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The CP-violation problem
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The Sakharov conditions for baryon asymmetry:
◮ the violation of baryon number;
◮ C-violation and CP-violation;
◮ the deviation from thermodynamic.
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The CP-violation problem
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Matrix CKM: V̂CKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 =

=





C12C13 S12C13 S13e
iδ

−S12C23 − C12S23S13e
iδ C12C23 − S12S23S13e

iδ S23C13

S12S23 − C12C23S13e
iδ −S23C12 − S12C23S13e

iδ C23C13



 ,

where Cij = cosΘij , Sij = sinΘij , δ−complex phase.

[4] Gavela M.B. Standard model CP-violation and baryon asymmetry (II). Finite

temperature / M.B. Gavela [et al.] // Nucl.Phys.B. - 1994. - V.430. - P.382-426.

Matrix CKM is not enough to describe the baryon asymmetry!
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Models with the extended Higgs sector

superfield SM field spin superpartner spin

quarks/ Q̂ Q =

(

Uα

Dα

)

L

1
2

Q̃ =

(

Ũα

D̃α

)

L

0

squarks Û UαR
1
2

ŨαR 0

D̂ DαR
1
2

D̃αR 0

leptons/ L̂ LαL
1
2

L̃αL 0

sleptons Ê EαR
1
2

ẼαR 0

gauge Ĝ Ga
µ 1 G̃a

µ
1
2

bosons / Ŵ W±, W 0
1 W̃±, W̃ 0 1

2

gaugino B̂ B0
1 B̃0 1

2

Higgs/ Ĥ1 H1 =

(

H0
1

H
−

1

)

0 H̃1 =

(

H̃0
1

H̃
−

1

)

1
2

higgsino, Ĥ2 H2 =

(

H
+

2

H0
2

)

0 H̃2 =

(

H̃
+

2

H̃0
2

)

1
2

S field/ singlino Ŝ S 0 S̃ 1
2

models 2HDM MSSM NMSSM

physical 2 neutral CP-even 2 neutral CP-even 3 neutral CP-even
Higgs states 1 neutral CP-odd 1 neutral CP-odd 2 neutral CP-odd

2 charged 2 charged 2 charged
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The NMSSM

Fields can be parameterized:

Φ1 =

(

1√
2
(υ1 + h1 + ia1)

φ−
1

)

, Φ2 = eiθ
(

φ+

2
1√
2
(υ2 + h2 + ia2)

)

,

S = 1√
2
eiϕ(υ3 + h3 + ia3)

(1)

U(Φ1,Φ2, S) = −µ
2
1(Φ

†
1Φ1)− µ

2
2(Φ

†
2Φ2)− µ

2
3(S

†
S)+

+
λ1

2
(Φ†

1Φ1)
2 +

λ2

2
(Φ†

2Φ2)
2 + λ3(Φ

†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)+

+
λ5

2
(Φ†

1Φ2)(Φ
†
1Φ2) +

λ∗
5

2
(Φ†

2Φ1)(Φ
†
2Φ1)+

+λ6(Φ
†
1Φ2)(Φ

†
1Φ1)+λ

∗
6(Φ

†
2Φ1)(Φ

†
1Φ1)+λ7(Φ

†
1Φ2)(Φ

†
2Φ2)+λ

∗
7(Φ

†
2Φ1)(Φ

†
2Φ2)+

+k1(Φ
†
1Φ1)(S

†
S) + k2(Φ

†
2Φ2)(S

†
S) + k3(Φ

†
1Φ2)(S

†
S

†) + k3(Φ
†
2Φ1)(SS)+

+k4(S
†
S)2 + k5(Φ

†
1Φ2)S + k5(Φ

†
2Φ1)S

† + k6S
3 + k6(S

†)3
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Local minimum conditions of the Higgs potential

We should calculate: ∂U
∂v1

= 0, ∂U
∂v2

= 0, ∂U
∂v3

= 0 and obtain equations for:

µ2
1, µ

2
2, µ

2
12.

