  
	
  	
  	
  	
  	
  	
  	
  	
  in	
  a	
  parVcular	
  scenario	
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Mode	
   MSSM	
   NMSSM	
   2HDM	
   EXP	
  

X	
   X	
   X	
   ATL-­‐CONF-­‐2013-­‐090	
  
CMS	
  [1205.5736]	
  

X	
   X	
   X	
   	
  
	
  

X	
   X	
   X	
   	
  
CMS-­‐HIG-­‐13-­‐026	
  

(X)	
   (X)	
   X	
   	
  
	
  

X	
   X	
   X	
   ATLAS	
  [1302.3694]	
  
CMS-­‐HIG-­‐13-­‐035	
  

(X)	
   X	
   X	
   	
  
	
  

-­‐	
   X	
   X	
   	
  
	
  

-­‐	
   X	
   X	
   	
  
	
  

X	
   X	
   -­‐	
   	
  
	
  

Quick	
  overview	
  of	
  H+	
  decay	
  modes	
  

H+ ! ⌧+⌫⌧

H+ ! tb̄

H+ ! cb̄

H+ ! cs̄

H+ ! W+h

H+ ! W+H

H+ ! W+A

H+ ! �+
i �

0
j

H+ ! µ+⌫µ
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M. Flechl, 29/07/2014: H+ cross sections & BR 10

Branching ratios

 Partial decay widths are calculated with FeynHiggs and HDecay 

(using MSSM input parameters provided by FeynHiggs)

...are used to 

calculate the BR

 Result tables are 

available here for several MSSM benchmark scenarios:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/BRs#YR3_numbers

YR3 YR3

CalculaCon	
  of	
  decay	
  modes	
  in	
  MSSM	
  
§ 	
  Coupling	
  to	
  light	
  quarks/leptons	
  are	
  suppressed	
  by	
  small	
  masses,	
  	
  
	
  	
  	
  addiVonal	
  CKM	
  suppression	
  for	
  flavor	
  off-­‐diagonal	
  couplings	
  
	
  
§ 	
  From	
  LHCHXSWG	
  MSSM	
  recommendaVons:	
  
	
  
	
  
	
  
	
  
§ 	
  Two	
  programs	
  are	
  used	
  by	
  XSWG	
  to	
  calculate	
  MSSM	
  decays	
  of	
  H+:	
  
	
  	
  	
   	
  FeynHiggs	
  (FH) 	
   	
  	
  
	
   	
  HDECAY	
  (HD)	
  
	
  
§ 	
  QCD	
  correcVons	
  important,	
  including	
  MSSM-­‐specific	
  contribuVons	
  
	
  	
  	
  to	
  bokom	
  Yukawa	
  coupling	
  enhanced	
  with	
  tan	
  β	
  (“Δb	
  effects”)	
  	
  
	
  	
  	
  Decays	
  with	
  gauge	
  couplings	
  typically	
  sub-­‐dominant	
  in	
  MSSM	
  

S.	
  Heinemeyer,	
  W.	
  Hollik,	
  G.	
  Weiglein,	
  [hep-­‐ph/9812320]	
  

A.	
  Djouadi,	
  J.	
  Kalinowski,	
  M.	
  Spira,	
  [hep-­‐ph/9704448]	
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M. Flechl, 29/07/2014: H+ cross sections & BR 10

Branching ratios

 Partial decay widths are calculated with FeynHiggs and HDecay 

(using MSSM input parameters provided by FeynHiggs)

...are used to 

calculate the BR

 Result tables are 

available here for several MSSM benchmark scenarios:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/BRs#YR3_numbers

YR3 YR3

M. Flechl, 29/07/2014: H+ cross sections & BR 10

Branching ratios

 Partial decay widths are calculated with FeynHiggs and HDecay 

(using MSSM input parameters provided by FeynHiggs)

...are used to 

calculate the BR

 Result tables are 

available here for several MSSM benchmark scenarios:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/BRs#YR3_numbers

YR3 YR3

MSSM	
  H+	
  decays	
  to	
  SM	
  parCcles	
  

M.	
  Carena,	
  S.	
  Heinemeyer,	
  OS,	
  C.	
  Wagner,	
  G.	
  Weiglein,	
  [1302.7033]	
  	
  

§ 	
  Example:	
  Mh
mod+	
  benchmark	
  scenario	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

§ 	
  Modes	
  with	
  light	
  quarks	
  could	
  become	
  more	
  important	
  for	
  really	
  	
  
	
  	
  	
  low	
  tan	
  β ∼ 1	
  (requires	
  high	
  Mstop)	
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What	
  is	
  missing	
  in	
  this	
  picture?	
  

