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Define model: 2HDM (II)

Potential:

Today:

Allow CP violation:
may be complex

Neutral sector: 3 × 3 mixing matrix



Rotation matrix

M1 ≤ M2 ≤ M3, MH±, tan β, µ2, α1, α2, α3

λ1, λ2, λ3, λ4, λ5, µ
2, tan β

RM2RT = M2
diag = diag(M 2

1 , M
2
2 , M 2

3 )

R =





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





M1 ≤ M2, MH±, tanβ, µ2, (α1, α2, α3)

M3, λ1, λ2, λ3, λ4, λ5

Im λ5 #= 0
M2

13 = tan βM2
23

∑

k M 2
kRk3(Rk1 − Rk2 tan β) = 0

Hjbb̄ :
1

cos β
[Rj1 − iγ5 sin βRj3]

Hjtt̄ :
1

sinβ
[Rj2 − iγ5 cos βRj3]

1
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
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Parameters:

Input parameters:

or: complex

Calculate:

Conditions:

H+bt̄ :
ig

2
√

2mW

[mb(1 + γ5) tanβ + mt(1 − γ5)cot β]

H−tb̄ :
ig

2
√

2mW

[mb(1 − γ5) tanβ + mt(1 + γ5)cot β]

M2 ≤ M3

V (Φ1, Φ2) > 0 |Φi| → ∞
ααα = (α1, α2, α3)
ααα+ ∈ ααα
α̂αα ∈ ααα+ ∈ ααα
χ2

χ2 < 5

S2HDM = SWW + 2SWH + SHH

O(αS)
1/ tan2 β
1/ tan4 β
η × S2HDM tanβ MH±

(α1, α2, α3) ∈ α̂αα
αααi ∈ α̂αα
µ2 = 0
µ2 = (200 GeV)2

µ2 = (400 GeV)2

2



Special property
Neutral sector mass matrix (squared) 
given by second derivatives of potential

For

have

Determine from 



Yukawa couplings (Model II)

Important at low tanβ 



• Positivity

• Perturbative unitarity

• Experimental constraints

Constraints (three killers):



Experimental constraints:

• B → Xsϒ

• B → B oscillations

• B → τν

• ΓZ → bb 

• LEP2 non-discovery

• Δρ

• (g-2)μ
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excludes low MH±

excludes low tanβ
excludes high tanβ, low MH

±

excludes low tanβ

spectrum compact

light H decouples
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B → Xsϒ
W± W±

b

ϒ

st

H± H±

b

ϒ

st

H± W±

b

ϒ

st

Sensitive to 
BSM physics



B → Xsϒ Misiak et al, 2006 (NNLO):

Measure of discrepancy:

ααα = (α1, α2, α3)
ααα+ ∈ ααα
α̂αα ∈ ααα+ ∈ ααα
χ2

χ2 < 5

S2HDM = SWW + 2SWH + SHH

O(αS)
1/ tan2 β
1/ tan4 β
η × S2HDM tan β MH±

(α1, α2, α3) ∈ α̂αα
αααi ∈ α̂αα
µ2 = 0
µ2 = (200 GeV)2

i = {∆Γb, LEP2, ∆ρ, (g − 2)µ}
mt/ tan β

B(B̄ → Xsγ) =
|V ∗

tsVtb|2

|Vcb|2
6αe.m.

πC

{
P (E0) + N(E0)

}

× B(B̄ → Xceν̄e)exp

2

at LO

ααα = (α1, α2, α3)
ααα+ ∈ ααα
α̂αα ∈ ααα+ ∈ ααα
χ2

χ2 < 5

S2HDM = SWW + 2SWH + SHH

O(αS)
1/ tan2 β
1/ tan4 β
η × S2HDM tan β MH±

(α1, α2, α3) ∈ α̂αα
αααi ∈ α̂αα
µ2 = 0
µ2 = (200 GeV)2

i = {∆Γb, LEP2, ∆ρ, (g − 2)µ}
mt/ tan β

B(B̄ → Xsγ) =
|V ∗

tsVtb|2

|Vcb|2
6αe.m.

