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The Higgs sector in the general 2HDM: parameters
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Phenomenological and Theoretical constraints

H
± contribution to B(b → sγ): MH± > 295 GeV (for Type-II

2HDM) Misiak et al., 2006.

Higgs-boson one-loop corrections to ρ: |δρ2HDM | . 10−3 Barbieri
& Maiani, 1983

Perturbativity on the Higgs-quark Yukawa couplings:
Yt ∝ mt

v tan β Yb ∝ mb tan β
v ⇒

0.3 < tan β . 60 El Kaffas, Osland & Greid, 2007

Vacuum stability Kanemura, Kasai & Okada, 1999

Unitarity bounds Kanemura, Kubota & Takasugi, 1993; Akeroyd,
Arhrib & Naimi, 2000; Horejsi & Kladiva, 2006.
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♠ There is no dynamical distinction between the general 2HDM and the MSSM

♠ Dedicated studies on radiative corrections in 2H processes are hence mandatory:

Chankowski, Pokorski, Driesen, Hollik, Rosiek [’96];Arhrib, Moultaka [’98];Guasch,

Hollik, Kraft [’01]; Heinemeyer et al. [’01]
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Trilinear couplings: gauge vs Yukawa-like
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SUSY invariance enforces the 3H couplings to be gauge-like, thus
no enhancement is present
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Renormalization of the Higgs sector

♠ Higgs fields: 1 WF constant per SUL(2) doublet
(
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(

Φ+
1

Φ0
1

)

,

(
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Renormalization of the Higgs sector

♠ Higgs fields: 1 WF constant per SUL(2) doublet
(
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(
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)

,

(

Φ+
2

Φ0
2

)

→ Z
1/2
Φ2

(

Φ+
2

Φ0
2

)

,

In the mass-eigenstate basis:

δ Zh0h0 = sin2 α δ ZΦ1 + cos2 α δ ZΦ2

δ Zh0H0 = sin α cosα (δ ZΦ2 − δ ZΦ1)

δ ZA0A0 = sin2 β δ ZΦ1 + cos2 β δ ZΦ2

δ ZA0−Z0 =
1

2

(

δ ZA0−G0 + sin 2β
δ tan β

tan β

)
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Renormalization of the Higgs sector
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tan β
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♠ tan β renormalization:
δ v1

v1
= δ v2

v2

th0H0 + δ th0H0 = 0
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Renormalization of the Higgs sector

Higgs fields (OS scheme) Dabelstein [’94], Chankowski et al [’95]

Re Σ̂′
A0A0(k2)

]

k2=M2
A0

= 0 , Re Σ̂A0Z0(k2)
]

k2=M2
A0

= 0
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Renormalization of the Higgs sector

Higgs fields (OS scheme) Dabelstein [’94], Chankowski et al [’95]
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tan β
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Renormalization of the Higgs sector

Physical content of the OS conditions:

On-shell A
0 renormalized propagators have unit residue,

1/[1 + Re Σ′
A0(M2

A0)] = 1

No A
0 − Z

0 mixing occurs for on-shell A
0 bosons at any order in

perturbation theory.

Likewise, the absence of A
0 − G0 mixing is guaranteed by the

Slavnov-Taylor identity:

q2Σ̂A0Z0(q2) + MZ Σ̂A0G0(q2)
]

q2=M2
A0

= 0
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Renormalization of the Higgs sector

Higgs masses (OS scheme)

Re Σ̂h0h0 (M2
h0) = 0

Re Σ̂H0H0 (M2
H0) = 0

Re Σ̂A0A0 (M2
A0) = 0

Re Σ̂H+H− (M2
H±) = 0
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Renormalization of the mixing angle α

♠ As usual, we introduce a 1-loop counterterm α(0) = α + δ α
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Renormalization of the mixing angle α

♠ As usual, we introduce a 1-loop counterterm α(0) = α + δ α
♠ Renormalization condition: Re Σ̂h0H0(q2 = M2
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Renormalization of the Higgs sector