§ 	
  Decays	
  to	
  SUSY	
  states	
  (chargino/neutralino	
  pairs)	
  can	
  become	
  	
  
	
  	
  	
  dominant	
  for	
  heavy	
  H+	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

§ 	
  Limits	
  from	
  τ ν	
  searches	
  interpreted	
  in	
  this	
  scenario	
  are	
  less	
  
	
  	
  	
  excluding	
  than	
  the	
  corresponding	
  2HDM	
  Type-­‐II	
  (without	
  SUSY)	
  	
  

H+	
  -­‐>	
  SUSY	
  

H+	
  -­‐>	
  SUSY	
  

tan� = 10 tan� = 50
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SUSY	
  Decays	
  of	
  Heavy	
  MSSM	
  Higgs	
  bosons	
  

§ 	
  Light	
  SUSY	
  states	
  is	
  either	
  considered	
  a	
  nuisance	
  for	
  “SM”	
  searches	
  
	
  	
  	
  	
  –	
  	
  or	
  an	
  opportunity	
  to	
  improve	
  sensiVvity	
  in	
  the	
  “wedge”	
  region	
  

H/A ! ⌧⌧

Exclusion	
  in	
  
default	
  benchmark	
  

Exclusion	
  with	
  no	
  
light	
  SUSY	
  states	
  



2014-­‐09-­‐17	
   cHarged	
  2014	
   8	
  

Decays	
  involving	
  gauge	
  couplings	
  
§ 	
  The	
  couplings	
  governing	
  the	
  decays	
  
	
  
	
  
	
  	
  	
  have	
  generic	
  form	
  in	
  all	
  two-­‐Higgs-­‐doublet	
  models:	
  
	
  
	
  
	
  	
  
§ 	
  In	
  the	
  alignment	
  limit,	
  with	
  h	
  as	
  the	
  SM-­‐like	
  Higgs	
  boson	
  
	
  
	
  	
  	
  -­‐	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  suppressed	
  
	
  
§ 	
  Sizeable	
  rates	
  for	
  H+	
  into	
  lighter	
  Higgs/vector	
  final	
  states	
  requires	
  
	
  	
  	
  -­‐	
  mass	
  hierachies	
  among	
  scalars	
  
	
  	
  	
  -­‐	
  suppression	
  of	
  H+-­‐fermion	
  couplings	
  
	
  	
  	
  Not	
  common	
  in	
  the	
  MSSM,	
  but	
  possible	
  in	
  2HDM/NMSSM	
  

H+ ! W+h H+ ! W+H H+ ! W+A

sin(� � ↵) ! 1

H+ ! HSMW+

gH±W⌥h / g

2

cos(� � ↵) gH±W⌥H / g

2
sin(� � ↵) gH±W⌥A / g

2
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§ 	
  The	
  2HDM	
  with	
  most	
  general	
  form	
  of	
  Yukawa	
  couplings:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

§ 	
  In	
  principle	
  full	
  freedom	
  to	
  choose	
  the	
  3x3	
  matrix	
  ρF	
  	
  
	
  	
  	
  	
  independently	
  from	
  κF	
  (mass	
  matrix)	
  
	
  	
  
§ 	
  Charged	
  Higgs	
  couplings	
  depend	
  only	
  on	
  ρF	
  
	
  
§ 	
  Any	
  model	
  where	
  ρF	
  is	
  not	
  diagonal	
  in	
  the	
  same	
  basis	
  as	
  	
  
	
  	
  	
  κF	
  will	
  have	
  tree-­‐level	
  FCNC	
  (-­‐>	
  strongly	
  restricted	
  from	
  data)	
  

