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Preamble

• Higgs particle found! SM?

• 2HDM excluded?

• not quite

• but parameter space severely constrained

• Look for charged Higgs!
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2HDM notation 2

1 Formulas
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with ci = cos%i , si = sin %i .

Parameters: tan&, (M 1, M 2), (MH ± , µ2), (%1, %2, %3), (1.4)

where tan& = v2/v 1 and µ2 = v2' , with ' = Re m2
12/ (2v1v2) and

v = 246 GeV.
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with ci = cos↵i , si = sin↵i .

Parameters: tan �, (M1, M2), (MH ± , µ2
), (↵1, ↵2, ↵3), (1.4)

where tan � = v2/v1 and µ2
= v2⌫, with ⌫ = Rem2

12/(2v1v2) and
v = 246 GeV.
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PDG convention

H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.5)

Hj b¯b :
�ig mb

2mW

1

cos �
[Rj 1 � i�5 sin �Rj 3],

Hj t¯t :
�ig mt

2mW

1

sin �
[Rj 2 � i�5 cos �Rj 3]. (1.6)

H+b¯t :
ig

2

p
2mW

Vtb[mb(1 + �5) tan � +mt(1� �5) cot �],

H ! t¯b :
ig

2

p
2mW

V "
tb[mb(1� �5) tan � +mt(1 + �5) cot �]. (1.7)

Hj ZZ : [cos �Rj 1 + sin �Rj 2], for j = 1, (1.8)

Hj H
±W #

:

g

2

[⌥i(sin �Rj 1 � cos �Rj 2) +Rj 3](p
j
µ � p±µ ). (1.9)

2

CP-conserving limits:



H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.5)

Hjb¯b :
�ig mb

2mW

1

cos �
[Rj1 � i�5 sin �Rj3],

Hjt¯t :
�ig mt

2mW

1

sin �
[Rj2 � i�5 cos �Rj3]. (1.6)
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p
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Vtb[mb(1 + �5) tan � +mt(1� �5) cot �],
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p
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tb[mb(1� �5) tan � +mt(1 + �5) cot �]. (1.7)

HjZZ : [cos �Rj1 + sin �Rj2], for j = 1, (1.8)

HjH
±W⌥

:

g

2

[⌥i(sin �Rj1 � cos �Rj2) +Rj3](p
j
µ � p±µ ). (1.9)
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Yukawa couplings

H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.5)

Hjb¯b :
�ig mb

2mW

1

cos �
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sin �
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HjH
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µ ). (1.9)
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Gauge couplings

H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.5)

Hjb¯b :
�ig mb
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1

cos �
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g
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[⌥i(sin �Rj1 � cos �Rj2) +Rj3](p
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µ � p±µ ). (1.9)
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H1 odd: ↵2 ' ±⇡/ 2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/ 2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.5)

H jb¯b :
�ig mb

2mW

1

cos �
[Rj1 � i�5 sin �Rj3],
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µ � p±
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On-shell:

Off-shell:

Entering total widths:

H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.7)
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Hj ZZ : [cos �Rj 1 + sin �Rj 2], for j = 1, (1.10)

Hj H
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j
µ � p±µ ). (1.11)

H1 ! ZZ, WW (1.12)

H2,3 ! ZZ, WW (1.13)

H2,3 ! H1Z (1.14)

2

H1 odd: ↵2 ' ±⇡/2, ↵1,↵3 arbitrary,

H2 odd: ↵2 = 0, ↵3 = ⇡/2, ↵1 arbitrary,

H3 odd: ↵2 = ↵3 = 0, ↵1 arbitrary. (1.7)
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cos �
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HjZZ : [cos �Rj1 + sin �Rj2], for j = 1, (1.10)
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[Rj2 � i�5 cos �Rj3]. (1.8)

H+bt̄ :
ig

2
p
2mW

Vtb[mb(1 + �5) tan � +mt(1� �5) cot �],
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Parameters

Reconstruct:

Explicit expressions for
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V =
! 1

2
(!  

1! 1)
2 +

! 2

2
(!  

2! 2)
2 + ! 3(!

 
1! 1)(!

 
2! 2)

+ ! 4(!
 
1! 2)(!

 
2! 1) +

1

2

h

! 5(!
 
1! 2)

2 + h.c.
i

(1.1)

� 1

2

n

m2
11(!

 
1! 1)+

h

m2
12(!

 
1! 2)+h.c.

i

+m2
22(!

 
2! 2)

o

.

! 6 = 0; ! 7 = 0
! 5, m2

12

! i =

 

" +
i

1!
2
(vi + #i + i$i )

!

(1.2)

0

@

H1

H2

H3

1

A = R

0

@

#1

#2

#3

1

A , (1.3)

RM 2RT = M 2
diag = diag(M2

1 ,M
2
2 ,M

2
3 )

R = R3 R2 R1 =

0

@

1 0 0
0 cos%3 sin%3

0 � sin%3 cos%3

1

A

0

@

cos%2 0 sin%2

0 1 0
� sin%2 0 cos%2

1

A

0

@

cos%1 sin%1 0
� sin%1 cos%1 0

0 0 1

1

A

=

0

@

c1 c2 s1 c2 s2

�(c1 s2 s3 + s1 c3) c1 c3 � s1 s2 s3 c2 s3

�c1 s2 c3 + s1 s3 �(c1 s3 + s1 s2 c3) c2 c3

1

A

with ci = cos%i , si = sin%i .

