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Outline

Standard Higgs bosons

Two-Higgs Doublet Models

Higgs bosons in the MSSM

Distinguishing scenarios?

Outlook

recent review:
A. Djouadi, hep-ph/0503172 + hep-ph/0503173

– p.2



Scalars in EW theory needed for

masses of gauge bosons and fermions

restoration of unitarity at high energies

compensate rising cross sections from
– longitudinal polarizations of vector bosons
– massive fermions

done via Higgs mechanism

(i) non-vanishing VEV, masses ∼ VEV

(ii) exchange of Higgs bosons in high-energy amplitudes

(iii) all couplings proportional to masses of particles

→ central element of electroweak theory

– p.3
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Interactions of the Higgs boson

with fermions:
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exclusion limit (95% C.L.): MH > 114.4 GeV
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indirect bounds from EW precision data
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sensitivity to internal particles (X)

Standard Model: X = H
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LEP Electroweak Working Group
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importance of two-loop calculations
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02766

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957

σhad [nb]σ0 41.540 ± 0.037 41.477

RlRl 20.767 ± 0.025 20.744

AfbA0,l 0.01714 ± 0.00095 0.01640

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1479

RbRb 0.21629 ± 0.00066 0.21585

RcRc 0.1721 ± 0.0030 0.1722

AfbA0,b 0.0992 ± 0.0016 0.1037

AfbA0,c 0.0707 ± 0.0035 0.0741

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.392 ± 0.029 80.371

ΓW [GeV]ΓW [GeV] 2.147 ± 0.060 2.091

mt [GeV]mt [GeV] 171.4 ± 2.1 171.7
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Theory uncertainty

MH < 166 GeV (95%C.L.)

with renormalized probability for MH > 114 GeV:
MH < 199 GeV (95%C.L.)

– p.13



Theoretical bounds on Higgs boson mass from

• perturbativity→ upper bound

• unitarity→ upper bound

• triviality (Landau pole)→ upper bound

• vacuum stability→ lower bound

– p.14



perturbativity

decay widths into fermions: Γ(H → f f̄) = Γtree ·Kf

decay widths into vector bosons: Γ(H → V V̄ ) = Γtree ·KV

[Ghinculov; Frinck, Kniehl, Riesselmann]
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triviality (Landau pole)

Higgs self coupling is scale dependent, λ(Q)
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variation with scale Q described by RGE

dλ

dt
=

3

4π2
λ2, t = log

Q2

v2

solution:

λ(Q) =
λ(v)

1− 3

4π2 λ(v) log Q2

v2

with λ(v) =
M2

H

2v2

diverges at scale Q = ΛC (Landau pole)

ΛC = v exp

(

4π2v2

3M2
H

)

maximum Higgs mass by condition ΛC > MH

→ MH < 800GeV

– p.16



vacuum stability

top-quark Yukawa coupling gt ∼ mt contributes to the running Higgs
self coupling λ(Q) through top loop ∼ g4

t

�
� �

�

�
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�

�

variation with scale Q described by RGE

dλ

dt
=

3

4π2

(

λ2
−

m4
t

v4

)

λ(Q) < 0 for Q > ΛC → vacuum not stable

high value of ΛC needs MH large enough

ΛC ∼ 1016 : MH > 130GeV

ΛC ∼ 103 : MH > 70GeV
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combined effects, RGE in two-loop order:

dλ

dt
=

1

16π2

(

12λ2
− 3 g2

t + 6λ g2

t + · · ·
)

[Hambye, Riesselmann]
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Higgs production at the LHC
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• gluon-gluon fusion:

NNLO QCD [Harlander, Kilgore]

NL EW [Degrassi, Maltoni]

• WW (ZZ) fusion:

NLO QCD

[Figy, Oleari, Zeppenfeld]

• Higgs-strahlung processes:

NNLO QCD + NLO EW

[Brein et al.]

• radiation from heavy quarks:

NLO QCD [Beenakker et al.,

Dawson et al.]

NLO EW [Denner et al.]
– p.19



Higgs production at the LHC
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Precision physics in the Standard Model:
SM Higgs production at the LHC

1

10

   120    160    200    240    280    

σ(pp→H+X) [pb]

MH [GeV]

LO
NLO
NNLO

√s = 14 TeV

Total cross section: [R. Harlander, W. Kilgore ’02]

Fully differential: [C. Anastasiou, K. Melnikov, F. Petriello ’04]

⇒ Next-to-next-to-leading order needed
Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.73
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Higgs production at a Linear Collider
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Higgs decays

• H → ff̄ : Γ ∼MH m2
f

• H →WW, ZZ: Γ ∼M 3
H

total width
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branching ratios
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loop-induced decays

2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. TheHγγ andHZγ couplings are mediated byW boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.

88

– p.25



Higgs decays into 4 fermions

also below V V threshold with one or two V off-shell

2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this chapter, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ ~ε1 · ~ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.

a)

•H V

V

•

b)

H
V

f

f̄
•

c)

H

f3

f̄4

f1

f̄2

Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32,145]

Γ(H → V V ) =
GµM

3
H

16
√

2π
δV

√
1 − 4x (1 − 4x+ 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT

=
1 − 4x+ 4x2

1 − 4x+ 12x2

MH�MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M 3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H →WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.