General	
  2HDM:	
  Yukawa	
  Couplings	
  

�LY =
1p
2
D
h
Ds��↵ + ⇢Dc��↵

i
Dh+

1p
2
D
h
Dc��↵ � ⇢Ds��↵

i
DH +

ip
2
D�5⇢

DDA

+
1p
2
U
h
Us��↵ + ⇢Uc��↵

i
Uh+

1p
2
U
h
Uc��↵ � ⇢Us��↵

i
UH � ip

2
U�5⇢

UUA

+
1p
2
L
h
Ls��↵ + ⇢Lc��↵

i
Lh+

1p
2
L
h
Lc��↵ � ⇢Ls��↵

i
LH +

ip
2
L�5⇢

LLA

+
h
U
�
VCKM⇢DPR � ⇢UVCKMPL

�
DH+ + ⌫⇢LPRLH

+ + h.c.
i
.
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Type UR DR LR ⇢U ⇢D ⇢L

I + + + U
cot� D

cot� L
cot�

II + � � U
cot� �D

tan� �L
tan�

III + � + U
cot� �D

tan� L
cot�

IV + + � U
cot� D

cot� �L
tan�

Absence	
  of	
  tree-­‐level	
  FCNC	
  –>	
  2HDM	
  Types	
  

§ 	
  To	
  get	
  rid	
  of	
  FCNC	
  in	
  a	
  natural	
  way,	
  implement	
  a	
  (soUly	
  broken)	
  	
  
	
  	
  	
  Z2	
  symmetry	
  in	
  a	
  specific	
  basis	
  for	
  Φ1	
  and	
  Φ2	
  	
  
	
  	
  	
  -­‐>	
  2HDM	
  “Types”	
  depending	
  on	
  fermion	
  Z2	
  charges	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Type	
  III	
  =	
  Type	
  Y	
  =	
  “Flipped” 	
   	
  Type	
  IV	
  =	
  Type	
  X	
  =	
  “Lepton-­‐specific”	
  
	
  
§ 	
  Tree-­‐level	
  MSSM	
  -­‐>	
  	
  Type-­‐II	
  Yukawa	
  couplings	
  	
  
	
  	
  	
  Beyond	
  tree-­‐level	
  this	
  is	
  broken	
  by	
  Δb	
  -­‐>	
  More	
  general	
  couplings	
  

⇢F / F =

p
2

v
MF

Barger,	
  Hewik,	
  Philips,	
  PRD41	
  (1990)	
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Two-­‐Higgs-­‐doublet-­‐Model	
  Calculator	
  (2HDMC)	
  

§ 	
  2HDMC	
  is	
  a	
  public	
  C++	
  code	
  for	
  calculaVons	
  in	
  the	
  general	
  2HDM	
  
	
  

	
   	
   	
  D.	
  Eriksson,	
  J.	
  Rathsman	
  (Lund),	
  OS	
  (Stockholm)	
  
	
  

	
   	
   	
   	
   	
  	
  	
  	
  	
  hkp://2hdmc.hepforge.org	
  
	
  

§ 	
  Official	
  LHCHXSWG	
  recommendaVons	
  for	
  the	
  2HDM	
  Higgs	
  cross	
  
	
  	
  	
  secVons	
  and	
  branching	
  raVos	
  
	
  
	
  
	
  	
  	
  SusHi	
  (xsecVon)	
  +	
  2HDMC	
  (decays)	
  
	
  	
  	
  HIGLU	
  (xsecVon)	
  +	
  HDECAY	
  (decays)	
  
	
  

§ 	
  Charged	
  Higgs	
  cross	
  secVon	
  not	
  part	
  of	
  the	
  recommendaVons,	
  	
  
	
  	
  	
  but	
  H+	
  decays	
  are	
  calculated	
  both	
  by	
  2HDMC	
  and	
  HDECAY	
  

R.	
  Harlander,	
  M.	
  Mühlleitner,	
  J.	
  Rathsman,	
  M.	
  Spira,	
  OS,	
  [1312.5571]	
  	
  