Parameters: tan&, (M1, M2), (MH ± , µ2), (%1, %2, %3), (1.4)

where tan& = v2/v1 and µ2 = v2' , with ' = Rem2
12/(2v1v2) and

v = 246 GeV.

M2
3 =

M2
1R13(R12 tan&�R11)+M2

2R23(R22 tan&�R21)

R33(R31 �R32 tan&)
(1.5)

! 1, ! 2, ! 3, ! 4,Re ! 5, Im ! 5 (1.6)

1

1 Formulas

V =
�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2 + �3(�

†
1�1)(�

†
2�2)

+ �4(�
†
1�2)(�

†
2�1) +

1

2

!
�5(�

†
1�2)

2 + h.c.
"

(1.1)

� 1

2

#
m2

11(�
†
1�1)+

!
m2

12(�
†
1�2)+h.c.

"
+m2

22(�
†
2�2)

$
.

�6 = 0; �7 = 0
�5, m2

12

�i =

%
'+
i

1p
2
(vi + ⌘i + i�i)

&

(1.2)

'

(
H1

H2

H3

)

* = R

'

(
⌘1
⌘2
⌘3

)

* , (1.3)

RM2RT = M2
diag = diag(M2

1 ,M
2
2 ,M

2
3 )

R = R3 R2 R1 =

'

(
1 0 0
0 cos↵3 sin↵3

0 � sin↵3 cos↵3

)

*

'

(
cos↵2 0 sin↵2

0 1 0
� sin↵2 0 cos↵2

)

*

'

(
cos↵1 sin↵1 0
� sin↵1 cos↵1 0

0 0 1

)

*

=

'

(
c1 c2 s1 c2 s2

�(c1 s2 s3 + s1 c3) c1 c3 � s1 s2 s3 c2 s3
�c1 s2 c3 + s1 s3 �(c1 s3 + s1 s2 c3) c2 c3

)

*

with ci = cos↵i, si = sin↵i.

Parameters: tan �, (M1, M2), (MH± , µ2), (↵1, ↵2, ↵3), (1.4)

where tan � = v2/v1 and µ2 = v2⌫, with ⌫ = Rem2
12/(2v1v2) and

v = 246 GeV.

M2
3 =

M2
1R13(R12 tan ��R11)+M2

2R23(R22 tan ��R21)

R33(R31 �R32 tan �)
(1.5)

�1,�2,�3,�4,Re�5, Im�5 (1.6)

1

Input:

1 Formulas

V =
�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2 + �3(�

†
1�1)(�

†
2�2)

+ �4(�
†
1�2)(�

†
2�1) +

1

2

!
�5(�

†
1�2)

2 + h.c.
"

(1.1)

!
1

2

#
m2

11(�
†
1�1)+

!
m2

12(�
†
1�2)+h.c.

"
+m2

22(�
†
2�2)

$
.

�6 = 0; �7 = 0
�5, m2

12

�i =

%
'+

i
1p
2
(vi + ⌘i + i�i )

&

(1.2)

'

(
H1

H2

H3

)

* = R

'

(
⌘1
⌘2
⌘3

)

* , (1.3)

RM2RT = M2
diag = diag(M2

1 ,M
2
2 ,M

2
3 )

R = R3 R2 R1 =

'

(
1 0 0
0 cos↵3 sin↵3

0 ! sin↵3 cos↵3

)

*

'

(
cos↵2 0 sin↵2

0 1 0
! sin↵2 0 cos↵2

)

*

'

(
cos↵1 sin↵1 0

! sin↵1 cos↵1 0
0 0 1

)

*

=

'

(
c1 c2 s1 c2 s2

! (c1 s2 s3 + s1 c3) c1 c3 ! s1 s2 s3 c2 s3
! c1 s2 c3 + s1 s3 ! (c1 s3 + s1 s2 c3) c2 c3

)

*

with ci = cos↵i , si = sin↵i .

Parameters: tan �, (M1, M2), (MH ± , µ2), (↵1, ↵2, ↵3), (1.4)

where tan � = v2/v1 and µ2 = v2⌫, with ⌫ = Rem2
12/(2v1v2) and

v = 246 GeV.

M2
3 =

M2
1R13(R12 tan � ! R11)+M2

2R23(R22 tan � ! R21)

R33(R31 ! R32 tan �)
(1.5)

�1,�2,�3,�4,Re�5, Im�5 (1.6)

1in terms of input
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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H2 (for example at 300 GeV) and H3 
must decay more slowly than SM Higgs (at same mass), 

in order for model not to be excluded by LHC data



Constraints-theory
• Positivity

- Explicit conditions

• Unitarity

- Explicit conditions

• Perturbativity

• Global minimum

- Three coupled cubic equations



Constraints-experiment



Parameters
Input:

1 Formulas

V =
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2
(�†

1�1)
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�2

2
(�†

2�2)
2 + �3(�

†
1�1)(�

†
2�2)

+ �4(�
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1�2)(�

†
2�1) +

1

2

!
�5(�

†
1�2)

2 + h.c.
"

(1.1)

!
1

2

#
m2

11(�
†
1�1)+

!
m2

12(�
†
1�2)+h.c.

"
+m2

22(�
†
2�2)

$
.