82

2.2.3 Four body decays

In fact, even Higgs decays into two off–shell gauge bosons, Fig. 2.9c, can be relevant [170,171];

see also Ref. [144]. The branching ratios for the latter reach the percent level for Higgs masses

above about 100 (110) GeV for both W (Z) boson pairs off–shell. For higher masses, it is

sufficient to allow for one off–shell gauge boson only. The decay width can be cast into the

compact form [170]

Γ(H → V ∗V ∗) =
1

π2

∫ M2
H

0

dq2
1MV ΓV

(q2
1 −M 2

V )2 +M 2
V Γ2

V

∫ (MH−q1)2

0

dq2
2MV ΓV

(q2
2 −M 2

V )2 +M2
V Γ2

V

Γ0 (2.35)

with q2
1, q

2
2 being the squared invariant masses of the virtual gauge bosons, MV and ΓV their

masses and total decay widths, and in terms of λ(x, y; z) = (1 − x/z − y/z)2 − 4xy/z2 with

δV = 2(1) for V = W (Z), the matrix element squared Γ0 is

Γ0 =
GµM

3
H

16
√

2π
δV

√
λ(q2

1, q
2
2;M

2
H)

[
λ(q2

1, q
2
2;M

2
H) +

12q2
1q

2
2

M4
H

]
(2.36)

Taking into account the total decay width of the vector bosons in the denominators of

eq. (2.35), this expression for the four–body decay mode can be in fact used to reproduce

the partial widths of the two–body and three–body decay modes, once the thresholds are

crossed. Fig. 2.10 shows the branching ratios for the decays H → WW and H → ZZ in the

three cases of two–body, three–body and four–body modes.
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Figure 2.10: The branching ratios for the decays H → W+W− (left) and ZZ (right) as a
function of MH at the two– (dotted), three– (dashed) and four–body (solid) levels.
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H → V V → 4f

needs also background pocesses + h.o.

H

fa

f̄b

fc

f̄d

V

V

V

H

fa

f̄b

fc

f̄d

V

V

V

H

fa

f̄b

fc

f̄d

V

V

H

fa

f̄b

fc

f̄d
V

V

H

fa

f̄b

fc

f̄d

V

V

H

fa

f̄b

fc

f̄d

V

fd

H

fa

f̄b

fc

f̄d

V

fc
H

fa

f̄b

fc

f̄d

V

fa

H fa

f̄b

fc

f̄d

V

fb H

fa

f̄b

fc

f̄d

V

H

fa

f̄b

fc
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V
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fa

f̄b
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f̄d

Figure 2: Generic contributions of different vertex functions to H → WW/ZZ → 4f ,
where the blobs stand for one-particle-irreducible one-loop vertex functions.

boson. The generic diagrams cover all structures relevant for electroweak corrections to
arbitrary four-fermion final states, including quarks. Note, however, that some four-quark
final states receive corrections from diagrams with intermediate gluons on tree-like lines
(quark-loop-induced Hgg vertex). Possible QCD corrections for quarks in the final state
will not be considered in the following lists of diagrams.

The pentagon diagrams are shown in Figures 3 and 4, respectively. The specific subdi-
agrams of loop-induced 4-point functions have been shown in Ref. [27], where the process
class e+e− → νν̄H was analyzed at one loop. They involve 4-point vertex functions of

the type νlν̄lZH, νlν̄lγH, l−l+ZH, l−l+γH, and l∓
(−)

ν lW
±H with l = e, µ, τ denoting any

charged lepton. The diagrams for the l−l+γH vertex function can be obtained from those
for the l−l+ZH vertex function by replacing the external Z boson by a photon and omit-
ting the diagram where the photon couples to neutrinos. The 3-point loop insertions in
the Hνlν̄l, Hl−l+, HWW, HZZ, and HZγ vertices have also been listed in Ref. [27]; the
one-loop diagrams for the Hγγ vertex follow from the HZZ or HZγ case by obvious sub-
stitutions and omissions. Most of the diagrams for the self-energies and the νlν̄lZ, l−l+Z,

and l±
(−)

ν lW
∓ vertex functions can be found in Ref. [37].

6

– p.27



[Bredenstein, Denner, Dittmaier, M.Weber]
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Figure 7: Partial decay width for H → νee
+µ−ν̄µ as a function of the Higgs mass. The

upper plots show the absolute prediction including O(α) and O(G2
µM

4
H) corrections, and

the lower plots show the comparison of the corresponding relative corrections with the
NWA and IBA.
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Two-Doublet-Model Higgs Bosons

V (Φ1, Φ2) = λ1(Φ
+

1 Φ1 − v1
2)2 + λ2(Φ

+

2 Φ2 − v2
2)2 + λ3[(Φ

+

1 Φ1 − v1
2) + (Φ+

2 Φ2 − v2
2)]2

+λ4[(Φ
+

1 Φ1)(Φ
+

2 Φ2)− (Φ+

1 Φ2)(Φ
+

2 Φ1)] + λ5[Re(Φ+

1 Φ2)− v1v2]
2 + λ6[Im(Φ+

1 Φ2)]
2

1

mass eigenstates: h0,H0, A0,H±

free parameters: mh,mH ,mA,mH± , tan β = v2

v1
, α λ5

λ1 =
g2

16 cos2 βm2
W

[m2
H + m2

h + (m2
H −m2

h)
cos(2α + β)

cos β
] + λ3(−1 + tan2 β)

λ2 =
g2

16 sin2 βm2
W

[m2

H + m2

h + (m2

h −m2

H)
sin(2α + β)

sin β
] + λ3(−1 + cot2 β)

λ4 =
g2m2

H±

2m2
W

, λ5 =
g2

2m2
W

sin 2α

sin 2β
(m2

H −m2
h) − 4λ3 , λ6 =

g2m2
A

2m2
W

2

mH ∼ mA ∼ mH± � mZ , α→ β − π
2

: ‘decoupling regime’
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decoupling regime

H0, A0,H± decouple in EW precison observables,

h0 with SM-like couplings to gauge bosons and fermions

non-decoupling effects in h0 through self-couplings

e.g. in h0 → γγ, h0 → bb̄
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Figure 1: Generic one-loop THDM Feynman diagrams contributing to Γ(h0 → bb̄).