[0902.0851]	
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H+	
  decays	
  in	
  2HDM	
  Type-­‐I	
  

>	
  0.01	
  
>	
  0.05	
  
>	
  0.10	
  
>	
  0.25	
  
>	
  0.50	
  
>	
  0.75	
  
>	
  0.9	
  

Mh = 125GeV, MH = MA = MH± , sin(� � ↵) = 0.99, m2
12 = M2

Ac�s�
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H+	
  decays	
  in	
  2HDM	
  Type-­‐II	
  
Mh = 125GeV, MH = MA = MH± , sin(� � ↵) = 0.99, m2

12 = M2
Ac�s�

>	
  0.01	
  
>	
  0.05	
  
>	
  0.10	
  
>	
  0.25	
  
>	
  0.50	
  
>	
  0.75	
  
>	
  0.9	
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H+	
  decays	
  in	
  2HDM	
  Type-­‐III	
  
Mh = 125GeV, MH = MA = MH± , sin(� � ↵) = 0.99, m2

12 = M2
Ac�s�

>	
  0.01	
  
>	
  0.05	
  
>	
  0.10	
  
>	
  0.25	
  
>	
  0.50	
  
>	
  0.75	
  
>	
  0.9	
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H+	
  decays	
  in	
  2HDM	
  Type-­‐IV	
  
Mh = 125GeV, MH = MA = MH± , sin(� � ↵) = 0.99, m2

12 = M2
Ac�s�

>	
  0.01	
  
>	
  0.05	
  
>	
  0.10	
  
>	
  0.25	
  
>	
  0.50	
  
>	
  0.75	
  
>	
  0.9	
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The	
  H+	
  -­‐>	
  A/H	
  W+	
  channel	
  
B.	
  Coleppa,	
  F.	
  Kling,	
  S.	
  Su,	
  [1408.4119]	
  

§ 	
  The	
  2HDM	
  pseudoscalar	
  can	
  also	
  be	
  light	
  
	
  
	
  
	
  
	
  
§ 	
  MC	
  fast	
  detector-­‐level	
  analysis	
  with	
  
	
  	
  	
  MG5	
  +	
  Pythia	
  +	
  Delphes	
  
	
  	
  	
  taking	
  into	
  account	
  dominant	
  backgrounds	
  

H± ! AW±

200 300 400 500 600

10

20

30

40

50

60

mH± HGeVL

ta
n
b

0.3
0.5 0.7

0.9

10 20 30 40 50

0.2

0.4

0.6

0.8

1.0

tan b

BR

mH+=300 GeV
mA=50 GeVAW+

tÓtb

Figure 1. Left panel: Branching fraction BR(H± ! AW±
) in the mH± � tan� plane, for mA =

50 GeV and sin(� � ↵) =1. Right panel: The branching fractions of H± as a function of tan� for
various decay modes: H± ! AW± (red), tb (blue), ⌧⌫ (green) for mH±

= 300 GeV, mA = 50 GeV
and sin(� � ↵) = 1.

The H± ! H0W± mode, when kinematically accessible, would show similar features with
additional phase space suppression. H± ! h0W± mode is maximized at sin(� � ↵) =

0, which could be a potentially useful search channel for H± in the H0� 126 case. The
current searches for the charged Higgs focus on the H± ! ⌧⌫ channel, which is sensitive to
the large tan� region. We expect the H± ! AW±/HW± channel to be complementary
for small or intermediate tan�.

In the right panel of Fig. 1, we show the branching fractions of H± as a function of
tan� for various decay modes of H± ! AW±, tb, ⌧⌫ for mH± = 300 GeV, mA = 50 GeV
and sin(� � ↵) = 1. For almost all values of tan�, the decay to the AW± mode exceeds
that of tb.