�6 = 0; �7 = 0
�5, m2

12

�i =

%
'+

i
1p
2
(vi + ⌘i + i�i )

&

(1.2)

'

(
H1

H2

H3

)

* = R

'

(
⌘1
⌘2
⌘3

)

* , (1.3)

RM2RT = M2
diag = diag(M2

1 ,M
2
2 ,M

2
3 )

R = R3 R2 R1 =

'

(
1 0 0
0 cos↵3 sin↵3

0 ! sin↵3 cos↵3

)

*

'

(
cos↵2 0 sin↵2

0 1 0
! sin↵2 0 cos↵2

)

*

'

(
cos↵1 sin↵1 0

! sin↵1 cos↵1 0
0 0 1

)

*

=

'

(
c1 c2 s1 c2 s2

! (c1 s2 s3 + s1 c3) c1 c3 ! s1 s2 s3 c2 s3
! c1 s2 c3 + s1 s3 ! (c1 s3 + s1 s2 c3) c2 c3

)

*

with ci = cos↵i , si = sin↵i .

Parameters: tan �, (M1, M2), (MH ± , µ2), (↵1, ↵2, ↵3), (1.4)

where tan � = v2/v1 and µ2 = v2⌫, with ⌫ = Rem2
12/(2v1v2) and

v = 246 GeV.

M2
3 =

M2
1R13(R12 tan � ! R11)+M2

2R23(R22 tan � ! R21)

R33(R31 ! R32 tan �)
(1.5)

�1,�2,�3,�4,Re�5, Im�5 (1.6)
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LHC constraints

2

Adopt LHC (ATLAS & CMS) 95% CL

1

Triangle diagrams modified by couplings, also axial term

1. gg ! H1 ! ��
Triangle diagrams modiÞed by couplings,

also admixture of axial couplings

R�� =
BR(H1 ! gg)BR(H1 ! ��)

BR(HSM ! gg)BR(HSM ! ��)
. (1.14)

0.5 " R�� " 2.0 (1.15)

2. gg ! H2,3 ! W+W�

RZZ =
BR(H j ! gg)BR(H j ! ZZ )

BR(HSM ! gg)BR(HSM ! ZZ )
, (1.16)

4

1. gg! H1 ! ��
Triangle diagrams modified by couplings,

also admixture of axial couplings

R!! =
! (H1 ! gg)BR(H1 ! ��)

! (HSM ! gg)BR(HSM ! ��)
. (1.17)

0.5  R!!  2.0 (1.18)

2. gg! H2,3 ! W + W !

RZZ =
! (Hj ! gg)BR(Hj ! ZZ )

! (HSM ! gg)BR(HSM ! ZZ )
, (1.19)

5

1. gg ! H1 ! ��
Triangle diagrams modiÞed by couplings,

also admixture of axial couplings

R�� =
�(H1 ! gg)BR(H1 ! ��)

�(HSM ! gg)BR(HSM ! ��)
. (1.17)

0.5  R��  2.0 (1.18)

2. gg ! H2,3 ! W + W�

RZZ =
�(Hj ! gg)BR(Hj ! ZZ)

�(HSM ! gg)BR(HSM ! ZZ)
, (1.19)

5

bounded
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LHC constraints

Almost no overlap of allo
wed regions!

Allowed regions



Next:

• Combine all constraints:



Allowed regions (green)

A=H3 A=H3
A=H2 A=H2
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Allowed regions high mass



Allowed regions high tanbeta
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OK OK



in terms of a pseudoscalar, but we are not able to confirm this. We find points which satisfy

all other constraints, but not the LHC constraints.

3.5 Studies in tan�–MH± space

3.5.1 The unitarity constraint

The unitarity constraint plays an important role in delimiting high values of both tan�

and MH± . This constraint requires the �’s to be small, which to some extent is achieved

by taking the “soft” mass parameter µ large. In fact, in the co-called decoupling limit,

discussed for the CP-conserving case in [99], and for the present case in the appendix, one

can respect the unitarity constraints for large masses, provided µ is tuned to these masses:

M
2

⇠ M
3

⇠ MH± ⇠ µ. (3.28)

For moderate values of tan� (3� 5), that limit also requires

� ⇠ ↵
1

, ↵
2

⇠ 0, ↵
3

arbitrary. (3.29)

For large values of tan� (>⇠ 5), this evolves into the region (↵
1

,↵
2

) ⇠ (⇡/2, 0). Furthermore,

an additional region opens up for large masses and large tan�, leading to

Decoupling 1: (↵
1

,↵
2

) ⇠ (±⇡/2, 0), (3.30a)

Decoupling 2: (↵
1

,↵
2

) ⇠ (0,±⇡/2), (3.30b)

with ↵
3

arbitrary. Two comments are here in order: (i) because of the periodicity of the

trigonometric functions, regions at ↵i ' �⇡/2 and ↵i ' +⇡/2 are connected; (ii) the SM

limit requires ↵
1

⇠ �, and is thus contained in the region “Decoupling 1”.

In view of the above discussion, in order to determine the maximally allowed ranges

of tan� and MH± , we scan over some range in µ, starting at the geometric mean

µ
0

=
p

M
2

MH± . (3.31)

3.5.2 The experimental constraints

In fig. 6 we show allowed regions in the tan�–MH± plane. Again, the larger red region is

allowed in the absence of recent LHC results, whereas the green region shows what remains

compatible with these data. We note some reduction in the range of charged Higgs masses.

Also, at high tan�, the masses M
2

and MH± tend to be close, as discussed above.

The “fractal” appearance of these plots is in part due to the finite number of points

in the scans. Some could also reflect genuine “islands” in parameter space.

In fig. 7 we show typical values of M
3

. Note that for each point in the allowed part of

this plane, some ranges of ↵’s are allowed (see the previous subsection). Each set of ↵’s

corresponds to a particular value of M
3

. The values plotted here are those first encountered

in a random scan over ↵’s. We see that as M
2

and MH± increase, also typical values of

M
3

increase.