These expressions contain the vertex corrections V h0bb̄
1 with the corresponding vertex coun-

terterm δ(h0bb̄), the non-diagonal h0–H0 self-energy ΣhH with the counterterm δα for the
mixing angle α, and the wave-function renormalization with the h0 field-renormalization
constant Zh0 derived from the renormalized self-energy of the h0.

In the general THDM, the mixing angle α is an independent parameter and can hence
be renormalized in a way independent of all the other renormalization conditions. A
simple and natural condition is to require that δα absorbs the h0–H0 transition in the
non-diagonal part ∆M12 of the decay amplitude (3). The angle α is hence the CP-
even Higgs-boson mixing angle also at the one-loop level, and the decay amplitude M1

simplifies to the ∆M1 term only. The Higgs-boson decay width is then given by the
expression

Γ1(h
0 → bb̄) =

NCGF m2
b

4
√

2π

s2
α

c2
β

Mh0 Zh0 [1 + 2<(∆M1)] . (5)

The central part of the computation is thus the determination of ∆M1. The generic
THDM contributions to ∆M1 are depicted in Fig. 1, involving vertex-correction and
counterterm diagrams. A quick inspection shows that there are pure THDM contributions
not present in the SM case: diagram d1 with S = H0, A0, H±, diagram d2 with (S1, S2) =
(H0, H0), (A0, A0), (H±, H±) and (H±, G±), and lastly diagrams d4,5 with S = A0, H±.
In the decoupling limit, diagrams d4,5 and diagram d2 with (S1, S2)=(H±, G±) vanish.
As a consequence, large effects in h0 → bb̄ may arise from diagrams d1 and d2. Thereby,
d2 formally has non-decoupling behaviour, yielding a non-zero value in the mathematical
limit of heavy non-standard particles.

We refrain here from giving analytical expressions for the vertex corrections; the MSSM
formulae given in [27] can be adapted to the THDM case replacing the MSSM couplings
by the THDM ones [17,28].

We will use the on-shell scheme based on [29] for determination of the counterterms,
with the exception that the field renormalization constants for the two Higgs doublets are
determined in the MS scheme, yielding ZΦi

= 1 + δZMS
Φi

,

δZMS
Φ1

=
−g2∆

32π2m2
W

{ 1

c2
β

(m2
e + m2

µ + m2
τ + (m2

b + m2
d + m2

s)NC)} +
∆

2(4π)2
(3g2 + g′2) ,

5

−→ deviations from SM branching ratios

– p.30



relative deviation from SM branching ratios (mh = 120 GeV)
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[Arhrib, WH, Peñaranda]
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Two-Doublet Higgs production at LHC

for H0, H0, A0 similar mechanisms as for SM Higgs

large contributions from bb̄ annihilation
(enhanced Yukawa couplings)

charged Higgs H± through

• bb̄→ H+H−, H+W−

• gg → H+H−, H+W− loop-induced

g

g

H+

W−
h0,

H0,

A0

qi

qi

qi

g

g

H+

W−

ui

ui

ui

di b

b

H+

W−
h0,

H0,

A0

b

b

H+

W−t

Figure 1: Typical Feynman graphs for the partonic processes gluon fusion and bb̄ annihi-
lation contributing to W±H∓ production at a hadron collider. For gluon fusion there are
in total two triangle-type topologies for each quark flavor and six box-type topologies for
each quark generation.

3 W±H∓ production at hadron colliders

Partonic processes
In the framework of the parton model, there are two distinct subprocesses which contribute
to the production of a charged Higgs boson, H+, and a electroweak gauge boson, W−: bb̄-
annihilation,

b(k, α, σ) + b̄(k̄, β, σ̄) → W−(p, λ) +H+(p̄) , (5)

and gluon fusion,

g(k, a, σ) + g(k̄, b, σ̄) → W−(p, λ) +H+(p̄) . (6)

In- and outgoing momenta of the initial and final state particles are denoted by k, k̄ and
p, p̄ respectively, the helicities of the initial state gluons or quarks by σ, σ̄ and of the
final state W by λ. a, b denote the gluon SU(3)-color indices and α, β the quark color
indices. The square of the center of mass energy of the parton system is then given by
ŝ = (k + k̄)2 = (p+ p̄)2.

The leading order bb̄-annihilation amplitude (5) consists of two types of tree-level Feyn-
man graphs: (i) graphs with s-channel exchange of a neutral Higgs boson and (ii) graphs
with a t-channel virtual top quark (see Fig. 1). The amplitude for the gluon-fusion process
(6) is given in leading order in perturbation theory by a set of one-loop Feynman graphs
(see Fig.1). Gluon fusion, though loop-induced, may contribute significantly to the cross
section, because of the large number of gluon-gluon collisions with sufficient center-of-mass
energy to exceed the production threshold at high energy hadron colliders.

Associated W±H∓ production via bb annihilation and the gluon fusion have been dis-
cussed at first for a THDM with MSSM parameter values including the loop contributions
from top and bottom quarks in the approximation mb = 0 [11]. Therefore, this study only
covered MSSM scenarios with small tan β and scalar quark masses which are sufficiently
heavy to decouple from the loop contributions. This work has been extended by including

5
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H±W production with quark loops
and squark loops (MSSM) [Brein,WH,Kanemura]

0.001

0.01

0.1

1

10

100

1000

1 10

quark
case 3

PSfrag replacements

σ
(p

p
→

H
+
W

−
)

[f
b
]

tan β

mH± = 100 GeV

mH± = 470 GeV

mH± = 1000 GeV

via bb̄ [mH± = 470GeV]

Figure 7: Hadronic cross section for H+W− production via gluon fusion versus tan β for

three values of the charged-Higgs mass mH± (100,470,1000 GeV). The squark case 3 (thick

lines) is compared to the case of decoupling squarks (thin lines).
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Higgs bosons in the MSSM
Higgs potential of the MSSM

MSSM Higgs potential contains two Higgs doublets:

V = m2
1H1H̄1 +m2

2H2H̄2 −m2
12(εabH

a
1H

b
2 + h.c.)