The Higgs sector in the MSSM is more restricted, given that the quartic Higgs couplings
are fixed by the gauge couplings and the tree-level Higgs mass matrix only depends on
mA and tan�. The decay H± ! h0W± is typically suppressed by the small coupling
cos(��↵) ⇠ 0, and is only relevant for small tan�. However, the authors of [24] showed that
this channel can have a significant branching fraction in a small region of parameter space for
small values of tan�. In the usual decoupling region with large mA, the light CP-even Higgs
h0 is SM-like while the other Higgses are almost degenerate: mH0 ⇠ mA ⇠ mH± . Thus,
H± ! H0W± or H± ! AW± is not kinematically allowed at tree-level. However, next-to-
leading order (NLO) corrections can increase the mass difference between the charged and
neutral Higgses for moderate values of tan� ⇡ 5 to 10. In this case the H± ! A/H0W±

channels can open up with significant branching fractions [25]. In the NMSSM, the Higgs
sector of MSSM is enlarged to include an additional singlet. It was shown in Ref. [15] that
in this model, there are regions of parameter space where the decay H± ! HiW

±/AiW
±

– 5 –

MA = 50GeV (126GeV)

sin(� � ↵) = 1

Cut Signal [fb] t¯t [fb] t¯t⌧⌧ [fb] W (W )⌧⌧ [fb] S/B S/
p
B

� 100 6.3 · 105 247 2000 - -
A: Identification [Eq.(4.1)] 0.45 23.4 0.58 0.078 0.02 1.62

m⌧⌧ vs m⌧⌧W [Eq.(4.5)] 0.14 0.69 0.014 0.003 0.19 2.84
B: Identification [Eq.(4.2)] 0.39 0.35 0.697 0.072 0.35 6.49

m⌧⌧ vs m⌧⌧W [Eq.(4.5)] 0.13 0.043 0.047 0.0062 1.35 7.31
C: Identification [Eq.(4.3)] 0.44 2.35 5.11 0.058 0.06 2.81

m⌧⌧ vs m⌧⌧W [Eq.(4.5)] 0.12 0.30 0.31 0.0077 0.19 2.54

Table 1. Signal and background cross sections with cuts for the signal benchmark point mH± =
240 GeV and mA = 50 GeV at the 14 TeV LHC. We have chosen a nominal value for �⇥BR(pp !
H±tb ! ⌧⌧bbWW ) of 100 fb to illustrate the cut efficiencies for the signal process. The last column
of S/

p
B is shown for an integrated luminosity of L = 300 fb

�1.

in [45]. A better rejection of non-⌧ initiated jets would increase the significance of this
channel.

200 300 400 500 600

10

100

50

20
30

15

70

mH± HGeVL

s
x
B
R
HfbL

95% Exclusion
gbÆH± tbÆAW± tbÆttbbWW

200 300 400 500 600

50

100

200

500

mH± HGeVL

s
x
B
R
HfbL

gbÆH± tbÆAW± tbÆttbbWW
5s Discovery

Figure 5. The 95% C.L. exclusion (left) and 5� discovery (right) limits for �⇥BR(pp ! H±tb !
⌧⌧bbWW ) for mA = 50 GeV (blue), 126 GeV (red), and 200 GeV (green) at the 14 TeV LHC. We
have combined all three cases of tau decays. The dashed, solid and dot-dashed lines correspond to
an integrated luminosity of 100, 300 and 1000 fb�1, respectively. Here, we have assumed a 10%
systematic error on the backgrounds. These results are equally applicable to the H± ! HW±

process for the same parent and daughter Higgs masses.

In Fig. 5, we display the results at the 14 TeV LHC for 95% C.L. exclusion (left panel)
and 5� discovery (right panel) limits for � ⇥ BR(pp ! H±tb ! ⌧⌧bbWW ), which applies
for H± ! HW± as well with mA replaced by mH . We have combined all three cases of
tau decays. The blue, red, and green curves correspond to the daughter particle being 50
GeV, 126 GeV, and 200 GeV, respectively. For each mass, we have displayed the results for
three luminosities: 100 fb�1 (dashed), 300 fb�1 (solid), and 1000 fb�1 (dot-dashed), with
10% systematic error included [46]. Due to the small number of events, the statistical error
dominates in this channel and therefore higher luminosities lead to a better reach. Better
sensitivity is achieved for larger mH± since the mass cuts on m⌧⌧ and m⌧⌧W have a more
pronounced effect on the SM backgrounds for larger masses.

