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Higgs sector of the NMSSM

Superpotential:

W = û∗
R yu
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)
+ d̂∗

R yd

(
Q̂⊺ǫĤd
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3+2 neutral Higgs bosons, 2 charged Higgs bosons, 4+1 neutralinos

Solution to the “µ-problem” → an effective µ-term is generated dynamically
through the vev of an singlet field

µeff = λvs

Higgs sector is very restricted in MSSM:
Upper bound on tree-level: MH ≤ MZ
→ Large quantum corrections are needed to get MH above LEP-limit
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Why complex NMSSM?

Complex parameters can lead to CP-violation
→ CP-violation in the kaon system can be explained by the phases of the CKM-matrix
→ But: To explain observed baryon asymmetry in the universe the
Shakarov-conditions must be fulfilled:

Baryon number violation

C and CP-violation

Departure from thermal equilibrum

e.g. in GUT-baryogenesis the SM CP-violating phases are not enough!
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Complex parameters on tree-level

Higgs scalar potential:

V =|λ|2|S|2
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Complex parameter

In the Higgs sector:
φλ, φκ, φs , φu , φAκ

, φAλ

But only in the combinations:

Ψ = φλ − φκ + φu − 2φs

Ψλ = φλ + φAλ
+ φu + φs

Ψκ = φκ + φAκ
+ 3φs

On tree-level:
Only one phase remains due to the tadpole conditions

1√
2
|Aλ| sinΨλ = −|κ|vs

2
sinΨ,

1√
2
|Aκ| sinΨκ = −3|λ|vd vu

2vs
sinΨ

In other sectors:
φM1

, φM2
, φAt

, φAb
, φAe , ....
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Renormalization: A short reminder on Kathrin’s
talk last semester

Parameter of the Higgs sector:

g1 g2 vd vu vs |λ| |κ| |Aκ| |Aλ| m2
Hu

m2
Hd

m2
s

tan β e MW MZ vs |λ| |κ| |Aκ| M2
H± thu thd

ths

On-Shell-renormalization:

e,MW ,MZ ,MH± , tHu , tHd
, tHs

DR-renormalization:
tan β, vs, |λ|, |κ|,︸ ︷︷ ︸

neutralino/chargino sector

|Aκ|︸︷︷︸
Higgs sector
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What is new for complex parameters?

Introduction of the phases:

φλ, φκ, φs , φu , φAλ
, φAκ

,
︸ ︷︷ ︸

replaced by tadpoles

φM1
, φM2

, φAt
, φAb

, φAe︸ ︷︷ ︸
Influences only on loop-level

The mixing matrix is now a 5 × 5-matrix.

We introduced for every phase a counterterm.

Two can be replaced by the two additional tadpole conditions (ta and tas ).

The phases are renormalized in the DR-scheme. Of course the tadpoles also get
a finite part!

But:
Only the new tadpole conditions get a divergent part. All other counterterms related to
phases vanish.
Why?
We don‘t know yet. Maybe they can be interpreted as part of the rotation matrix....
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Renormalization

Vµ Vν
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Renormalization conditions for
OnShell-parameters

Tadpoles:
Si

T̂ = T + δt = 0

Vector boson masses: R̃e Σ̂V
T (M

2
V ) = 0

M2
W ,Z → M2

W ,Z + δM2
W ,Z with δM2

W ,Z = R̃eΣW ,Z
T (M2

W ,Z )

Mass of charged Higgs: R̃e Σ̂(M2
H± ) = 0

M2
H± → M2

H± + δM2
H± with δM2

H± = R̃eΣ(M2
H±)

Electric charge:

e → e (1 + δZe) with δZe =
1

2

∂ΣAA
T (k2)

∂k2
|k2=0 +

sW

cW

ΣAZ
T (0)

M2
Z
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Renormalization of the DR parameters For tan β see [Freitas,

Stoeckinger]

δ tan β = δ

(
vu

vd

)
=

1

2
tan β

(
δZHu − δZHd

)
|div

And the field strenght renormalization condition is

R̃e
∂Σ̂ii

∂k2
|k2=M2

Hi

= 0

So

R̃e
∂Σii

∂k2
|k2=M2

Hi

=|Ri1|2δZHd
+ |Ri2|2δZHu + |Ri3|2δZHs+

|Ri4|2
(
(sin β)2δZHd

+ (cos β)2δZHu

)
+ |Ri5|2δZHs
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Renormalization of the DR parameters

δ|λ|, δ|κ|, δvs , δφκ, δφλ, δφu , δφs are taken from the chargino/neutralino mass
matrix → we need more conditions as in rNMSSM but we also can impose
conditions on the real and imaginary parts

MCha =




M2eiφM2
g2 vu√

2
eiφu

g2 vd√
2
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
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M1e
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−MZ SW CB MZ CW CB 0 − vs√
2

λeiφs −vuλeiφu
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2
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
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δ|Aκ| is taken from the Higgs mass matrix
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Determination of the Higgs mass

Renormalized self-energy:

Σ̂(p2)ij = Σ(p2)ij +
1

2
p2

(
δZ̃∗

ji + δZ̃ij

)
− 1

2

(
δZ̃∗

kiDkj + DikδZ̃kj
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− RikδMkl R

∗
jl
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δZHu 0 ...
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...