+
g′2 + g2

8︸ ︷︷ ︸
(H1H̄1 −H2H̄2)

2 +
g2

2︸︷︷︸
|H1H̄2|2

gauge couplings, in contrast to SM

Five physical states: h0, H0, A0, H±

Input parameters: tan β = v2
v1

, MA

⇒ mh, mH, mixing angle α, mH± : no free parameters

Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.90
– p.34



SM Higgs:

λΦ4 term ad hoc

Higgs boson mass: free parameter

no a-priori reason for a light Higgs boson

SM (perturbatively) unstable at some high energy

SUSY Standard Model avoids these questions

H2 =





H+
2

v2 + H0
2



 , H1 =





v1 + H0
1

H−

1





couples to u couples to d

• SUSY gauge interaction→ H4 terms
• self coupling remains weak

– p.35



Spectrum of Higgs bosons in the MSSM (example)
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Higgs mass bound in the MSSM:

⇒ Prediction for mh, mH, . . .

Tree-level result for mh, mH:

m2
H,h =

1

2

[
M 2

A +M 2
Z ±

√
(M 2

A +M 2
Z)2 − 4M 2

ZM
2
A cos2 2β

]

⇒ mh ≤MZ at tree level
MSSM tree-level bound (gauge sector): excluded by LEP!

Large radiative corrections (Yukawa sector, . . . ):

Yukawa couplings: emt

2MWsW
, em2

t

MWsW
, . . .

⇒ Dominant one-loop corrections: Gµm
4
t ln
(
mt̃1

mt̃2

m2
t

)
, O(100%) !

Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.91
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dependent on all SUSY particles and masses/mixings
through Higgs self-energies
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determination of masses and couplings at higher order

physical states h, H, A, H±

conventional input: MA, tanβ = v2/v1

dressed h, H propagators, renormalized self-energies Σ̂

(

∆Higgs

)−1
=

(

q2 −m2
H + Σ̂H(q2) Σ̂hH(q2)

Σ̂Hh(q2) q2 −m2
h + Σ̂h(q2)

)

• det = 0 → mpole
h,H

• diagonalization → effective couplings (αeff)

– p.39



1-loop: complete

2-loop:

– QCD corrections ∼ αsαt, αsαb

– Yukawa corrections ∼ α2
t

present theoretical uncertainty:

δmh ' 4 GeV

[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]

new version

FeynHiggs2.4.1
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exclusion limits for mh
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[Heinemeyer,WH,Weiglein]
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MSSM Higgs production at the LHC
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Recent theoretical developments:

1. Counterterms at two-loop order
ST identities valid in dimensional reduction (DR)
DR scheme consistent with symmetric counterterms

[WH, Stöckinger]

2. O(αsαb) beyond meff
b approximation

meff
b = mb

1+∆mb
in αb Yukawa coupling

∆mb = non-decoupling SUSY contribution ∼ αs tanβ
[Heinemeyer, WH, Rzehak, Weiglein]

small shifts ∼ few GeV, but stabilizes prediction

3. MSSM with complex parameters
tree level: CP conserving Higgs sector
loop level: CP violation← other sectors

(h,H,A)→ (h3, h2, h1)
m3 > m2 > m1

[Frank, Hahn, Heinemeyer, WH, Rzehak, Weiglein]
– p.43
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phase dependence of mh1

10.3. Untersuchung der Phasen-Abhängigkeit
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PSfrag replacementsMh0[GeV]

tan β
O(α)

O(αt) (p2 = 0)
O(αt + αb)

O(αt + αb) (p2 = 0)
MH0 [GeV]
MA0 [GeV]
Mh0 [GeV]

∆Mh0 [GeV]
tan β

µ [GeV]
mg̃ [GeV]

µ = −1000 GeV
µ = 1000 GeV

MA0 = 120 GeV
MA0 = 700 GeV
mg̃ = 1000 GeV
mg̃ = 1500 GeV

µ = −1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 700 GeV, mg̃ = 1000 GeV

µ = −1000 GeV, tan β = 50, mg̃ = 1000 GeV
tan β = 50
tan β = 50

tan β = 50, MA0 = 120 GeV, mg̃ = 1000 GeV
tan β = 50, MA0 = 700 GeV, mg̃ = 1000 GeV

O(αtαs) mit mDR,MSSM
b

O(αbαs) : Schema: mb OS
O(αbαs) : Schema: mb DR

O(αbαs) : Schema: Ab, θb̃DR
O(αbαs) : Schema: Ab, θb̃ OS

O(αtαs) (mDR,MSSM
b )

O(αbαs) : mb DR
O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

O(αtαs) : mb DR für O(αb)
O(αtαs) : Ab, θb̃ DR für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)

O(αbαs) : Ab, θb̃ OS
O(αtαs) : mb̃, Ab OS für O(αb)

O(αbαs) : mb̃, Ab OS
O(αbαs) : mb DR

O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

tan β
mt̃1

[GeV]
Mh0 [GeV]

M
h
1

[G
eV

]

Mh1 [GeV]
mg̃ [GeV]
MSUSY [GeV]

|At| [GeV]
|Xt| [GeV]