By allowing a larger value of the perturbativity cut-o↵ ⇠ of Eq. (3.1), higher masses

of MH± would be allowed. For example, ⇠ = 1 permits masses above 600 GeV. Also the

unitarity and the electroweak parameter T constrain this high-mass region. Which of these

gives the strongest limits depends on the other parameters.

– 15 –

A=H2, A=H3

A=H1 Excluded by LHC

Decoupling



Overview

1. gg ! H1 ! !!
Triangle diagrams modiÞed by couplings,

also admixture of axial couplings

R!! =
! (H1 ! gg)BR(H1 ! !! )

! (HSM ! gg)BR(HSM ! !! )
. (1.19)

0.5 " R!! " 2.0 (1.20)

1.5 " R!! " 2.0 (1.21)

2. gg ! H2,3 ! W + W !

RZZ =
! (Hj ! gg)BR(Hj ! ZZ )

! (HSM ! gg)BR(HSM ! ZZ )
, (1.22)

5



Overview

1. gg ! H1 ! !!
Triangle diagrams modiÞed by couplings,

also admixture of axial couplings

R!! =
! (H1 ! gg)BR(H1 ! !! )

! (HSM ! gg)BR(HSM ! !! )
. (1.19)

0.5 " R!! " 2.0 (1.20)

1.5 " R!! " 2.0 (1.21)

2. gg ! H2,3 ! W + W !

RZZ =
! (Hj ! gg)BR(Hj ! ZZ )

! (HSM ! gg)BR(HSM ! ZZ )
, (1.22)

5

Hermann et al 
2012



H3 mass, M3



•  

• In SM      and     loop interfere destructively

•  

• Flip sign of   -loop?

•  

• Also     term (additive)

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)

2

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)

2

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)

W t

2

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)

W t

2

H1 odd: ! 2 ! ± " / 2, ! 1, ! 3 arbitrary ,

H2 odd: ! 2 = 0, ! 3 = " / 2, ! 1 arbitrary ,

H3 odd: ! 2 = ! 3 = 0, ! 1 arbitrary . (1.10)

Hj bøb :
" ig mb

2mW

1
cos#

[Rj 1 " i$5 sin#Rj 3],

Hj tøt :
" ig mt

2mW

1
sin#

[Rj 2 " i$5 cos#Rj 3]. (1.11)

H + bøt :
ig

2
#

2mW
Vtb[mb(1 + $5) tan # + mt(1 " $5) cot #],

H ! tøb :
ig

2
#

2mW
V "

tb[mb(1 " $5) tan # + mt(1 + $5) cot #]. (1.12)

Hj ZZ : [cos#Rj 1 + sin #Rj 2], for j = 1, (1.13)

Hj H ± W # :
g
2

[$ i (sin#Rj 1 " cos#Rj 2) + Rj 3](pj
µ " p±

µ ). (1.14)

H1 % ZZ, WW (1.15)

H2,3 % ZZ, WW (1.16)

H2,3 % H1Z (1.17)

3

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)

W t

2

M 2
3 =

M 2
1 R13(R12 tan ! ! R11)+ M 2

2 R23(R22 tan ! ! R21)
R33(R31 ! R32 tan ! )

(1.5)

" 1, " 2, " 3, " 4, Re" 5, Im " 5 (1.6)

H1 " ## (1.7)

R!! > 1? (1.8)

R12 = s1c2, s1 < 0? c2 < 0? (1.9)
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Tight: 

1. gg ! H1 ! !!
Triangle diagrams modiÞed by couplings,

also admixture of axial couplings

R!! =
! (H1 ! gg)BR(H1 ! !! )

! (HSM ! gg)BR(HSM ! !! )
. (1.19)

0.5 " R!! " 2.0 (1.20)

1.5 " R!! " 2.0 (1.21)

2. gg ! H2,3 ! W + W !

RZZ =
! (Hj ! gg)BR(Hj ! ZZ )

! (HSM ! gg)BR(HSM ! ZZ )
, (1.22)

5

Blue region satisfies tight constraint
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Charged Higgs Benchmarks
! 1/ " ! 2/ " ! 3/ " tan # M 2 M min

H ± , M max
H ±

P1 0.23 0.06 0.005 1 300 300,325
P2 0.35 ! 0.014 0.48 1 300 300,415
P3 0.35 ! 0.015 0.496 1 350 300,450
P4 0.35 ! 0.056 0.43 1 400 300,455
P5 0.33 ! 0.21 0.23 1 450 300,470
P6 0.27 ! 0.26 0.25 1 500 300,340
P7 0.39 ! 0.07 0.33 2 300 300,405
P8 0.34 ! 0.03 0.11 2 400 300,315
P9 0.47 ! 0.006 0.05 10 400 400,440
P10 0.49 ! 0.002 0.06 10 600 600,700

Table 1: Benchmark points selected from the allowed parameter space whenM 1 =
125 GeV. MassesM 2 and allowed range ofM H ± are in GeV. For P1ÐP8, µ = 200 GeV,
whereas forP9 and P10, µ = M 2.

of a charged Higgs boson produced in association with aW boson, which involve model de-
pendent couplings, it is of fundamental importance to establish some characteristic feature
of the BRs for some speciÞc points of parameter space. In this regard, we consider four
points from table 1 and we determine the most important decay modes. We consider only
BRs > 10�4, rates below this value are not of phenomenological relevance. Then, we have
six decay modes:W H1, W H2, W H3, tb, ts, $%⌧ , displayed in Þg.8 for selected benchmark
points.