µ2
1 =

1

2

(

v2λ1 cos
2 β + v2(λ3 + λ4 +Reλ5)sinβ2 + v2 sinβ(3Reλ6 cosβ +Reλ7 tanβ)

)

+

+
1

2
k1v

2
3 + (

1

2
Rek3v3 +

1
√
2
Rek5)v3 tanβ,

µ2
2 =

1

2

(

v2λ2 sin
2 β + v2(λ3 + λ4 +Reλ5)cosβ

2 + v2 cosβ(3Reλ7 sinβ +Reλ6 cotβ)
)

+

+
1

2
k2v

2
3 + (

1

2
Rek3v3 +

1
√
2
Rek5)v3 cotβ,

µ2
3 =

v2

2

(

k1 cos2 β + k2 sin2 β + (Rek3 +
1

√
2v3

Rek5) sin 2β

)

+Rek4 v
2
3+

3

2
Rek6v3.

where v2 = v2
1
+ v2

2
, tanβ = v2/v1
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If CP invariance is violated, we must consider the matrix 5х5 for which the
eigenvalues do not have a definite CP-parity.

M
2 =













m11 m12 m13 m14 m15

m21 m22 m23 m24 m25

m31 m32 m33 m34 m35

m41 m42 m43 m44 m45

m51 m52 m53 m54 m55













, (2)
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m11 =
v2

2
(λ1 cos

4
β + λ2 sin

4
β + 2(λ3 + λ4 +Reλ5) cos

2
β sin2

β+

+4Reλ6 cos
3
β sinβ + 4Reλ7 cosβ sin3

β),

m12 =
1

4
(3v2(Imλ5 sin 2β + Imλ6(1 + cos 2β) + Imλ7(1− cos 2β))

−2v3(v3Imk3 +
√
2Imk5)),

m13 =
1

8
v
2(−λ1(sin 2β+sin 4β)+λ2(sin 2β−sin 4β)+2(λ3+λ4+Reλ5) sin 4β+

+4(Reλ6(cos 2β + cos 4β) +Reλ7(cos 2β − cos 4β)),

m14 = v(v3(k1 cos
2
β + k2 sin

2
β) + (v3Rek3 +

1√
2
Rek5) sin 2β),

m15 = v(v3Imk3 −
1√
2
Imk5) sin 2β,

m22 = −1

8

(

v
2(2Reλ5 sin 2β +Reλ6(1 + cos 2β) +Reλ7(1− cos 2β))+

+ 2v3(v3Rek3 +
√
2Rek5)

)

cscβ secβ,
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m23 =
1

2
v
2(Imλ5 cos 2β + (Imλ7 − Imλ6) sin 2β),

m24 = −v(v3Imk3 +
1√
2
Imk5), m25 = v(v3Rek3 −

1√
2
Rek5),

m33 =
1

16

(

v
2(λ1(1− cos 4β) + λ2(1− cos 4β) + 2(λ3 + λ4 +Reλ5)(cos 4β − 1)−

−(.4(Reλ6(cotβ + sin 4β) +Reλ7(tanβ − sin 4β))

−4v3
(

Rek3v3 +
√
2Rek5

)

cscβ secβ),

m34 =
1

2
v

(

v3(k2 − k1) sin 2β + 2

(

v3Rek3 +
1√
2
Rek5

)

cos 2β

)

,

m35 = v cos 2β

(

v3Imk3 −
1√
2
Imk5

)

,

m44 = v
2
3k4 −

1

2
√
2

(

v2

v3
Rek5 sinβ cosβ + 3v3Rek6

)

,

m45 = v
2
Imk3 sinβ cosβ − 3

√
2v3Imk6,

m55 = − 1

4v3
(v2(4Rek3v3 +

√
2Rek5) sinβ cosβ + 9

√
2v23Rek6).
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Free parameters

1.0 < tgβ ≤ 60, M1 = M2, 100ГэВ ≤ M2 ≤ 2000ГэВ,

0.0001 ≤ λ ≤ 0.7, 0 ≤ κ ≤ 0.65.

0ГэВ ≤ Aλ ≤ 1000ГэВ, −100ГэВ ≤ Aκ ≤ −10ГэВ

λ1 = λ2 =
g21 + g22

8
, λ3 =

g22 − g21
4

, λ4 = −g22
2
. (3)

k1 = |λ|2, k2 = |λ|2, k3 = λk
∗
, k4 = |k|2, k5 = λAλ, k6 =

1

3
kAk
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NMSSM parametrs for Higgs bosons scenario

CP invariance CP violation

Parameters of model \ 1 2 3 4

λ 0.002 0.01 0.35 0.14

κ 0.65 0.65 0.36 0.47

tgβ 9.5 1.75 14 50

Aλ, GeV 3 115 1000 100

Aκ, GeV −100 −100 −100 −100

mh1
\ mH1

, GeV 125 127 125 46

mh2
\ mH2

, GeV 127 848 142 125

ma1
\ mH3

, GeV 121 125 395 424

mχ0
1
, GeV 34 33 103 38
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Thank you for your attention!
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