ϕAt

π

ϕAt
πϕXt

πϕXt
πϕg̃

π
MH± [GeV]
mg̃ [GeV]

mt/2 < µDR < 2mt

zusätzl. Beitrag bei mt/2 < µDR < 1000 GeV
At, mt DR

Schema At, mt DR
At DR, mt MS
At DR, mt OS

θt̃, ϕt̃ OS, mt MS
θt̃, ϕt̃ OS, mt DR

Schema θt̃, ϕt̃ OS, mt DR
θt̃, ϕt̃, mt OS
FeynHiggs OS

θt̃, mt OS
MSUSY = 500 GeV
MSUSY = 500 GeV

MSUSY = 1000 GeV
MSUSY = 1000 GeV, mg̃ = 1000 GeV

MSUSY = 500 GeV
MSUSY = 500 GeV, mg̃ = 1000 GeV

mt = 174.3 GeV
mt = 178.0 GeV
AOS
t = 500 GeV

AOS
t = 1000 GeV
|At| = 1.0 TeV

|At| = 1.0 TeV

|At| = 2.0 TeV

|At| = 2.0 TeV
|At| = 2.35 TeV
|At| = 2.4 TeV
|At| = 1.5 TeV
|At| = 1.6 TeV
|At| = 2.5 TeV
|At| = 2.6 TeV
|At| = 2.7 TeV
|Xt| = 1.0 TeV
|Xt| = 1.5 TeV
|Xt| = 1.9 TeV
|Xt| = 0.9 TeV

|Xt| = 0.9 TeV
|Xt| = 1.9 TeV

|Xt| = 2.1 TeV
|Xt| = 2.3 TeV
|Xt| = 2.5 TeV

MH± = 150 GeV

MH± = 500 GeV
ϕg̃ = 0

ϕg̃ = 0.5π
ϕg̃ = π

ϕAt
= 0; O(α)

ϕAt
= 0; O(α)

ϕAt
= π; O(α)

ϕAt
= π; O(α)

ϕAt
= 0.46π, O(α)

ϕAt
= 0.5π, 1.5π; O(α)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= 0.46π; O(α+ αtαs)

ϕAt
= 0.5π, 1.5π; O(α+ αtαs)

ϕXt
= 0, O(α)

ϕXt
= 0; O(α)

ϕXt
= π, O(α)

ϕXt
= π; O(α)

ϕXt
= 0.5π, 1, 5π; O(α)

ϕXt
= 0, O(α+ αtαs)

ϕXt
= 0; O(α+ αtαs)

ϕXt
= π, O(α+ αtαs)

ϕXt
= π; O(α+ αtαs)

ϕXt
= 0.5π, 1.5π; O(α+ αtαs)

O(α)
O(α+ αtαs)

tanβ = 10, MH± = 500 GeV
tanβ = 5, MH± = 500 GeV
tanβ = 3, MH± = 500 GeV

tanβ = 10, MH± = 150 GeV
tanβ = 5, MH± = 150 GeV
tanβ = 3, MH± = 150 GeV
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PSfrag replacementsMh0[GeV]

tan β
O(α)

O(αt) (p2 = 0)
O(αt + αb)

O(αt + αb) (p2 = 0)
MH0 [GeV]
MA0 [GeV]
Mh0 [GeV]

∆Mh0 [GeV]
tan β

µ [GeV]
mg̃ [GeV]

µ = −1000 GeV
µ = 1000 GeV

MA0 = 120 GeV
MA0 = 700 GeV
mg̃ = 1000 GeV
mg̃ = 1500 GeV

µ = −1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 700 GeV, mg̃ = 1000 GeV

µ = −1000 GeV, tan β = 50, mg̃ = 1000 GeV
tan β = 50
tan β = 50

tan β = 50, MA0 = 120 GeV, mg̃ = 1000 GeV
tan β = 50, MA0 = 700 GeV, mg̃ = 1000 GeV

O(αtαs) mit mDR,MSSM
b

O(αbαs) : Schema: mb OS
O(αbαs) : Schema: mb DR

O(αbαs) : Schema: Ab, θb̃DR
O(αbαs) : Schema: Ab, θb̃ OS

O(αtαs) (mDR,MSSM
b )

O(αbαs) : mb DR
O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

O(αtαs) : mb DR für O(αb)
O(αtαs) : Ab, θb̃ DR für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)

O(αbαs) : Ab, θb̃ OS
O(αtαs) : mb̃, Ab OS für O(αb)

O(αbαs) : mb̃, Ab OS
O(αbαs) : mb DR

O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

tan β
mt̃1

[GeV]
Mh0 [GeV]

M
h
1

[G
eV

]

Mh1 [GeV]
mg̃ [GeV]
MSUSY [GeV]

|At| [GeV]
|Xt| [GeV]

ϕAt

πϕAt
π

ϕXt

π

ϕXt
πϕg̃

π
MH± [GeV]
mg̃ [GeV]

mt/2 < µDR < 2mt

zusätzl. Beitrag bei mt/2 < µDR < 1000 GeV
At, mt DR

Schema At, mt DR
At DR, mt MS
At DR, mt OS

θt̃, ϕt̃ OS, mt MS
θt̃, ϕt̃ OS, mt DR

Schema θt̃, ϕt̃ OS, mt DR
θt̃, ϕt̃, mt OS
FeynHiggs OS

θt̃, mt OS
MSUSY = 500 GeV
MSUSY = 500 GeV

MSUSY = 1000 GeV
MSUSY = 1000 GeV, mg̃ = 1000 GeV

MSUSY = 500 GeV
MSUSY = 500 GeV, mg̃ = 1000 GeV

mt = 174.3 GeV
mt = 178.0 GeV
AOS
t = 500 GeV

AOS
t = 1000 GeV
|At| = 1.0 TeV

|At| = 1.0 TeV
|At| = 2.0 TeV

|At| = 2.0 TeV
|At| = 2.35 TeV
|At| = 2.4 TeV
|At| = 1.5 TeV
|At| = 1.6 TeV
|At| = 2.5 TeV
|At| = 2.6 TeV
|At| = 2.7 TeV
|Xt| = 1.0 TeV
|Xt| = 1.5 TeV

