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Abstract: We present an extension of the minimal split supersymmetry model, which is

capable of explaining the baryon asymmetry of the Universe. Instead of MSSM we start

from NMSSM and split its spectrum in such a way that the low energy theory contains

neutral particles, in addition to the content of minimal split supersymmetry. They trigger

the strongly first order electroweak phase transition (EWPT) and provide an additional

source of CP-violation. In this model, we estimate the amount of the baryon asymmetry

produced during EWPT, using WKB approximation for CP-violating sources in diffusion

equations. We also examine the contribution of CP-violating interactions to the electron

and neutron electric dipole moments and estimate the production of the neutralino dark

matter. We find that both phenomenological and cosmological requirements can be fulfilled

in this model.
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1. Introduction

In spite of approximate symmetry between particles and antiparticles, our visible Universe

is asymmetric in baryons. An explanation of this fact ought to be addressed in any vi-

able theory. Quantitatively, the measurements of the anisotropy of the cosmic microwave

background constrain the baryon-to-photon ratio [1] to be in the range

6.1 × 10−10 <
nB

nγ
< 6.9 × 10−10. (1.1)

Three necessary conditions (Sakharov conditions) must be fulfilled in the early Universe

to produce the baryon asymmetry [2]: baryon number violation, C- and CP-violation and

departure from thermal equilibrium.

Electroweak baryogenesis [3] is one of the most interesting scenarios of baryon asymme-

try generation. If the electroweak phase transition (EWPT) is of the first order, it provides

departure from thermal equilibrium in cosmic plasma, as it proceeds through nucleation

of bubbles of the broken phase, their subsequent growth and percolation. The baryon

asymmetry generated during the phase transition can be washed out by rapid sphaleron

processes in the broken phase [4]. In the Standard Model, the condition

vc

Tc
& 1.1 (1.2)
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(where Tc is the critical temperature and vc is the Higgs expectation value at this temper-

ature) would ensure that the sphaleron transitions are suppressed inside the bubbles of the

new phase [5] and the baryon asymmetry survives. Nonperturbative analysis [6] revealed

that, with the present experimental bound on the Higgs boson mass, the electroweak phase

transition in the Standard Model not only does not yield (1.2), but is definitely not of

the first order. Moreover, in spite of the presence of CP-violating phase in CKM matrix,

its contribution to the production of the baryon asymmetry is too small to explain the

observed value (1.1). The Standard Model fails to support electroweak baryogenesis.

Supersymmetry is one of the most attractive ways beyond the framework of the Stan-

dard Model. One recalls the cancellation of quadratic divergences and gauge coupling uni-

fication among the main reasons for interest in supersymmetric theories. Minimal Super-

symmetric Standard Model (MSSM) and its extensions suggest the lightest supersymmetric

particle (LSP) as a natural dark matter candidate and provide mechanisms to generate the

baryon asymmetry (for recent studies see refs. [7 – 10] and references therein).

Recently, motivated by landscape of vacua in string theory and cosmological constant

problem, models with split supersymmetry have been proposed [11, 12]. The spectrum

of these models is governed by two scales. While the electroweak scale mew determines

the masses of the Standard Model particles and additional fermionic degrees of freedom

(higgsinos and gauginos) the other MSSM particles (scalars) have masses of order of a

splitting scale ms, which generally may be in a wide range of 104 − 1015 GeV. Such a

pattern ensures the gauge coupling unification, so that split SUSY can be incorporated

into a GUT.

Split SUSY enables one to avoid phenomenological difficulties with CP- and flavor vio-

lation and also provides natural dark matter candidates. But from the point of view of the

electroweak baryogenesis,1 split supersymmetry, in its minimal version, shares some disad-

vantages of SM: the electroweak phase transition remains too weak, because the additional,

weakly coupled fermions do not strengthen EWPT. It is of interest to find a viable sce-

nario, which would be compatible with general split supersymmetry framework and would

provide conditions required for effective electroweak baryogenesis. One way, proposed in

ref. [14], is to spoil the supersymmetric relations between the gauge and Yukawa gaugino-

higgsino couplings. For rather large Yukawas, the charginos and neutralinos are light in

the symmetric phase but heavy in the broken phase, so they decouple from the cosmic

plasma at the moment of the phase transition. During the EWPT the particle species

to be decoupled transfer their entropy to the cosmic plasma, that results in the increase

of the temperature and the delay of the transition, providing a possibility to satisfy the

inequality (1.2).

