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Motivation of an Extra Higgs Singlet

Resonance detected on July 4th, 2012
⇒ SM Higgs?

Extended Higgs sector possible!
⇒ Modified couplings?
⇒ Light weakly coupled states?
⇒ Heavy states?

Possible dark matter candidate?

Electroweak vacuum stability could be assured!
(O.Lebedev, arXiv:hep-ph/1203.0156)
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Extended Lagrangian (1)

Lagrangian of the extended Higgs sector:

LΦs,Φh
= (DµΦs)

†
(DµΦs) + (∂µΦh)

†
(∂µΦh)− V (Φs,Φh)

Standard Higgs doublet Φs and hidden Higgs singlet Φh
Φh is a singlet under SU(3)× SU(2)× U(1)
Modified Higgs potential:

V (Φs,Φh) = −µ2
sΦ
†
sΦs+

λs
4

(Φ†sΦs)
2−µ2

hΦ†hΦh+
λh
4

(Φ†hΦh)2+ηΦ†sΦsΦ
†
hΦh

η 6= 0 ⇒ Interaction between the standard and the hidden sector
Both Φs and Φh aquires a vev:

Φs(x) =

(
φ+(x)

1√
2

[vs +H(x) + iϕs(x)]

)
,

Φh(x) =
1√
2

[vh + χ(x) + iϕh(x)]
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Extended Lagrangian (2)

Resulting mixing matrix:

M2 :=

(
1
2λsv

2
s ηvsvh

ηvsvh
1
2λhv

2
h

)
Diagonalization of M2 ⇒ Physical Higgs fields:

H1 = cαH + sαχ,

H2 = −sαH + cαχ

Corresponding masses:

M2
H1/2

=
1

4

(
λsv

2
s + λhv

2
h

)
± 1

4

(
λsv

2
s − λhv2

h

)√
1 + tan2 2α

Mixing angle α defined by:

tan 2α =
4ηvsvh

λsv2
s − λhv2

h

Mixing between H and χ:
⇒ Tree-level couplings of H1/2 to gauge fields and massive fermions
Quantization similar compared with SM
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Renormalization of Higgs Sector Parameters

Introduce counterterms before diagonalization to physical fields
⇒ Introduce counterterm mass-matrix δM2

phys:

L0 = −1

2

(
H0, χ0

)
M2

(
H0

χ0

)
− 1

2

(
H,χ

)
δM2

(
H
χ

)
+ . . .

= −1

2

(
H1,0, H2,0

)
M2

diag

(
H1,0

H2,0

)
− 1

2

(
H1, H2

)
δM2

phys

(
H1

H2

)
+ . . .

with

δM2
phys =

(
δM2

H1
δM2

H1H2

δM2
H1H2

δM2
H2

)
:=

(
cα sα
−sα cα

)
δM2

(
cα −sα
sα cα

)
Tadpole counterterms:

δtH1
= cαδtH + sαδtχ,

δtH2
= −sαδtH + cαδtχ

Replace counterterms of the original parameters:
δλs, δλh, δµ2

s, δµ2
h, δη ⇒ δM2

H1
, δM2

H1H2
, δM2

H2
, δtH1

, δtH2
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Renormalization of Higgs Sector Fields

Introduction of field counterterms before diagonalization of M2:

H0 =

(
1 +

1

2
δZH

)
H,

χ0 =

(
1 +

1

2
δZχ

)
χ

⇒
H1,0 = cαH0 + sαχ0,

H2,0 = −sαH0 + cαχ0

Introduction of field counterterms after diagonalization of M2:(
H1,0

H2,0

)
=

(
1 + 1

2δZH1H1

1
2δZH1H2

1
2δZH2H1 1 + 1

2δZH2H2

)(
H1

H2

)
Relation between field counterterms of both approaches:

δZH1H1 = c2αδZH + s2
αδZχ,

δZH2H2
= c2αδZχ + s2

αδZH ,

δZH1H2
= δZH2H1

= −sαcαδZH + sαcαδZχ
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On-shell Renormalization Conditions

Masses of physical fields equal to real parts of propagator poles:

δM2
Hi

= ReΣHiHi

(
M2
Hi

)
Real parts of residues of renormalized propagators equal to one:

δZHiHi = −Re
∂ΣHiHi

(
k2
)

∂k2

∣∣∣∣
k2=M2

Hi

,

δZH1H2
=

sαcα
c2α − s2

α

(δZH2H2
− δZH1H1

)

δtH1
and δtH2

fixed by setting renormalized Higgs field one-point
amputated Green’s functions of H1 and H2 equal to zero

δM2
H1H2

fixed by requiring Γ̂H1H2 (MH1)
!
= 0:

δM2
H1H2

= ΣH1H2

(
M2
H1

)
+
M2
H1
−M2

H2

2
δZH1H2
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Mass of the W-boson

Muon decay at one-loop level:

M2
W = M2

Z

(
1

2
+

√
1

4
− αemπ√

2GµM2
Z

(1 + ∆r(MH1 ,MH2 , α;MW , . . . ))

)
∆r summarizes corresponding radiative NLO corrections
MH1

= 126GeV ⇒ Two free parameters left: α and MH2

200 400 600 800 1000
MH2

@GeV D80.32

80.34

80.36

80.38

80.40

80.42

MW@GeV D

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32
Α = 0
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Z Pole Observables (1)

Process: e+e− → ff̄ , f 6= e

Z-exchange amplitude:

AZ =
J

(e)
µ ⊗ J (f)µ

s−M2
Z + is ΓZ

MZ

Fermionic neutral current vertices:

J (f)
µ =

(√
2GµM

2
Z

)1/2 [
gfV γµ − g

f
Aγµγ5

]
Non-standard NLO contributions included in effective vector and
axial vector couplings:

gfV =
[
vf + FZfV

]
(1−∆r)

1/2
,

gfA =
[
af + FZfA

]
(1−∆r)

1/2
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Z Pole Observables (2)

Effective leptonic mixing angle:

sin2 θlepeff :=
1

4

(
1− geV

geA

)
Forward-backward pole asymmetries:

A0,f
FB =

3

4
AeAf , Af =

2gfV g
f
A

(gfV )2 + (gfA)2

Partial width ratios:

Rb =
Γb
Γh
, Rl =

Γh
Γe

Hadronic peak cross-section:

σ0
had = 12π

ΓeΓh
M2
ZΓ2

Z

Z → ff̄ partial widths given by:

Γf = 4Nf
c Γ0

[
(gfV )2RfV + (gfA)2RfA

]
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Z Pole Observables: Numerical Results (1)

200 400 600 800 1000
MH2

@GeV D2.490

2.492

2.494

2.496

2.498

GZ @GeV D

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32
Α = 0

200 400 600 800 1000
MH2

@GeV D41.46

41.48

41.50

41.52

41.54

41.56

41.58

Σhad
0 @nbD

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32

Α = 0

200 400 600 800 1000
MH2

@GeV D0.2154

0.2156

0.2158

0.2160

0.2162

0.2164

0.2166

0.2168

0.2170

Rb

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32

Α = 0

200 400 600 800 1000
MH2

@GeV D20.73

20.74

20.75

20.76

20.77

20.78

20.79

Rl

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32
Α = 0
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Z Pole Observables: Numerical Results (2)

200 400 600 800 1000
MH2

@GeV D0.2313

0.2314

0.2315

0.2316

0.2317

sin2
Θeff

lep

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16
Α = ± Π �32
Α = 0

200 400 600 800 1000
MH2

@GeV D0.097

0.098

0.099

0.100

0.101

0.102

0.103

0.104

AFB
0,b

Α = ± Π �6
Α = ± Π �8
Α = ± Π �16

Α = ± Π �32

Α = 0

Prediction of ΓZ , Rb, Rl, σ
0
had:

⇒ No significant deviations from associated SM predictions

Prediction of sin2 θlepeff :
⇒ More than 1σ deviation of experimental central value possible!

Prediction of A0,b
FB :

⇒ More compatible with experiment for large α and large MH2
!
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Future Prospects

Non-standard NLO contributions to Higgs decays

Dark matter properties of H2

Phenomenological impact of a hidden U(1)

Higher order (NNLO) non-standard effects

Thank you for the attention!
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Backup: Non-standard Triple Scalar Self-couplings

φ+

H1

φ−

φ+

H2

φ−

H1

H1

H1

H1

H1

H2

H2

H1

H2

H2

H2

H2

ϕs

H1

ϕs

ϕs

H2

ϕs

ϕh

H1

ϕh

ϕh

H2

ϕh
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Backup: Non-standard Quartic Scalar Self-couplings

H1

H1

H1

H1

H1 H1

H1 H2

H1 H2

H1 H2

H1 H2

H2 H2

H2 H2

H2 H2

H1
ϕs

H1
ϕs

H1
ϕs

H2
ϕs

H2
ϕs

H2
ϕs

H1
ϕh

H1
ϕh

H1
ϕh

H2
ϕh

H2
ϕh

H2
ϕh

ϕh ϕh

ϕh ϕh

ϕs ϕh

ϕs ϕh

ϕh φ+

ϕh φ−

H1 φ+

H1 φ−

H1 φ+

H2 φ−

H2 φ+

H2 φ−
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Backup: Non-standard Couplings to Gauge Bosons

W
+

H1

W
−

W
+

H2

W
−

Z

H1

Z

Z

H2

Z

H1 W
+

H1 W
−

H1 W
+

H2 W
−

H2 W
+

H2 W
−

H1 Z

H1 Z

H1 Z

H2 Z

H2 Z

H2 Z

H1 W±

φ∓
A

H2 W±

φ∓
A

H1 W±

φ∓
Z

H2 W±

φ∓
Z
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Backup: Non-standard Couplings to Massive Fermion and
Ghost Fields

H1

f̄i

fi

H2

f̄i

fi

H1

ū
±

u
±

H2

ū
±

u
±

H1

ū
Z

u
Z

H2

ū
Z

u
Z
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Backup: Non-standard Contributions to the Gauge Boson
Self-energies

W

H1,H2

W Z

H1,H2

Z

W

φ

H1,H2

W Z

ϕs

H1,H2

Z

W

W

H1,H2

W Z

Z

H1,H2

Z
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Backup: Non-standard Contributions to Effective
Couplings

Z

F2

F2

S1

F1

F1

Z

S1

S2

F2

F1

F1

Z

F2

F2

Z,W

F1

F1

Z

S1

Z,W

F2

F1

F1

Z

W

W

F2

F1

F1

Scalar fields: S1, S2 = H1, H2, ϕs, φ
Fermion fields: F1, F2 = li, νi, uj , dk

F1

S

F2

F1 F1

V

F2

F1

Scalar fields: S = H1, H2, ϕs, φ
Fermion fields: F1, F2 = li, νi, uj , dk.
Gauge fields: V = Z,W
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