|Xt| = 1.9 TeV

|Xt| = 0.9 TeV
|Xt| = 0.9 TeV
|Xt| = 1.9 TeV

|Xt| = 2.1 TeV
|Xt| = 2.3 TeV
|Xt| = 2.5 TeV

MH± = 150 GeV

MH± = 500 GeV
ϕg̃ = 0

ϕg̃ = 0.5π
ϕg̃ = π

ϕAt
= 0; O(α)

ϕAt
= 0; O(α)

ϕAt
= π; O(α)

ϕAt
= π; O(α)

ϕAt
= 0.46π, O(α)

ϕAt
= 0.5π, 1.5π; O(α)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= 0.46π; O(α+ αtαs)

ϕAt
= 0.5π, 1.5π; O(α+ αtαs)

ϕXt
= 0, O(α)

ϕXt
= 0; O(α)

ϕXt
= π, O(α)

ϕXt
= π; O(α)

ϕXt
= 0.5π, 1, 5π; O(α)

ϕXt
= 0, O(α+ αtαs)

ϕXt
= 0; O(α+ αtαs)

ϕXt
= π, O(α+ αtαs)

ϕXt
= π; O(α+ αtαs)

ϕXt
= 0.5π, 1.5π; O(α+ αtαs)

O(α)
O(α+ αtαs)

tanβ = 10, MH± = 500 GeV
tanβ = 5, MH± = 500 GeV
tanβ = 3, MH± = 500 GeV

tanβ = 10, MH± = 150 GeV
tanβ = 5, MH± = 150 GeV
tanβ = 3, MH± = 150 GeV
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PSfrag replacementsMh0[GeV]

tan β
O(α)

O(αt) (p2 = 0)
O(αt + αb)

O(αt + αb) (p2 = 0)
MH0 [GeV]
MA0 [GeV]
Mh0 [GeV]

∆Mh0 [GeV]
tan β

µ [GeV]
mg̃ [GeV]

µ = −1000 GeV
µ = 1000 GeV

MA0 = 120 GeV
MA0 = 700 GeV
mg̃ = 1000 GeV
mg̃ = 1500 GeV

µ = −1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 700 GeV, mg̃ = 1000 GeV

µ = −1000 GeV, tan β = 50, mg̃ = 1000 GeV
tan β = 50
tan β = 50

tan β = 50, MA0 = 120 GeV, mg̃ = 1000 GeV
tan β = 50, MA0 = 700 GeV, mg̃ = 1000 GeV

O(αtαs) mit mDR,MSSM
b

O(αbαs) : Schema: mb OS
O(αbαs) : Schema: mb DR

O(αbαs) : Schema: Ab, θb̃DR
O(αbαs) : Schema: Ab, θb̃ OS

O(αtαs) (mDR,MSSM
b )

O(αbαs) : mb DR
O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

O(αtαs) : mb DR für O(αb)
O(αtαs) : Ab, θb̃ DR für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)

O(αbαs) : Ab, θb̃ OS
O(αtαs) : mb̃, Ab OS für O(αb)

O(αbαs) : mb̃, Ab OS
O(αbαs) : mb DR

O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

tan β
mt̃1

[GeV]
Mh0 [GeV]

M
h
1

[G
eV

]

Mh1 [GeV]
mg̃ [GeV]
MSUSY [GeV]

|At| [GeV]
|Xt| [GeV]

ϕAt

π

ϕAt
πϕXt

πϕXt
πϕg̃

π
MH± [GeV]
mg̃ [GeV]

mt/2 < µDR < 2mt

zusätzl. Beitrag bei mt/2 < µDR < 1000 GeV
At, mt DR

Schema At, mt DR
At DR, mt MS
At DR, mt OS

θt̃, ϕt̃ OS, mt MS
θt̃, ϕt̃ OS, mt DR

Schema θt̃, ϕt̃ OS, mt DR
θt̃, ϕt̃, mt OS
FeynHiggs OS

θt̃, mt OS
MSUSY = 500 GeV
MSUSY = 500 GeV

MSUSY = 1000 GeV
MSUSY = 1000 GeV, mg̃ = 1000 GeV

MSUSY = 500 GeV
MSUSY = 500 GeV, mg̃ = 1000 GeV

mt = 174.3 GeV
mt = 178.0 GeV
AOS
t = 500 GeV

AOS
t = 1000 GeV
|At| = 1.0 TeV

|At| = 1.0 TeV
|At| = 2.0 TeV

|At| = 2.0 TeV
|At| = 2.35 TeV

|At| = 2.4 TeV

|At| = 1.5 TeV
|At| = 1.6 TeV
|At| = 2.5 TeV
|At| = 2.6 TeV
|At| = 2.7 TeV
|Xt| = 1.0 TeV
|Xt| = 1.5 TeV
|Xt| = 1.9 TeV
|Xt| = 0.9 TeV

|Xt| = 0.9 TeV
|Xt| = 1.9 TeV

|Xt| = 2.1 TeV
|Xt| = 2.3 TeV
|Xt| = 2.5 TeV

MH± = 150 GeV

MH± = 500 GeV
ϕg̃ = 0

ϕg̃ = 0.5π
ϕg̃ = π

ϕAt
= 0; O(α)