In this paper we pursue another approach and propose a model which keeps all phe-

nomenologically interesting properties of the minimal split supersymmetry and at the same

time is capable of producing the baryon asymmetry at EWPT. Instead of using MSSM as

a starting point, we begin with Non-Minimal Supersymmetric Standard Model (NMSSM)

and split its spectrum in such a way as to provide the low energy theory with all features

1For a discussion of prospects of the Affleck-Dine mechanism of baryogenesis in split SUSY see ref. [13].
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required for successful electroweak baryogenesis. Indeed, additional neutral scalar fields,

which are left at low energies after the spectrum splitting, change zero temperature po-

tential and can make EWPT stronger. The model contains new sources of CP-violation

as well. Apart from their crucial role in the generation of the required amount of the

baryon asymmetry (1.1), they also contribute to the electric dipole moments (EDMs) of

electron and neutron at the level detectable in the near future experiments. Also, we study

the possibility that the lightest neutralino is dark matter particle. We find that along

with gaugino- and higgsino-like candidates there is a region of parameter space where dark

matter is mostly singlino.

The outline of this paper is as follows. Section 2 contains the description of our

model and its main features. In section 3 we study the strength of the electroweak phase

transition and show that EWPT can be the strongly first order. In section 4 we describe

the baryon asymmetry calculation procedure and present numerical results. In section 5 we

estimate the values of electron and neutron EDMs in our model. Neutralino dark matter

phenomenology is discussed in section 6 and section 7 contains our conclusions.

2. The model

We begin with the most general NMSSM. The relevant for our study part of the superpo-

tential is [15]

W = λN̂ĤuεĤd +
1

3
kN̂3 + µĤuεĤd + rN̂. (2.1)

Here2 Ĥu and Ĥd are the Higgs doublets, N̂ is a chiral superfield, which is a singlet with

respect to the SM gauge group and ε is antisymmetric 2 × 2 matrix, ε12 = 1. Soft SUSY

breaking terms for this model read

Vsoft =

(

λAλNHuεHd +
1

3
kAkN

3 + µBHuεHd + ArN + h.c.

)

(2.2)

+m2
uH†

uHu + m2
dH

†
dHd + m2

N |N |2.

Electroweak baryogenesis in NMSSM has been explored in refs. [8] in the context of low

energy supersymmetry breaking. We consider this model in the framework of split SUSY.

For this purpose some parameters need to be fine-tuned, like in the minimal split SUSY, in

such a way that the particle spectrum is split into two parts. To strengthen the electroweak

phase transition, some scalars can be recruited [16]. To preserve gauge coupling unification,

these particles should not contribute to the beta functions (or their contributions should

be canceled) at least at the leading order. So in the minimal case, the low energy theory

can contain (besides the usual split SUSY particles) singlets with respect to the SM gauge

group.

We consider the theory in which the only new source of explicit CP-violation is µ-

parameter which for concreteness we take to be exactly imaginary. All other parameters

(including Bµ-term) of the theory (2.1), (2.2) are taken to be real (except in the analysis

2We denote superfields and their scalar components by letters with hat and without hat, respectively.
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of the electron and neutron EDMs). This is a purely technical assumption which we make

in order that the parameter space to be tractable.

We examine splitting in the (Hu,Hd, N) sector only, because decoupling of squarks

and sleptons is supposed to be similar to the case of the minimal split SUSY. The tree

level scalar potential of NMSSM is

V = VD + VF + Vsoft , (2.3)

where

VD =
g2

8

(

H†
dσaHd + H†

uσaHu

)2
+

g′2

8

(

|Hd|2 − |Hu|2
)2

, (2.4)

VF = |λHuεHd + kN2 + r|2 + |λN + µ|2
(

H†
uHu + H†

dHd

)

, (2.5)

and the Higgs doublets are Hu =
(

H+
u ,H0

u

)T
and Hd =

(

H0
d ,H−

d

)T
. Let us choose the

vacuum expectation values for neutral scalars as follows,

〈H0
d〉 =

1√
2
vd, 〈H0

u〉 =
1√
2
vueiφH , 〈N〉 =

1√
2

(vS + ivP ) ≡ 1√
2

√

v2
S + v2

P eiφS .