When tan # = 1, the dominant decay mode is alwaystb, and this feature is even
reinforced when the masses ofH1 and H2 are well separated (P5). However, it is important
to remark that the W Hi branching fractions, when allowed by the phase space, are always
" O(0.1) and not smaller than " O(0.01). In particular, if M H ± > 400 GeV, then the BR
for W H1 is " O(0.1), this assures that the suppression brought about by this decay mode
is never stronger than about an order of magnitude for a rather large range ofM H ± .

The result does not hold for theW±H1 case when tan# = 2 (see lower panels of Þg.8).
In fact, it strongly depends on the choice of point in parameter space: forP7 this decay
mode is suppressed down to" O(0.01), while for P8 its branching franction is restored to
" O(0.1) because reducing the mixing between&1 and &2 via |! 1/ " | = 0 .35 # 0.3 increases
the CP-even component of theH ± # W±H1 coupling, while increasing the mixing between
&1 and &3 via |! 2/ " | = 0 .025# 0.05 increases its CP-odd component, and these two e↵ects
lead to an enhancement.

Another feature of the tan # = 2 choice is that the W±H2 decay mode is always
dominant as compared to thetb one when the phase space allows it, due to the suppression
of the H ± # tb coupling by a factor " 2 plus a sizeableH ± # W±H2 coupling. We
remark that in this scenario the W Hi =1 ,2 BRs are anyway" O(0.01) or bigger1.

1The ⌧⌫⌧ decay mode, on the other hand, strongly depends on the tan� value. While it is not a primary
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Requirements:

• Not excluded by theoretical arguments

• Not excluded by experimental data

• Good production cross section

• Good BR for decay to W + H1

• Moderate background



Proposed channel:
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(a)

(b) (c)

Figure 9 : Single charged Higgs production channels at parton level.

neutral scalar is disfavoured. Secondly, the remaining production mechanisms are always
within a range of an order of magnitude at most.

As regards the fermion-associated production mechanism of Þg.9c, we remark that it
only depends on the values ofM H ± and tan ! (see Eq. (2.13)), and there is a considerable
reduction when moving from tan! = 1 to tan ! = 2 (roughly a factor 2) due to the fact
that the dominant contribution in the coupling is ! mt / tan ! , hence the ratio of VEVs acts
as a reduction factor. The cross section of the fermion-associated contribution at tan! = 1
is ! 10 " 102 (102) fb when

#
s = 8 (14) TeV and it is mostly inversely proportional to

tan ! .
The scope of the fermion-associated production mechanism in extracting aH ± $ W bøb

signature (see below) has been analysed already in the literature, albeit in the MSSM, see
[111], and we will revisit it in a CP-violating type-II 2HDM in a future publication.

Instead, here, we concentrate on vector-boson-associated production. The correspond-
ing cross sections show a complicated behaviour with respect to di! erent choices of param-
eters. We start our analysis by considering the channel with a ÞnalH ± W ! state. From
Þg. 10 we see that a choice of tan! = 1 plus a low-Higgs-masses scenario (P1: M 1 = 125
GeV, M 2 ! M 3 ! 300" 400 GeV) has a cross section! 10 " 102 (102 " 103) fb when
#

s = 8 (14) TeV, and that it is dominant (competitive) with respect to the fermion-
associated production. On the other hand, we see that a lowM 1 (125 GeV) plus a choice
of high M 2 (P5) and M 3 (% 500 GeV) favour the contribution from the parton-level chan-
nel gg $ Hi =2 ,3 $ H ± W ! proceeding through the on-shellH i =2 ,3, and this results in a
cross section that is always dominant and even enhanced whenmW + M H ± < M i =2 ,3, i.e.
! 102 " 103 (103 " 104) fb when

#
s = 8 (14) TeV.

These qualitative conclusions hold when tan! = 2. Despite an overall suppression of
one order of magnitude due to the increased value of tan! , from Þg. 10 (P7) we see that
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Dominant production mechanisms
Coupling may depend on details

small
irreducible background
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H 1

Hj H ± W ! : " (sin#Rj 1 # cos#Rj 2)2 + R2
j 3

H1H ± W ! : = sin2(# # $1) cos2 $2 + sin2 $2

H2H ± W ! : " (sin#R21 # cos#R22)2 + R2
23

= [sin( # # $1)s2s3 + cos(# # $1)c3]2 + c2
2s2
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Cross sections:
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Background

•  

• cross section larger by factor 103

• impose generic cuts, BG reduction by 
factor 40, signal reduction by 2-3
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Generic cuts

Hence, the overall selected process for the signal is the following:

pp ! W ! H ± ! W ! W ± H1 ! W ! W ± bøb ! 2j + 2b+ 1 ! + MET . (4.6)

For each benchmark point, 2á104 unweighted events were produced. Regarding the
top background, 4.5 á106 unweighted events (with generation cuts) have been simulated
in CalcHEP. For both signal and background the standard set of CTEQ6.6M [105] PDFs
with scale Q =

"
s were employed. For emulating a real LHC-prototype detector, a Gaus-

sian smearing was included to take into account the electromagnetic energy resolution of
0.15/

"
E and the hadronic energy resolution of 0.5/

"
E .