ϕAt
= 0; O(α)

ϕAt
= π; O(α)

ϕAt
= π; O(α)

ϕAt
= 0.46π, O(α)

ϕAt
= 0.5π, 1.5π; O(α)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= 0.46π; O(α+ αtαs)

ϕAt
= 0.5π, 1.5π; O(α+ αtαs)

ϕXt
= 0, O(α)

ϕXt
= 0; O(α)

ϕXt
= π, O(α)

ϕXt
= π; O(α)

ϕXt
= 0.5π, 1, 5π; O(α)

ϕXt
= 0, O(α+ αtαs)

ϕXt
= 0; O(α+ αtαs)

ϕXt
= π, O(α+ αtαs)

ϕXt
= π; O(α+ αtαs)

ϕXt
= 0.5π, 1.5π; O(α+ αtαs)

O(α)
O(α+ αtαs)

tanβ = 10, MH± = 500 GeV
tanβ = 5, MH± = 500 GeV
tanβ = 3, MH± = 500 GeV

tanβ = 10, MH± = 150 GeV
tanβ = 5, MH± = 150 GeV
tanβ = 3, MH± = 150 GeV

 90

 95

 100

 105

 110

 115

 120

 125

 0  0.5  1  1.5  2

PSfrag replacementsMh0[GeV]

tan β
O(α)

O(αt) (p2 = 0)
O(αt + αb)

O(αt + αb) (p2 = 0)
MH0 [GeV]
MA0 [GeV]
Mh0 [GeV]

∆Mh0 [GeV]
tan β

µ [GeV]
mg̃ [GeV]

µ = −1000 GeV
µ = 1000 GeV

MA0 = 120 GeV
MA0 = 700 GeV
mg̃ = 1000 GeV
mg̃ = 1500 GeV

µ = −1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 120 GeV, mg̃ = 1000 GeV
µ = 1000 GeV, MA0 = 700 GeV, mg̃ = 1000 GeV

µ = −1000 GeV, tan β = 50, mg̃ = 1000 GeV
tan β = 50
tan β = 50

tan β = 50, MA0 = 120 GeV, mg̃ = 1000 GeV
tan β = 50, MA0 = 700 GeV, mg̃ = 1000 GeV

O(αtαs) mit mDR,MSSM
b

O(αbαs) : Schema: mb OS
O(αbαs) : Schema: mb DR

O(αbαs) : Schema: Ab, θb̃DR
O(αbαs) : Schema: Ab, θb̃ OS

O(αtαs) (mDR,MSSM
b )

O(αbαs) : mb DR
O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

O(αtαs) : mb DR für O(αb)
O(αtαs) : Ab, θb̃ DR für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)
O(αtαs) : Ab, θb̃ OS für O(αb)

O(αbαs) : Ab, θb̃ OS
O(αtαs) : mb̃, Ab OS für O(αb)

O(αbαs) : mb̃, Ab OS
O(αbαs) : mb DR

O(αbαs) : Ab, θb̃ DR
O(αbαs) : Ab, θb̃ OS

tan β
mt̃1

[GeV]
Mh0 [GeV]

M
h
1

[G
eV

]

Mh1 [GeV]
mg̃ [GeV]
MSUSY [GeV]

|At| [GeV]
|Xt| [GeV]

ϕAt

πϕAt
π

ϕXt

π

ϕXt
πϕg̃

π
MH± [GeV]
mg̃ [GeV]

mt/2 < µDR < 2mt

zusätzl. Beitrag bei mt/2 < µDR < 1000 GeV
At, mt DR

Schema At, mt DR
At DR, mt MS
At DR, mt OS

θt̃, ϕt̃ OS, mt MS
θt̃, ϕt̃ OS, mt DR

Schema θt̃, ϕt̃ OS, mt DR
θt̃, ϕt̃, mt OS
FeynHiggs OS

θt̃, mt OS
MSUSY = 500 GeV
MSUSY = 500 GeV

MSUSY = 1000 GeV
MSUSY = 1000 GeV, mg̃ = 1000 GeV

MSUSY = 500 GeV
MSUSY = 500 GeV, mg̃ = 1000 GeV

mt = 174.3 GeV
mt = 178.0 GeV
AOS
t = 500 GeV

AOS
t = 1000 GeV
|At| = 1.0 TeV

|At| = 1.0 TeV
|At| = 2.0 TeV

|At| = 2.0 TeV
|At| = 2.35 TeV
|At| = 2.4 TeV
|At| = 1.5 TeV
|At| = 1.6 TeV
|At| = 2.5 TeV
|At| = 2.6 TeV
|At| = 2.7 TeV
|Xt| = 1.0 TeV
|Xt| = 1.5 TeV
|Xt| = 1.9 TeV
|Xt| = 0.9 TeV

|Xt| = 0.9 TeV
|Xt| = 1.9 TeV

|Xt| = 2.1 TeV

|Xt| = 2.3 TeV

|Xt| = 2.5 TeV

MH± = 150 GeV

MH± = 500 GeV
ϕg̃ = 0

ϕg̃ = 0.5π
ϕg̃ = π

ϕAt
= 0; O(α)

ϕAt
= 0; O(α)

ϕAt
= π; O(α)

ϕAt
= π; O(α)

ϕAt
= 0.46π, O(α)

ϕAt
= 0.5π, 1.5π; O(α)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= 0; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= π; O(α+ αtαs)

ϕAt
= 0.46π; O(α+ αtαs)

ϕAt
= 0.5π, 1.5π; O(α+ αtαs)

ϕXt
= 0, O(α)

ϕXt
= 0; O(α)

ϕXt
= π, O(α)

ϕXt
= π; O(α)