Here we have taken into account that the effective potential depends only on the sum

of the phases of vev’s of the Higgs doublets and one of these phases can be set equal to

zero by a gauge transformation. The stationarity condition with respect to the phase φH ,

∂V/∂φH = 0, gives the following relation

sinφH = −
kλ
2

(

v2
S + v2

P

)

sin (φH − 2φS) + λAλ√
2

√

v2
S + v2

P sin (φS + φH)

Bµ + λr
. (2.6)

To split the spectrum of the theory, we take soft SUSY breaking parameters Bµ, m2
u and

m2
d of the order of the splitting scale m2

s and all other parameters in the scalar sector

(including all vev’s) of the order of the electroweak scale mew. Equation (2.6) implies

the estimate |φH | ∼ (mew/ms)
2 and therefore this phase can be safely neglected in the

following analysis.

We find that vev’s of the scalar fields at the minimum of the potential (2.3) must

satisfy the following conditions

m2
u =

ḡ2

8
v2 cos 2β − λ2

2
v2 cos2 β − λ2

2
v2
S −

(

|µ| + λ√
2
vP

)2

+ m2
A cos2 β, (2.7)

m2
d = − ḡ2

8
v2 cos 2β − λ2

2
v2 sin2 β − λ2

2
v2
S −

(

|µ| + λ√
2
vP

)2

+ m2
A sin2 β, (2.8)

m2
N + 2kr =

1

2
kλv2 sin 2β − k2

(

v2
S + v2

P

)

− λ2

2
v2 +

λAλ

2
√

2
· v2

vS
sin 2β (2.9)

−kAk√
2

(

vS − v2
P

vS

)

−
√

2
Ar

vS
,

m2
N − 2kr = −1

2
kλv2 sin 2β − k2

(

v2
S + v2

P

)

− λ2

2
v2 − λ|µ|v2

√
2vP

+
√

2kAkvSvP , (2.10)
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where we use the notations tan β = vu/vd, v2 = v2
u + v2

d, ḡ2 = g2 + g′2 and

m2
A =

2

sin 2β

(

λr +
kλ

2

(

v2
S − v2

P

)

+
1√
2
λAλvS + µB

)

.

We expand the scalar fields about their vev’s as follows,

ReH0
d = 1√

2

(

vd + h0 cos β − H0 sin β
)

, ImH0
d = 1√

2

(

A0 sin β + G0 cos β
)

,

ReH0
u = 1√

2

(

vu + h0 sin β + H0 cos β
)

, ImH0
u = 1√

2

(

A0 cos β − G0 sin β
)

,

H−
d = G− cos β + H− sin β, H+

u = H+ cos β − G+ sin β,

N = 1√
2
(vS + S + i(vP + P )) .

Here G± and G0 are Goldstone modes which are eaten, due to the Higgs mechanism, by

W±- and Z0-bosons, respectively, h0 and H0 are the neutral scalar Higgs bosons, A0 is the

Higgs pseudoscalar, S and P are singlet scalar and pseudoscalar fields.

Let us choose the basis in the space of neutral scalars as (h0,H0, A0, S, P ). By making

use of the conditions (2.7) - (2.10), the elements of 5 × 5 squared mass matrix for neutral

scalars read as follows,

M2
11 =

ḡ2v2

4
cos2 2β +

λ2v2

2
sin2 2β, (2.11)

M2
22 = m2

A − λ2v2

2
sin2 2β +

ḡ2v2

4
sin2 2β, (2.12)

M2
33 = m2

A, (2.13)

M2
44 = 2k2v2

S +
λAλ

2
√

2

v2

vS
sin 2β +

kAk√
2

(

vS +
v2
P

vS

)

−
√

2
Ar

vS
, (2.14)

M2
55 = 2k2v2

P − λ√
2

|µ|v2

vP
, (2.15)

M2
12 = M2

21 =

(

λ2

4
− ḡ2

8

)

v2 sin 4β, (2.16)

M2
13 = M2

31 = −kλvSvP +
λAλ√

2
vP , (2.17)

M2
14 = M2

41 = −kλvSv sin 2β + λ2vSv − λAλ√
2

v sin 2β, (2.18)

M2
15 = M2

51 = kλvP v sin 2β +
√

2λv

(

|µ| + λ√
2
vP

)

, (2.19)

M2
23 = M2

32 = 0, (2.20)

M2
24 = M2

42 = −kλvSv cos 2β − λAλ√
2

v cos 2β, (2.21)

M2
25 = M2

52 = kλvP v cos 2β, (2.22)

M2
34 = M2

43 = −kλvvP , (2.23)

M2
35 = M2

53 = −kλvvS +
λAλ√

2
v, (2.24)

M2
45 = M2

54 = 2k2vSvP −
√

2kAkvP . (2.25)
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For the squared masses of the charged Higgs bosons one has m2
H± = m2

A − λ2v2

2 + g2v2

4 .