πC

{
P (E0) + N(E0)

}

× B(B̄ → Xceν̄e)exp

∣∣C(0)eff
7 (µb)

∣∣2

2

B̄ → Xsγ B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

3

B̄ → Xsγ B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

3

B̄ → Xsγ B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

3

Misiak et al:

HFAG (exp):

µ2 = (500 GeV)2

µ2 = (600 GeV)2

i = {∆Γb, LEP2, ∆ρ, (g − 2)µ}
mt/ tan β

B(B̄ → Xsγ) =
|V ∗

tsVtb|2

|Vcb|2
6αe.m.

πC

{

P (E0) + N(E0)
}

× B(B̄ → Xceν̄e)exp

∣

∣C(0)eff
7 (µb)

∣

∣

2

B̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.35 × 10−4

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

3



90% (dashed) and 95% (solid) CL
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H±Sensitive to 
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B → B Urban, Krauss, Jentschura, Soff 1998 (NLO):
-

QCD corrections
Inami-Lim functions:

from Higgs Yukawa couplings

has weaker dependence on 

and than 2.7 vs. 4.5
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red and yellow:

combinedB̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

3

90% (dashed) and 95% (solid) CL



• Choose 

• Loop over  

• For each                    scan over 

Positivity

Consistency of Neutral Sector
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• Choose 

• Loop over  

• For each                    scan over 

• Count fraction of points where positivity is satisfied. 

• Result:  about 20%, denote these points 

Positivity

Consistency of Neutral Sector



Reference (mass) points

Recall:

calculated from



• Choose 

• Loop over  

• Scan over 

• Count fraction of points where unitarity is satisfied. 

• Result:  up to 60%

• Peaked at low 

• Cut off at high                 and high

Unitarity Kanemura, Kubota, Takasugi (1993);
Akeroyd, Arhrib, Naimi (2000);
Ginzburg, Ivanov (2003, 2005)

Higgs-Higgs scattering

Now focus on region not excluded by charged-Higgs constraints
ααα = (α1, α2, α3)
ααα+ ∈ ααα
α̂αα ∈ ααα+ ∈ ααα
χ2

χ2 < 5

S2HDM = SWW + 2SWH + SHH

O(αS)
1/ tan2 β
1/ tan4 β
η × S2HDM tanβ MH±

(α1, α2, α3) ∈ α̂αα
αααi ∈ α̂αα
µ2 = 0
µ2 = (200 GeV)2

i = {∆Γb, LEP2, ∆ρ, (g − 2)µ}
mt/ tan β

B(B̄ → Xsγ) =
|V ∗

tsVtb|2

|Vcb|2
6αe.m.

πC

{

P (E0) + N(E0)
}

× B(B̄ → Xceν̄e)exp

∣

∣C(0)eff
7 (µb)

∣

∣

2

2



Note cut-off at ‘large’ tan β

Unitarity

Isospin 0, 
hypercharge 0 
channel most 
restrictive at 
high tanβ
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‹

Regions in (α1, α2)
populated by allowed 
(by unitarity) solutions

M1, M2=100, 300 & 500 GeV

μ=0

2 slices of tanβ

B̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

α1, α3 tan β, α2

3

M1 ≤ M2 ≤ M3, MH±, tan β, µ2, α1, α2, α3

λ1, λ2, λ3, λ4, λ5, µ
2, tan β

RM2RT = M2
diag = diag(M 2

1 , M
2
2 , M 2

3 )

R =





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





M1 ≤ M2, MH±, tanβ, µ2, (α1, α2, α3)

M3, λ1, λ2, λ3, λ4, λ5

Im λ5 #= 0
M2

13 = tan βM2
23

∑

k M 2
kRk3(Rk1 − Rk2 tan β) = 0

Hjbb̄ :
1

cos β
[Rj1 − iγ5 sin βRj3]

Hjtt̄ :
1

sinβ
[Rj2 − iγ5 cos βRj3]

1



›

‹

Regions in (α1, α2)
populated by allowed 
(by unitarity) solutions

M1, M2=100,300 GeV

μ=200, 400 GeV

3 slices of tanβ

B̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

α1, α3 tan β, α2

3

M1 ≤ M2 ≤ M3, MH±, tan β, µ2, α1, α2, α3

λ1, λ2, λ3, λ4, λ5, µ
2, tan β

RM2RT = M2
diag = diag(M 2

1 , M
2
2 , M 2

3 )