We describe now the overall strategy for the background reduction procedure. A
Þrst set of cuts includes typical detector kinematic acceptances and standard intermediate
object reconstruction, such asW ! jj and H1 ! bb (cuts 1Ð3)3. Further, a t-(anti)quark
reconstruction is used as Òtop vetoÓ (cut 4). Led by the consideration that ab quark pair
stemming from the Higgs boson is boosted (unlike the almost back-to-back pair fromtt),
we deÞne the last cut of the following set (cut 5):

1) Kinematics: standard detector cuts

pT
! > 15 GeV, |" ! | < 2.5,

pT
j > 20 GeV, |" j | < 3, (4.7)

|! Rjj | > 0.5, |! R! j | > 0.5;

with " the pseudorapidity and ! R =
!

(! " )2 + ( ! #)2.

2) light Higgs reconstruction:

"
"M (bb) # 125 GeV

"
" < 20 GeV ; (4.8)

3) hadronic W reconstruction ( Wh ! jj ):

|M (jj ) # 80 GeV| < 20 GeV ; (4.9)

4) top veto : if ! R(b1, Wh) < ! R(b2, Wh), then

M (b1jj ) > 200 GeV, M T (b2!$ ) > 200 GeV, (4.10)

otherwise 1$ 2;

5) same-hemisphere b quarks:

pb1

|pb1 |
á

pb2

|pb2 |
> 0. (4.11)

In table 3 we show the e" ciency of the previous set of cuts against the simulated
background for the P1 and P5 points of table 1, for a choice ofH ± masses. There is a clear
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we deÞne the last cut of the following set (cut 5):

1) Kinematics: standard detector cuts

pT
! > 15 GeV, |" ! | < 2.5,

pT
j > 20 GeV, |" j | < 3, (4.7)

|! Rjj | > 0.5, |! R! j | > 0.5;

with " the pseudorapidity and ! R =
!

(! " )2 + ( ! #)2.

2) light Higgs reconstruction:

"
"M (bb) # 125 GeV

"
" < 20 GeV ; (4.8)

3) hadronic W reconstruction ( Wh ! jj ):

|M (jj ) # 80 GeV| < 20 GeV ; (4.9)

4) top veto : if ! R(b1, Wh) < ! R(b2, Wh), then

M (b1jj ) > 200 GeV, M T (b2!$ ) > 200 GeV, (4.10)

otherwise 1$ 2;

5) same-hemisphere b quarks:

pb1

|pb1 |
á

pb2

|pb2 |
> 0. (4.11)

In table 3 we show the e" ciency of the previous set of cuts against the simulated
background for the P1 and P5 points of table 1, for a choice ofH ± masses. There is a clear
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disfavor top, for each b-quark separately
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Figure 11 : M (bbjj ) vs. M T (bb!" ) after cut 5 for (unweighted) point P2, with M H ± =
375 GeV (red, bottom-left) and M H ± = 525 GeV (green, top-right). In black is the
(unweighted) top background. The dashed lines showM lim = 450 and 600 GeV.

accumulate at ! 2mt , as can be seen in Þg.11 in which we adopt an illustrative choice of
charged Higgs masses.

The presence of long tails for the signal towards regions where the top background is
heavily reduced allows us to introduce two speciÞc (and alternative) cuts:

Òsquared cutÓ: Csqu = max
!
M (bbjj ), M T (bb!" )

"
> M lim (4.12)

Òsingle cutÓ: Csng = M T (bb!" ) > M lim . (4.13)

The single cut of eq. (4.13) is applied only on M T (bb!" ) because the reduction of the
top background is higher than if compared to a similar cut on theM (bbjj ) for the same
numerical value of M lim .

To determine which is the better of the two proposed strategies and what is the optimal
value for M lim , we studied the e! ects of Csqu and Csng for several values ofM lim . Results
are shown in tables4 and 5 for the points P2 and P4, respectively.

Clearly, a higher value for M lim results in an increase of the signiÞcance, the top
background is reduced more than the signal. It is important to note that for low charged
Higgs masses, Csqu seems to perform better than the single cut. However, this is strickly
true for M H ± " 310 GeV only: if a further selection is imposed, restricting the evaluation
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Possible cuts

Cut
tt P2 = 310 GeV P2 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 6.6 0.8 12.2 1.5
Csqu 161.1 10.5 0.8 20.1 1.6

M lim = 500 GeV
Csng 45.2 6.0 0.9 11.1 1.6
Csqu 118.8 9.7 0.9 18.4 1.7

M lim = 550 GeV
Csng 30.3 5.1 0.9 9.9 1.8
Csqu 91.0 8.5 0.9 16.1 1.7

M lim = 600 GeV
Csng 24.9 4.7 1.0 8.9 1.8
Csqu 63.1 7.7 1.0 14.3 1.8

Table 4 : Comparison between Csqu and Csng vs M lim for P2: surviving events and signiÞ-
cance with respect to the background.

Cut
tt P4 = 310 GeV P4 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 14.5 1.8 29.0 3.6
Csqu 161.1 25.8 2.0 47.3 3.7

M lim = 500 GeV
Csng 45.2 12.7 1.9 26.3 3.9
Csqu 118.8 22.4 2.1 43.0 3.9

M lim = 550 GeV
Csng 30.3 10.8 2.0 23.4 4.2
Csqu 91.0 19.8 2.1 37.9 4.0

M lim = 600 GeV
Csng 24.9 10.0 2.0 20.3 4.1
Csqu 63.1 17.7 2.2 33.1 4.2

Table 5 : Comparison between Csng and Csqu vs M lim for P4: surviving events and signiÞ-
cance with respect to the background.

of the signiÞcance to the peak-region only

peak cut: |M " M H ± | < 50 GeV, (4.14)

the signiÞcance obtained by imposing Csng, when calculated for all the other charged Higgs
boson mass values, isalways higher than the one obtained by imposing Csqu. Here, M =
min

!
M (bbjj ), M T (bb!" )

"
when eq. (4.12) is employed, whileM = M (bbjj ) when eq. (4.13)

is employed.
For the following analysis, the value M lim = 600 GeV has been chosen as well as the

selection Csng, this choice provides the best signiÞcance and a narrower peak while keeping
a su! cient number of signal events (> 10). Should the surviving signal events be less than
10, it would then be advisable to choose instead the squared cut Csqu for the higher survival
probability of the signal events (despite the lower signiÞcance and the broader peak).