The m⌧⌧ distribution for the dominating tt backgrounds peaks around higher masses
m⌧⌧ ⇡ 70 - 200 GeV and therefore the background rejection efficiency for m⌧⌧ ⇡ 50 GeV is

– 12 –

pp ! tb̄H� ! tb̄AW� ! W+W�bb̄(bb̄/⌧⌧)
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For BP3 in panel (c), the reach is the best for sin(� � ↵) = 0: tan� & 20 or . 4 for
95% C.L. exclusion and tan� & 45 or . 1 for 5� discovery. The reach gets significantly
weaker when sin(� � ↵) approaches ±1 with the regions | sin(� � ↵)| > 0.8 providing no
reach. Note that for BP3 with mH0 = 126 GeV, sin(� � ↵) ⇡ 0 is also the favored region
given the SM-like Higgs consideration.

BP4 is an interesting case as this corresponds to the charged Higgs decaying to a SM-
like Higgs h0. The exclusion reach is almost the same as in BP3, while no discovery reach
can be obtained due to the suppression of the branching fractions at large or small tan�,
as shown in Fig. 8 (d). Note that H± ! h0W± is sensitive to part of the SM-like Higgs
favored region: 0.55 < sin(� � ↵) < 0.9 with small tan�, with h0 being SM-like.
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Figure 10. 95% exclusion (yellow regions bounded by solid red lines) and the 5� discovery (cyan
regions bounded by the dashed red lines) in the mH±�tan� parameter space for 300 fb�1 luminosity
in the pp ! H±tb ! AW±tb ! ⌧⌧bbWW channel, with mA = 50 GeV (left panel) and 126 GeV
(right panel). Superimposed in black dashed line is the projected ATLAS H± ! ⌧⌫ 5� discovery
contours with 100 fb�1 luminosity. sin(� � ↵) is chosen to be 1 and H0 is decoupled.

Fig. 10 shows the reach in the mH± � tan� for H± ! AW±, with mA = 50 GeV (left
panel) and 126 GeV (right panel). We have fixed sin(� � ↵) = 1 and decoupled H0 such
that both H± ! h0W±, H0W± are absent. Superimposed on the plot in black dashed
line is the projected ATLAS H± ! ⌧⌫ discovery reach with 100 fb�1 luminosity [30] for
comparison. The mA = 50 GeV represents the best case scenario for discovery/exclusion.
While the reach in the exotic channel H± ! AW± is smaller compared to the standard
H± ! ⌧⌫ searches in the high tan� region, AW± channel provides a reach in the small
tan� regions which is absent in the ⌧⌫ mode. Additionally, the model can be excluded at
the 95% C.L. for masses extending all the way to 600 GeV for both small and large tan� in
this channel. The mA = 126 case does not have sensitivity for discovery, but does provide
an exclusion range that is comparable to the mA = 50 GeV case.

We conclude this section with the following observations:

• The best case scenario are the decays H± ! AW± for the h0�126 case and H± !
h0W± in the H0�126 case for small daughter Higgs masses.

• The potentially interesting scenario H± ! h0W± with h0 being SM-like has sensitiv-
ity for 95% C.L. exclusion at small and large tan� for sin(� � ↵) different from ±1.
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The	
  H+	
  -­‐>	
  A/H	
  W+	
  channel	
  
§ 	
  Results	
  for	
  exclusion	
  /	
  5	
  σ	
  discovery	
  with	
  100	
  y-­‐1	
  at	
  14	
  TeV	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Results	
  complementary	
  to	
  other	
  searches,	
  in	
  parVcular	
  	
  
	
  	
  	
  the	
  τ ν	
  channel,	
  with	
  addiVonal	
  sensiVvity	
  at	
  low	
  tan	
  β 
	


§  Could	
  also	
  be	
  relevant	
  for	
  light	
  H+	
  with	
  very	
  light	
  A1	
  in	
  the	
  NMSSM	
  

Type-­‐II	
  (bbττ	
  channel)	
   Type-­‐II	
  (bbττ	
  channel)	
  

J.	
  Rathsman,	
  T.	
  Rössler	
  [1206.1470]	
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Loop-­‐induced	
  H+	
  decays	
  