Renormalization of the mixing angle α

♠ As usual, we introduce a 1-loop counterterm α(0) = α + δ α
♠ Renormalization condition: Re Σ̂h0H0(q2 = M2

h0) = 0 ⇒

δm2
h0H0 = Σh0H0(M2

h0) + δ Zh0H0 (M2
h0 − M2

H0)
︸ ︷︷ ︸

(M2
h0
−M2

H0
) δα
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Renormalization of the Higgs sector

Renormalization of the mixing angle α

♠ As usual, we introduce a 1-loop counterterm α(0) = α + δ α
♠ Renormalization condition: Re Σ̂h0H0(q2 = M2

h0) = 0 ⇒

δm2
h0H0 = Σh0H0(M2

h0) + δ Zh0H0 (M2
h0 − M2

H0)
︸ ︷︷ ︸

(M2
h0
−M2

H0
) δα

♠ The same condition ensures that the CP-even Higgs final state is
on-shell, as the physical masses must fulfill

(

p2 − M2
H0 + Σ̂H0H0

) (

p2 − M2
h0 + Σ̂h0h0

)

− Σ̂2
h0H0 = 0 .
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0 phenomenology in a nutshell

Three basic scenarios of phenomenological interest are identified:

♠ Regions with large |λ5| ∼ 5− 10 (λ5 < 0) and low tanβ (tan β ∼ 1).

Quantum effects turn out to be . . .

Positive (at low energies) and negative (at high energies).

Potentially very large:

δr =
σ(0+1)−σ(0)

σ(0)

{
√

s = 0.5 TeV : 50%
√

s = 1.0 TeV : −50%

Strongly correlated to λ5 (which tunes the enhancement of 3H
couplings).
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√

s = 500 GeV

α = β α = β − π/3 α = β − π/6 α = π/2

Set II
σmax [fb] 26.71 7.34 20.05 13.10

δr [%] 31.32 44.43 31.42 28.81

Set III
σmax [fb] 11.63 3.60 9.08 6.36

δr [%] 35.17 67.59 40.68 47.86

Set IV
σmax [fb] 27.44 12.12 18.37 15.41

δr [%] 12.86 99.42 0.76 26.81
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footprints associated to 3H self-couplings – of manifest non-SUSY nature
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♠ Optimal σ(e+
e
− → HHH) ∼ 0.1pb, typically ∼ 105 larger than the

corresponding MSSM yields.
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− → h h + X) ∼ 1pb, their MSSM counterparts lying at least a

factor 100 below.
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factor 100 below.
♠ Sustained logarithmic growing trend ∼ 1/M2 log(s/M2)
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Compared predictions for 2H and 3H events

tan β α λ5 M
h0 [ GeV] M

H0 [ GeV] M
A0 [ GeV] M

H± [ GeV]

1 β -10 130 150 200 160

Process σ(
√

s = 0.5TeV)[fb] σ(
√

s = 1.0TeV)[fb] σ(
√

s = 1.5TeV)[fb]

h
0
A

0 26.71 4.07 1.27

h0H0A0 0.02 5.03 3.55

H
0
H

+
H

− 0.17 11.93 8.39

h0h0 + X 1.47 17.36 38.01
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Conclusions

We have presented a complete O(α3
ew) calculation of the pairwise

production of neutral Higgs bosons (A0
h

0{H0}) at Linear Colliders
within the general 2HDM.

Our analysis identifies sizable quantum effects:

up to 50%
in regions with tan β ∼ 1 and |λ5| ∼ 5 − 10 (λ5 < 0)
either positive (

√
s = 0.5 TeV) and negative (

√
s = 1.0 TeV)

sourced by the Higgs-mediated vertex corrections at one-loop, which
are sensitive to the potentially enhanced 3H self-couplings

The production rates at
√

s = 0.5 TeV may amount up to a few
thousands of 2H events per 500 fb-1.

The combined study of 2H and 3H processes at different energy
ranges may provide a manifold of complementary signatures, which
might reveal strong hints of (non-SUSY) Higgs physics BSM.
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Restrictions: B(b → sγ)

We have strong constraints coming from flavor physics
B(B̄ → Xsγ) ∼ (3.55 ± 0.25) · 10−4 from BaBar and Belle
B(B̄ → Xsγ) ∼ (3.15 ± 0.23) · 10−4 SM NNLO prediction

The good agreement between the SM prediction and the experimental result
puts severe constraints on the flavor structure of NP models.