...
...

. . .




and D is the diagonal tree-level mass matrix D = R M R⊺
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Determination of the Higgs mass: On-Shell and
p2

= 0 approximation

On-Shell-approximation:

Σ̂ij (p
2) → Re Σ̂ij

(
1

2
(m2

i + m2
j )

)

Mass determination by the eigenvalues of the matrix M + Σ̂
Determination of the rotation matrix at one-loop by the eigenvectors of M + Σ̂
p2 = 0 approximation:

Σ̂ij(p
2) → Σ̂ij (0)

Mass determination by the eigenvalues of the matrix M + Σ̂
Determination of the rotation matrix at one-loop by the eigenvectors of M + Σ̂
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Determination of the Higgs mass: Iterative
procedure

Beginning:
Calculate the Higgs mass i as the i th eigenvalue of the matrix M + Σ̂(p2) with
p2 = m2

i,treelevel

Iteration steps:
Take the new Higgs mass (the i th eigenvalue) as new p2.
LoopTools can only treat real momenta → expansion in Im (p2).

Iteration end:
|assumed p2 − newest eigenvalue| < ǫ

Treatment of imaginary parts:
To calculate Σ̂ at p2 = M2

Σ̂(M2) ≈ Σ̂(ReM2) + i ImM2 Σ̂′(ReM2)

Problem:
How to determine the rotation matrix at One-Loop
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Determination of the Higgs mass: Pole of the
propagator [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein; Williams]

Hi Hj

ΓH
ij (p

2) = i
[
δij

(
p2 − m2

i

)
+ Σ̂ij (p

2)
]

Determine the Higgs mass as pole of the propagator

∆H = −
[
ΓH

]−1

=⇒ ∆ii =
i

p2 − m2
i + Σ̂eff

ii (p2)

The complex pole M of the propagator can be obtained by solving

M2 − m2
i + Σ̂eff

ii (M2) = 0
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Determination of the Higgs mass: Pole of the
propagator

Expansion of M2 = M2 − iMΓ in Γ around M2 leads to

M2
i − m2

i + ReΣeff
ii (M2

i ) +
ImΣeff

ii (M2
i )

(
ImΣeff

ii

)′
(M2

i )

1 +
(
ReΣeff

ii

)′
(M2

i )
= 0

The solution can be obtained by an iterative procedure.
Disadvantage:
Very slow! A lot of iteration steps are needed.

Ramona Gröber in coll. with Kathrin Ender, Margarete Mühlleitner and Heidi Rzehak –
Higgs masses in the complex NMSSM 31.03.2011 17/22



Amplitudes for external Higgs bosons

To guarantee the right behaviour for external Higgs bosons mixing must be taken into
account √

Ẑi (Γi +
5∑

j=1,j 6=i

ZijΓj )

For internal Higgs → interpretation as mixing matrix (with Zii = 1):

Z̃ij =

√
ẐiZij

with

Ẑi =
1

1 +
(
ReΣeff

ii

)′
(M2

i )
and Zij =

∆ij (M2
i )

∆ii (M2
i )

But:
Mixing matrix is not unitary.
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Results

Parameters:

λ = 0.7, κ = 0.11, vs = 442.8 GeV, Aκ = −230 GeV, Aλ = 928 GeV,

MSUSY = 1 TeV, M2 = 1 TeV, M1 =
5 sin2 θW

3 cos2 θW
M2, Q = 300 GeV,

At = Ab = Al = −750 GeV
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Results: Variation in φM2
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Results: Variation in φu

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

0 π/4 π/2

Tree-level masses

H1
H2
H3
H4
H5

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

0 π/4 π/2

One-loop masses

H1
H2
H3
H4
H5

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

0 π/4 π/2

Z-coupling

H1
H2
H3
H4
H5

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

0 π/4 π/2

CP-even part

H1
H2
H3
H4
H5

Ramona Gröber in coll. with Kathrin Ender, Margarete Mühlleitner and Heidi Rzehak –
Higgs masses in the complex NMSSM 31.03.2011 21/22



Conclusion and Outlook

The one-loop corrections are very important.

The phase dependence can, however, already be found in the tree-level
contributions.

The HZZ -coupling depends strongly on the (Higgs sector) phases → light Higgs
can have probably escaped detection at LEP

What has still to be done?

Understand why only two new divergent counterterms are generated.

Investigate mixing with Goldstone bosons.

Look at exclusion limits from LEP, Tevatron and LHC
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Results: Variation in φλ
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Results: Variation in φs
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