R.	
  Enberg,	
  J.	
  Rathsman,	
  G.	
  Wouda,	
  [1311.4367]	
  
See	
  also:	
  V.	
  Ilisie,	
  A.	
  Pich,	
  [1405.6639]	
  

§ 	
  With	
  two	
  Higgs	
  doublets,	
  there	
  are	
  no	
  tree-­‐level	
  couplings	
  of	
  
	
  	
  	
  H+W-­‐Z	
  or	
  H+W-­‐γ,	
  but	
  the	
  decays	
  H+	
  -­‐>	
  W+	
  Z/γ	
  are	
  induced	
  at	
  1-­‐loop	
  
	
  	
  	
  -­‐>	
  Similar	
  to	
  h	
  -­‐> γγ	
  or	
  h	
  -­‐>	
  γZ	
  	
  
	
  
§ 	
  In	
  normal	
  2HDM	
  and	
  MSSM	
  scenarios,	
  both	
  these	
  decays	
  have	
  
	
  	
  	
  BR	
  <	
  10-­‐3	
  (typically	
  much	
  smaller)	
  
	
  
§ 	
  Can	
  be	
  enhanced	
  in	
  “stealth”	
  	
  
	
  	
  	
  model	
  with	
  suppressed	
  tree-­‐level	
  	
  
	
  	
  	
  couplings	
  of	
  second	
  doublet	
  
	
  	
  	
  to	
  fermions	
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(a) mA = mH± � 10 GeV, mh = 125 GeV, (b) mA = mH± � 20 GeV, mh = 125 GeV,

mH = 300 GeV, sin↵ = 0.9. mH = 300 GeV, sin↵ = 0.9.
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mH = 300 GeV, sin↵ = 0.9. mH = 125 GeV, sin↵ = 0.1.

Figure 18. The branching ratios of the charged scalar H± as a function of mH± . The solid black
line shows the W±� mode, dotted black W±Z, solid cyan W±A, dashed cyan W±h/H and dotted
magenta tb. In this figure, we have �

3

= 2(mH±/v)2, �
2

= �
1

and �
7

= �
6

. The scenarios in
(a) and (b) are phenomenologically disfavored since EWPT require mA > mH± for these values of
mH± (see figure 4 and the related discussion).

even after the inclusion of o↵-shell h/H and A bosons. This is due to the smallness of the

widths of the h,H and A bosons below the h/H ! WW/ZZ and A ! Zh/H or W±H⌥

thresholds. The e↵ects of o↵-shell h,H and A bosons can become sizable when we consider

larger mh,H,A, i.e. when the sub-channels h/H ! V V or A ! Zh/H are kinematically

open, so that �h,H,A = O(1 GeV). One should also remember that the AH±W⌥ coupling

is independent of the mixing angle ↵.

5.2.4 Decay widths and branching ratios for H±

We have now come to the point where we can compare the magnitudes of the di↵erent

decay modes under consideration in our standard cases with �
3

= 2(mH±/v)2, �
2

= �
1

and �
7

= �
6

as is illustrated in figure 18. Here we have calculated the partial width of the

decay mode H± ! W±⇤A using the closed formulas included in 2hdmc.

– 27 –
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Conclusions	
  

§ 	
  Charged	
  Higgs	
  bosons	
  remain	
  important	
  to	
  search	
  for	
  as	
  signs	
  of	
  	
  
	
  	
  	
  physics	
  beyond	
  the	
  SM	
  
	
  
§ 	
  Public	
  codes	
  for	
  the	
  calculaVon	
  of	
  the	
  H+	
  branching	
  raVos	
  in	
  	
  
	
  	
  	
  popular	
  models	
  (MSSM,	
  2HDM,	
  …)	
  are	
  in	
  an	
  advanced	
  stage	
  
	
  
§ 	
  Beyond	
  the	
  ‘’tradiVonal’’	
  fermionic	
  decay	
  modes,	
  there	
  are	
  
	
  	
  	
  opVons	
  for	
  non-­‐standard	
  decays	
  that	
  can	
  also	
  be	
  searched	
  for:	
  
	
  