R =





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





M1 ≤ M2, MH±, tanβ, µ2, (α1, α2, α3)

M3, λ1, λ2, λ3, λ4, λ5

Im λ5 #= 0
M2

13 = tan βM2
23

∑

k M 2
kRk3(Rk1 − Rk2 tan β) = 0

Hjbb̄ :
1

cos β
[Rj1 − iγ5 sin βRj3]

Hjtt̄ :
1

sinβ
[Rj2 − iγ5 cos βRj3]

1



• Choose 

• Loop over  

• Scan over 

• Form 

• Select point in     with lowest

Experimental Bounds 
depending on Neutral Sector

(try to be as generous as possible)



White: positivity violated

Yellow: unitarity violated

Red: LEP2 search violated

Purple: Δρ violated

Green: OK

M1, M2, M3=

100, 300, 500 GeV

B̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

α1, α3 α2

3

B̄ → Xsγ, B− → τντ , B − B̄

∆ρ, Rb

B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4

B(B̄ → Xsγ) = (3.55 ± 0.24 ± · · · ) × 10−4

σ[B(B̄ → Xsγ)] = 0.25 × 10−4

Authors B σ
HFAG 3.55 0.24 ± · · ·

M.M. et al. 3.15 0.23
J. A. & E. G. 3.47 0.48
T. B. & M. N. 2.98 0.26
present work 3.12 –

Table 1: Branching ratios B(B̄ → Xsγ) and uncertainties in units of 10−4,
all for Eγ > E0 = 1.6 GeV.

χ2
b→sγ =

[B(B̄ → Xsγ)2HDM − B(B̄ → Xsγ)ref]2

{σ[B(B̄ → Xsγ)]}2

α1, α3 tan β, α2

3



χ2 < χ2(90%, 95%CL)

• For fixed tan β and MH± take

χ̂2
i = min

α̂αα∈ααα+

χ2
i

where χ2
i is minimized over the part α̂αα of theααα+ space

for which positivity and also unitarity are satisfied.

4



ΓZ → bb or Rb

Additional exclusion
Not excluded

Consider as not excluded: region where
some                            satisfies 

Denner, Guth, Hollik, 
Kuhn (1991) extended 
to CP-violating case in 
El Kaffas et al, hep-ph/
0605142
(Neutral Higgs exchange 
only ‘relevant’ at high 
tanβ)

χ2 < χ2(90%, 95%CL)

4
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ΓZ → bb or Rb

Additional exclusion
Not excluded

Neutral Higgs exchange 
‘relevant’ at high tanβ
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Production mechanism at LEP

LEP2

No SM Higgs particle found up to M=115 GeV

2HDM: 

2HDM: 
Suppressed production, 
suppressed bb decay rate

2HDM: 
Suppressed production, 
suppressed bb decay rate

suppressed production:

modified bb decay rate:
-

Less exclusion in 2HDM



LEP2 non-discovery

Not excludedAdditional exclusion

Additional exclusion
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Δρ

ρ parameter measures difference of self energies of  W and Z

SM contributions:

2HDM contributions:

f,W,H

H±

many diagrams

Additional fields must have masses 
“close” to MW, MZ and 
masses not too widely spaced



Δρ
Not excluded

Bertolini (1986) 
extended to CP-violating 
case in El Kaffas et al, 
hep-ph/0605142

Additional exclusion
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Δρ
Not excluded

Bertolini (1986) 
extended to CP-violating 
case in El Kaffas et al, 
hep-ph/0605142

Additional exclusion
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χ2 < χ2(90%, 95%CL)

• For fixed tan β and MH± take

χ̂2
i = min

α̂αα∈ααα+

χ2
i

where χ2
i is minimized over the part α̂αα of theααα+ space

for which positivity and also unitarity are satisfied.

AHH
WW (0) − cos2 θW AHH

ZZ (0)

→
g2

64π2

∑

j

[

(R2
j1 + R2

j3)F∆ρ(M
2
H±, M 2

j )

−
∑

k>j

(Rj1Rk3 − Rk1Rj3)
2F∆ρ(M

2
j , M

2
k )

]

AHG
WW (0) − cos2 θW AHG

ZZ (0)

→
g2

64π2

[

∑

j

R2
j2

(

3F∆ρ(M
2
Z, M 2

j ) − 3F∆ρ(M
2
W, M 2

j )
)

+ 3F∆ρ(M
2
W, M 2

0 ) − 3F∆ρ(M
2
Z, M 2

0 )
]

4

χ2 < χ2(90%, 95%CL)

• For fixed tan β and MH± take

χ̂2
i = min

α̂αα∈ααα+

χ2
i

where χ2
i is minimized over the part α̂αα of theααα+ space

for which positivity and also unitarity are satisfied.