New charged-particles contribute to this rare decay.

Leading-order contributions due to the charged Higgs H
±
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Restrictions: B(b → sγ)

We have strong constraints coming from flavor physics
B(B̄ → Xsγ) ∼ (3.55 ± 0.25) · 10−4 from BaBar and Belle
B(B̄ → Xsγ) ∼ (3.15 ± 0.23) · 10−4 SM NNLO prediction

The good agreement between the SM prediction and the experimental result
puts severe constraints on the flavor structure of NP models.

New charged-particles contribute to this rare decay.

The charged Higgs bosons contribution:

positive

increases when M
H± decreases

Type-I 2HDM: Couplings H±qq′ ∝ 1/ tan β
Couplings highly suppressed for tan β > 1

Type-II 2HDM: Couplings H±qq′ ∝ tan β
Couplings enhanced for tan β > 1
Restriction M

H± > 295 GeV Misiak et al., 2006
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Restrictions: δρ

rho-parameter: ρ = ρ0 + δρ

ρ =
M2

W

M2
Z

cos2 θW

= 1

One-loop corrections induced by Higgs bosons Barbieri & Maiani, 1983

δρ2HDM =
GF

8
√

2 π2

(

M2
H±

"

1 −
M2

A0

M2
H±

− M2
A0

ln
M2

H±

M2
A0

#

+cos2(β − α) M2
h0

"

M2
A0

M2
A0 − M2

h0

ln
M2

A0

M2
h0

−
M2

H±

M2

H±
− M2

h0

ln
M2

H±

M2
h0

#

+sin2(β − α) M2
H0

"

M2
A0

M2
A0 − M2

H0

ln
M2

A0

M2
H0

−
M2

H±

M2
H±

− M2
H0

ln
M2

H±

M2
H0

#)

Experimental measurements: |δρ2HDM | . 10−3

δρ2HDM vanish for MA → M
H±

We will demand MA ∼ M
H±
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Restrictions: Perturbativity and Vacuum Stability

Perturbativity on the Higgs-quark Yukawa couplings

H±: Yt ∝ mt

v tan β
Yb ∝ mb tan β

v
⇒

0.3 < tan β . 60 El Kaffas, Osland & Greid, 2007
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Restrictions: Perturbativity and Vacuum Stability

Perturbativity on the Higgs-quark Yukawa couplings

H±: Yt ∝ mt

v tan β
Yb ∝ mb tan β

v
⇒

0.3 < tan β . 60 El Kaffas, Osland & Greid, 2007

Vacuum stability

We assume that the quartic interaction terms in the potential do not give negative
contribution for all directions of scalar fields at each energy scale up to Λ
Require a Higgs potential bounded from below

λ1 + λ3 > 0 λ2 + λ3 > 0

2
p

(λ1 + λ3)(λ2 + λ3) + 2 λ3 + λ4 +
1

2
Min

“

0, λ5 + λ6 − 2 λ4 −
˛

˛λ5 − λ6

˛

˛

”

> 0

Kanemura, Kasai & Okada, 1999
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♠ Asymptotic “flatness" of the scattering amplitudes ↔ Unitarity of the
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Unitarity bounds

♠ Asymptotic “flatness" of the scattering amplitudes ↔ Unitarity of the
S-matrix
♠ Standard tree-level unitarity condition: a0 < 1/2
♠ Lee-Quigg-Thacker bound in the SM:
M2

H
< 8π v2 = 8π√

2 GF

≃ (1.2 TeV)2

Numerous extended analyses for the 2HDM

Higgs and Goldstone boson 2 → 2 S-matrix elements, Sij ⇒ Unitarity
condition over its eigenvalues |αi| < 1/2 ∀i.
e.g.

a± = 1
16π

{

3(λ1 +λ2 +2λ3)± (
√

9(λ1 − λ2)2 + (4λ3 + λ4 + λ5

2 + λ6

2 )2
}

Kanemura, Kubota & Takasugi, 1993; Akeroyd, Arhrib & Naimi, 2000;
Horejsi & Kladiva, 2006
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