	
  	
  	
  -­‐	
  Heavy	
  H+	
  decays	
  into	
  SUSY	
  parVcles	
  
	
  	
  	
  -­‐	
  Non-­‐standard	
  decays	
  of	
  a	
  light	
  charged	
  Higgs	
  (cb	
  /	
  Wγ	
  )	
  
	
  	
  	
  -­‐	
  H+	
  decays	
  into	
  125	
  GeV	
  Higgs	
  /	
  W	
  (in	
  remaining	
  parameter	
  space)	
  
	
  	
  	
  -­‐	
  H+	
  decays	
  into	
  lighter	
  scalars	
  and	
  W	
  bosons,	
  typically	
  leading	
  	
  
	
  	
  	
  	
  	
  to	
  different	
  (complex)	
  final	
  states	
  with	
  mulVple	
  b/τ	
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MSSM	
  Higgs	
  sector	
  

§ 	
  Minimal	
  SUSY	
  (MSSM)	
  -­‐>	
  two	
  complex	
  Higgs	
  Doublets:	
  
	
  	
  	
  8	
  scalar	
  degrees	
  of	
  freedom,	
  5	
  physical	
  Higgs	
  bosons	
  (SM:	
  4,	
  1)	
  
	
  
§ 	
  CP	
  conservaVon:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (CP-­‐even),	
  	
  	
  	
  	
  	
  	
  (CP-­‐odd),	
  and	
  	
  
	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
§ 	
  At	
  tree-­‐level,	
  the	
  Higgs	
  sector	
  is	
  determined	
  by	
  two	
  parameters:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  or	
  	
  	
  
	
  
§ 	
  Other	
  Higgs	
  masses	
  are	
  predic1ons:	
  

Hu, Hd

h,H A H±

mH > mh

MH± , tan�MA, tan�

M2
h,H =

1

2


M2

A +M2
Z ⌥

q
(M2

A +M2
Z)

2 � 4M2
AM

2
Z cos

2
2�

�

M2
H± = M2

A +M2
W

tan� =
vu
vd

M2
h,tree  M2

Z cos

2
2�  M2

Z
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Charged	
  Higgs	
  bosons	
  

B
ra

nc
hi

ng
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tio
100 110 120 130 140 150 160 170

1

10!1

10!2

10!3

mH ˙ (GeV)

tan ˇ D 50
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§ 	
  Two	
  kinemaVc	
  regions	
  for	
  charged	
  Higgs	
  producVon	
  
	
  
§ 	
  Light	
  charged	
  Higgs	
  
	
  
	
  
	
  
	
  
§ 	
  Heavy	
  charged	
  Higgs	
  
	
  
	
  
	
  
	
  
§ 	
  Complementary	
  producVon	
  modes	
  

MH± < mt �mb

MH± > mt �mb

t ! bH+pp ! tt̄

gg/gb ! t̄bH+

pp ! H±W�
pp ! H±H�

t ! bH+
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Charged	
  Higgs	
  bosons:	
  Decay	
  modes	
  

tan� > 1
§ 	
  MSSM	
  Decay	
  mode	
  also	
  ‘fixed’	
  by	
  kinemaVcs	
  
	
  
§ 	
  Light	
  charged	
  Higgs	
  
	
  
	
  
	
  
§ 	
  Heavy	
  charged	
  Higgs	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  In	
  the	
  NMSSM	
  should	
  be	
  complemented	
  with	
  searches	
  for	
  	
  
H± ! A1W

± H± ! H1W
±

BR(H+ ! ⇥+�⌧ ) ' 1

BR(H+ ! ⇥+�⌧ ) ' 0.1

BR(H+ ! tb̄) ' 0.9
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From	
  branching	
  raCos	
  to	
  MSSM	
  parameter	
  limits	
  

gH+ t̄b =
p
2 iVtb


PLmb

tan�

1 +�b
+ PRmt cot�

�

�b =
2�s

3⇤
mg̃µ tan⇥I(Mb̃1

,Mb̃2
,mg̃) +

y2t
16⇤2

Atµ tan⇥I(Mt̃1 ,Mt̃2 , µ)