The invariant mass distributions for the points P2, P3, P4, P5, and P7 are plotted in
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the signiÞcance obtained by imposing Csng, when calculated for all the other charged Higgs
boson mass values, isalways higher than the one obtained by imposing Csqu. Here, M =
min

!
M (bbjj ), M T (bb!" )
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when eq. (4.12) is employed, whileM = M (bbjj ) when eq. (4.13)

is employed.
For the following analysis, the value M lim = 600 GeV has been chosen as well as the

selection Csng, this choice provides the best signiÞcance and a narrower peak while keeping
a su! cient number of signal events (> 10). Should the surviving signal events be less than
10, it would then be advisable to choose instead the squared cut Csqu for the higher survival
probability of the signal events (despite the lower signiÞcance and the broader peak).

The invariant mass distributions for the points P2, P3, P4, P5, and P7 are plotted in
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P2 : tan ! = 1, M2 = 300 GeV, " i = { 0.35, ! 0.014, 0.48}

P3 : tan ! = 1, M2 = 350 GeV, " i = { 0.35, ! 0.015, 0.496}

P4 : tan ! = 1, M2 = 400 GeV, " i = { 0.35, ! 0.056, 0.43}

P5 : tan ! = 1, M2 = 450 GeV, " i = { 0.33, ! 0.21, 0.23}

P6 : tan ! = 1, M2 = 500 GeV, " i = { 0.27, ! 0.26, 0.25}

P7 : tan ! = 2, M2 = 300 GeV, " i = { 0.39, ! 0.07, 0.33}
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Figure 11 : M (bbjj ) vs. M T (bb!" ) after cut 5 for (unweighted) point P2, with M H ± =
375 GeV (red, bottom-left) and M H ± = 525 GeV (green, top-right). In black is the
(unweighted) top background. The dashed lines showM lim = 450 and 600 GeV.

accumulate at ! 2mt , as can be seen in Þg.11 in which we adopt an illustrative choice of
charged Higgs masses.

The presence of long tails for the signal towards regions where the top background is
heavily reduced allows us to introduce two speciÞc (and alternative) cuts:

Òsquared cutÓ: Csqu = max
!
M (bbjj ), M T (bb!" )

"
> M lim (4.12)

Òsingle cutÓ: Csng = M T (bb!" ) > M lim . (4.13)

The single cut of eq. (4.13) is applied only on M T (bb!" ) because the reduction of the
top background is higher than if compared to a similar cut on theM (bbjj ) for the same
numerical value of M lim .

To determine which is the better of the two proposed strategies and what is the optimal
value for M lim , we studied the e! ects of Csqu and Csng for several values ofM lim . Results
are shown in tables4 and 5 for the points P2 and P4, respectively.

Clearly, a higher value for M lim results in an increase of the signiÞcance, the top
background is reduced more than the signal. It is important to note that for low charged
Higgs masses, Csqu seems to perform better than the single cut. However, this is strickly
true for M H ± " 310 GeV only: if a further selection is imposed, restricting the evaluation
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Possible cuts

Cut
tt P2 = 310 GeV P2 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 6.6 0.8 12.2 1.5
Csqu 161.1 10.5 0.8 20.1 1.6

M lim = 500 GeV
Csng 45.2 6.0 0.9 11.1 1.6
Csqu 118.8 9.7 0.9 18.4 1.7

M lim = 550 GeV
Csng 30.3 5.1 0.9 9.9 1.8
Csqu 91.0 8.5 0.9 16.1 1.7

M lim = 600 GeV
Csng 24.9 4.7 1.0 8.9 1.8
Csqu 63.1 7.7 1.0 14.3 1.8

Table 4 : Comparison between Csqu and Csng vs M lim for P2: surviving events and signiÞ-
cance with respect to the background.

Cut
tt P4 = 310 GeV P4 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 14.5 1.8 29.0 3.6
Csqu 161.1 25.8 2.0 47.3 3.7

M lim = 500 GeV
Csng 45.2 12.7 1.9 26.3 3.9
Csqu 118.8 22.4 2.1 43.0 3.9

M lim = 550 GeV
Csng 30.3 10.8 2.0 23.4 4.2
Csqu 91.0 19.8 2.1 37.9 4.0

M lim = 600 GeV
Csng 24.9 10.0 2.0 20.3 4.1
Csqu 63.1 17.7 2.2 33.1 4.2

Table 5 : Comparison between Csng and Csqu vs M lim for P4: surviving events and signiÞ-
cance with respect to the background.

of the signiÞcance to the peak-region only

peak cut: |M " M H ± | < 50 GeV, (4.14)

the signiÞcance obtained by imposing Csng, when calculated for all the other charged Higgs
boson mass values, isalways higher than the one obtained by imposing Csqu. Here, M =
min

!
M (bbjj ), M T (bb!" )

"
when eq. (4.12) is employed, whileM = M (bbjj ) when eq. (4.13)

is employed.
For the following analysis, the value M lim = 600 GeV has been chosen as well as the

selection Csng, this choice provides the best signiÞcance and a narrower peak while keeping
a su! cient number of signal events (> 10). Should the surviving signal events be less than
10, it would then be advisable to choose instead the squared cut Csqu for the higher survival
probability of the signal events (despite the lower signiÞcance and the broader peak).