ϕXt
= 0.5π, 1, 5π; O(α)

ϕXt
= 0, O(α+ αtαs)

ϕXt
= 0; O(α+ αtαs)

ϕXt
= π, O(α+ αtαs)

ϕXt
= π; O(α+ αtαs)

ϕXt
= 0.5π, 1.5π; O(α+ αtαs)

O(α)
O(α+ αtαs)

tanβ = 10, MH± = 500 GeV
tanβ = 5, MH± = 500 GeV
tanβ = 3, MH± = 500 GeV

tanβ = 10, MH± = 150 GeV
tanβ = 5, MH± = 150 GeV
tanβ = 3, MH± = 150 GeV

Abb. 10.6.: Abhängigkeit der Higgs-Masse Mh1
von der Phase des A-Parameters ϕAt (linke

Spalte) bzw. von der Phase ϕXt (rechte Spalte) für unterschiedliche Werte von
|At| bzw. |Xt|. Xt ist gegeben durch Xt := At − µ∗ cotβ und gibt die Stärke der
Mischung der Top-Squarks an. Bei der Berechnung von Mh1

wurden Korrekturen
bis zur Ordnung O(α) bzw. O(αtαs) berücksichtigt. Für den Wert der Masse des
geladenen Higgs-Bosons wird MH± = 150 GeV angenommen. Die weiteren SUSY-
Parameter sind, bis auf a = 0 GeV, gemäß Tabelle 10.1 gewählt.
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1.1.2 Higher-order corrections to the Higgs boson masses and mixings

In this section we present newly evaluated higher-order corrections to the masses and the mixings of the
neutral Higgs bosons in the cMSSM. The current status can be summarized as follows: after the first
more general investigations [13], one-loop calculations have been performed in the effective potential
(EP) approach [15], and leading two-loop contributions have been incorporated with the renormalisation-
group (RG) improved one-loop EP method [16,17]. These results have been restricted to the corrections
coming from the (s)fermion sector and some leading logarithmic corrections from the gaugino sector.
Within the FD approach the leading one-loop corrections have been calculated in Ref. [18], and the
complete one-loop result has been obtained in Refs. [19, 20]. Within the FD approach the two-loop
corrections in the t/t̃ sector had so far been restricted to the MSSM with real parameters (rMSSM) [21–
23]. The FD result in the rMSSM contains subleading two-loop corrections that go beyond the result
obtained in the EP/RG approach, leading to a shift in the lightest Higgs boson mass of about 4 GeV [24].
It is clearly desirable to extend the FD two-loop result to the cMSSM. Here we present the O(αtαs)
corrections to Higgs boson masses and mixings including the full phase dependence at the two-loop
level.

1.1.2.1 Calculation of two-loop corrections

In order to compute the Higgs boson masses and mixings up to O(αtαs) the determinant of the inverse
propagator matrix Γ has to be evaluated,

Γ(k2) = k21 −




(M
(0)
H )2 − Σ̂HH(k2) −Σ̂hH(k2) −Σ̂AH(k2)

−Σ̂hH(k2) (M
(0)
h )2 − Σ̂hh(k2) −Σ̂Ah(k2)

−Σ̂AH(k2) −Σ̂Ah(k2) (M
(0)
A )2 − Σ̂AA(k2)


 . (2)

The Higgs masses are given by the roots of det(Γ). The tree-level masses are denoted by M (0). The
renormalized self-energies, Σ̂φφ(k2) with φ = H,h,A, contain a one-loop and a two-loop part,

Σ̂φφ = Σ̂
(1)
φφ + Σ̂

(2)
φφ . (3)

In our calculation we have evaluated the dominant part of the two-loop self-energies, i.e. the contribu-
tions of O(αtαs), taking into account the full complex phase dependence. To extract this dominant part
the generic self-energy diagrams (see Fig. 1) and the corresponding diagrams with counterterm insertions
(see Fig. 2) have been evaluated applying the approximation of vanishing electroweak gauge couplings
and vanishing external momenta. The Feynman diagrams have been generated with the package Fey-
nArts [25] and the tensor reduction has been performed with the package TwoCalc [26].
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Fig. 1: Sample of two-loop diagrams for the Higgs-boson self-energies (φ = h, H, A; i, j, k, l = 1, 2).

In the calculation of the renormalised self-energies the input parameter MH± enters and has to be
defined at the two-loop level. We use the on-shell renormalisation for the charged Higgs boson,

ReΣ̂H+H−(M2
H±) = 0 , (4)

[H. Rzehak, Thesis]

– p.45



Distinguishing scenarios?

direct measured mass(es) of Higgs boson(s) versus
indirect effects in precison observables

more than one Higgs boson→ beyond the SM
precise determination of coupling constants
→ separate SUSY from general THDM
loop effects are important

decoupling regime (only single Higgs observed) :
difficult
distinguishable only through quantum effects
heavy virtual particles + non-decoupling effects

– p.46



Example 1: pp→ h0 + jet

contour lines for deviations from SM [Brein,WH]
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Example 2: branching ratio h→ bb̄/τ+τ−

deviations from SM [Guasch,WH,Peñaranda]
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only differences from gluino and bino survive

– p.48



Outlook –Possible scenarios

a single light Higgs boson
– SM Higgs boson?
– SUSY light Higgs boson?

H, A, H± heavy (decoupling scenario) h ∼ HSM

a light Higgs boson + more (H,A,H±)
– SUSY Higgs?
– non-SUSY 2-Higgs-Doublet model?

a single heavy Higgs boson (� 200 GeV)
– SUSY ruled out
– SM + (?) strong interaction?

no Higgs boson
– strongly interacting weak interaction

new strong force ∼ TeV scale

– p.49
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