AHH
WW (0) − cos2 θW AHH

ZZ (0)

→
g2

64π2

∑

j

[
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How is M3 distributed?
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Trilinear couplings
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Compare with SM coupling:

Trilinear couplings in the Two Higgs doublet model

Per Osland∗ and Levent Selbuz†

Department of Physics and Technology, University of Bergen, Postboks 7803, N-5020 Bergen, Norway
(Dated: August 27, 2007)

We explore trilinear Higgs couplings in the Two-Higgs-Doublet model, both at tree level and
at the one-loop level. Within a rather general model, allowing for CP violation, it is found that
these couplings depend significantly on the details of the model, even keeping the lightest Higgs
boson masses fixed. They are typically several times larger than the corresponding Standard-Model
coupling. One-loop corrections also depend significantly on the details of the model, and can be
rather large.

PACS numbers:

I. INTRODUCTION

A necessary element in confirming the Higgs mechanism of electroweak symmetry breaking, would be a measurement
of the trilinear Higgs coupling. Besides the couplings of the Higgs boson to gauge bosons and fermions, the self-coupling
of the Higgs boson that originates from the Higgs potential is important to test the electroweak symmetry breaking
sector. In the Standard Model, the trilinear coupling is simply given in terms of the Higgs mass MH as

λSM
HHH =

3M2
H

v
. (1.1)

In the MSSM [1], on the other hand, there are several such trilinear couplings, all given in terms of the gauge couplings
and mixing angles, and thus having more complicated dependences on the masses. Unfortunately, it is very challenging
to attempt to measure them at the LHC [2], a linear collider would however offer much better prospects [3, 4].

At the ILC, if the Higgs boson is not too heavy, the trilinear coupling can be measured via the Higgs boson pair
production in e+e− → Z∗ → Zhh and e+e− → W+∗νW−∗ν → hhνν. The possibility that the Higgs boson self
coupling can be measured precisely at the ILC motivates to study radiative correction to the Higgs-self coupling. A
reasonably precise measurement of the self-coupling also makes it possible to test extended Higgs models, which have
different structures of the Higgs potential from the SM. The 2HDM is the simplest such model of an extended Higgs
sector, its potential has a rich structure, which leads to various distinctive physical effects. In particular, the model
can easily accommodate additional CP violation [5–8], beyond what is supplied by the CKM mechanism [9].

We shall here study trilinear couplings in the Two-Higgs-Doublet Model (2HDM) [10]. The structure of these
couplings is again different. As compared with the MSSM, instead of being given by gauge couplings, they are given
by quartic couplings multiplied by Higgs field vacuum expectation values.

In the 2HDM, allowing for CP violation, there are many parameters. We find it convenient to keep the masses of
the lightest neutral Higgs bosons fixed, and scan over certain other parameters which basically determine the amount
of CP violation in various couplings, as well as the heaviest Higgs boson mass. This procedure de-emphasizes the
heavy sector of the theory, and also exhibits the wide range of values the trilinear couplings can assume.

In contrast to the MSSM, the heavy mass effects in a general 2HDM do not decouple. To illustrate this point, we
calculate the Higgs boson self-coupling by employing the effective potential method. Our study is different than Ref.
[11] from the point of view of considering more general Higgs potential (includes CP non-conserving terms with λ5,
λ6, λ7 and m2

12). In Ref. [11] all the coupling constants and mass parameters are assumed to be real. Mainly we
consider a more general CP violating Higgs sector.
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Trilinear couplings of 2HDM are typically LARGER than SM coupling



• B physics data exclude low       and low

• Unitarity excludes high          and high 

• Neutral sector constraints allow only

(g-2)μ irrelevant
Δρ very constraining

Do the not-excluded      have any overlap?

“Yes”

Summary
tanβ±MH

tanβ ±MH

LHC may provide total exclusion (or discovery)