The invariant mass distributions for the points P2, P3, P4, P5, and P7 are plotted in
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Cut
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Csqu 91.0 8.5 0.9 16.1 1.7

M lim = 600 GeV
Csng 24.9 4.7 1.0 8.9 1.8
Csqu 63.1 7.7 1.0 14.3 1.8

Table 4 : Comparison between Csqu and Csng vs M lim for P2: surviving events and signiÞ-
cance with respect to the background.
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of the signiÞcance to the peak-region only

peak cut: |M " M H ± | < 50 GeV, (4.14)

the signiÞcance obtained by imposing Csng, when calculated for all the other charged Higgs
boson mass values, isalways higher than the one obtained by imposing Csqu. Here, M =
min

!
M (bbjj ), M T (bb!" )

"
when eq. (4.12) is employed, whileM = M (bbjj ) when eq. (4.13)

is employed.
For the following analysis, the value M lim = 600 GeV has been chosen as well as the

selection Csng, this choice provides the best signiÞcance and a narrower peak while keeping
a su! cient number of signal events (> 10). Should the surviving signal events be less than
10, it would then be advisable to choose instead the squared cut Csqu for the higher survival
probability of the signal events (despite the lower signiÞcance and the broader peak).

The invariant mass distributions for the points P2, P3, P4, P5, and P7 are plotted in
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Choose:

Cut
tt P2 = 310 GeV P2 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 6.6 0.8 12.2 1.5
Csqu 161.1 10.5 0.8 20.1 1.6

M lim = 500 GeV
Csng 45.2 6.0 0.9 11.1 1.6
Csqu 118.8 9.7 0.9 18.4 1.7

M lim = 550 GeV
Csng 30.3 5.1 0.9 9.9 1.8
Csqu 91.0 8.5 0.9 16.1 1.7

M lim = 600 GeV
Csng 24.9 4.7 1.0 8.9 1.8
Csqu 63.1 7.7 1.0 14.3 1.8

Table 4 : Comparison between Csqu and Csng vs M lim for P2: surviving events and signiÞ-
cance with respect to the background.

Cut
tt P4 = 310 GeV P4 = 390 GeV

Events Events S/
!

B Events S/
!

B

M lim = 450 GeV
Csng 66.6 14.5 1.8 29.0 3.6
Csqu 161.1 25.8 2.0 47.3 3.7

M lim = 500 GeV
Csng 45.2 12.7 1.9 26.3 3.9
Csqu 118.8 22.4 2.1 43.0 3.9

M lim = 550 GeV
Csng 30.3 10.8 2.0 23.4 4.2
Csqu 91.0 19.8 2.1 37.9 4.0

M lim = 600 GeV
Csng 24.9 10.0 2.0 20.3 4.1
Csqu 63.1 17.7 2.2 33.1 4.2

Table 5 : Comparison between Csng and Csqu vs M lim for P4: surviving events and signiÞ-
cance with respect to the background.

of the signiÞcance to the peak-region only

peak cut: |M " M H ± | < 50 GeV, (4.14)
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is employed.
For the following analysis, the value M lim = 600 GeV has been chosen as well as the

selection Csng, this choice provides the best signiÞcance and a narrower peak while keeping
a su! cient number of signal events (> 10). Should the surviving signal events be less than
10, it would then be advisable to choose instead the squared cut Csqu for the higher survival
probability of the signal events (despite the lower signiÞcance and the broader peak).
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Also:



P2 : tan � = 1, M2 = 300 GeV, ↵i = {0.35,�0.014, 0.48}
P3 : tan � = 1, M2 = 350 GeV, ↵i = {0.35,�0.015, 0.496}
P4 : tan � = 1, M2 = 400 GeV, ↵i = {0.35,�0.056, 0.43}
P5 : tan � = 1, M2 = 450 GeV, ↵i = {0.33,�0.21, 0.23}
P6 : tan � = 1, M2 = 500 GeV, ↵i = {0.27,�0.26, 0.25}
P7 : tan � = 2, M2 = 300 GeV, ↵i = {0.39,�0.07, 0.33}

bb̄jj`⌫

MH± = 310 GeV MH± = 390 GeV

Events S/
p
B Events S/

p
B

tt 24.9
peak 11.9 � 9.9 �
P1 3.8 0.8 � �
peak 2.6 0.8 � �
P2 4.7 1.0 8.8 1.8
peak 3.3 1.0 7.3 2.3
P3 11.3 2.3 22.0 4.4
peak 7.7 2.3 17.2 5.4
P4 10.0 2.0 20.3 4.1
peak 7.8 2.3 16.0 5.1
P5 21.1 4.2 30.2 6.1
peak 13.9 4.1 25.0 7.9
P6 14.0 2.8 � �
peak 9.4 2.8 � �
P7 3.1 0.6 7.4 1.5
peak 2.8 0.8 7.3 2.3
P8 1.2 0.2 � �
peak 1.2 0.4 � �

Table 1: Surviving events and their significance after the single cut of eq. (??)
and after the peak selection of eq. (??), for all points of table ??, except P9

and P10.
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• 2HDM II parameter space is severely 
constrained by LHC data

• Parts of 2HDM II parameter space are still 
open

• SM would be excluded by charged Higgs 
discovery

•                            channel allows detection 
in part of parameter space

Conclusions
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