From the expressions for the scalar mass matrices it can be easily seen that, like in the

minimal split SUSY, one can split the particle spectrum by taking µB parameter of order

of the squared splitting scale m2
s. This means that the charged higgses, one scalar H0 and

one pseudoscalar A0 from the Higgs sector become heavy. It is straightforward to check

that the low energy effective Lagrangian is obtained by the same substitution for the Higgs

doublets as in the minimal split SUSY [12]

Hu → H sinβ, Hd → εH∗ cos β, (2.26)

where H is the Standard Model Higgs doublet. After the replacement (2.26) and including

interactions with fermions, we arrive at the Lagrangian for light degrees of freedom

L = LV + LY.

It consists of two parts: the scalar potential

−LV =
ḡ2

8
cos2 2β

(

H†H
)2

+ |r + kN2 − λ

2
sin 2βH†H|2 + |λN + µ|2H†H

+

(

−λ

2
Aλ sin 2βNH†H − µB

2
sin 2βH†H +

1

3
kAkN

3 + ArN + h.c.

)

+
(

m2
u sin2 β + m2

d cos2 β
)

H†H + m2
N |N |2 (2.27)

and the Yukawa interactions

−LY = −λNH̃uεH̃d − λ sin βHT ε
(

H̃dñ
)

+ λ cos β
(

ñH̃u

)

H∗ − kNññ + h.c., (2.28)

where H̃u and H̃d are higgsinos and ñ is singlino, which is the fermionic component of the

singlet chiral superfield N̂ . In the above expressions we omitted terms with the Yukawa

couplings of quarks to the Higgs bosons, gaugino interactions and mass terms, which are

the same as the ones in ref. [12]. For this Lagrangian to describe the low energy physics, all

terms are to be of the order of electroweak scale. Inspecting the Higgs mass term in (2.27)

(see also eq. (2.31) below) and eqs. (2.7), (2.8), one can find that a strong cancellation in

the combination m2
u tan β + m2

d cot β − 2Bµ has to take place.

A special feature of our model, as compared to the minimal split SUSY, is that after

splitting there remain relatively light singlet fields: complex scalar N and Majorana fermion

ñ.

It is often assumed that NMSSM possesses Z3-symmetry, which implies µ = r = Ar =

Bµ = 0. It was argued in ref. [17], that the splitting of Z3-symmetric theory, which

leads to the same particle content as the one described above, results in the relations

λ ∼ (mew/ms)
2 and 〈N〉 ∼ m2

s/mew; therefore, the cubic term in the scalar effective

potential behaves effectively like quadratic during the electroweak phase transition. This

means that EWPT cannot be strong enough in that case and electroweak baryogenesis

does not work. Thus we do not impose the Z3-symmetry and take all parameters in (2.1)

and (2.2) to be non-zero.

– 6 –
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Figure 1: Examples of the Feynman diagrams, which generate terms in the last line in eq. (2.29).

The Lagrangian (2.27), (2.28) describes interactions at the splitting scale ms, which

is taken below to be 109 GeV, if not stated otherwise. To obtain the low energy theory,

the couplings in (2.27), (2.28) should be changed according to the renormalization group

equations (RGE). The set of RGE for dimensionless couplings is presented in appendix A.

Below the splitting scale ms, the theory is described by the following Lagrangian

− LV = −m2H†H +
λ̃

2

(

H†H
)2

+ iÃ1H
†H (N − N∗) +

+Ã2H
†H (N + N∗) + κ1|N |2H†H

−κ2H
†H

(

N2 + N∗2) + m̃2
N |N |2 + λN |N2|2 +

+
1

3
Ãk

(

N3 + N∗3) + Ãr (N + N∗)

+

(

m̃2

2
N2 +

1

2
Ã3N

2N∗ + ξN4 +
η

6
N3N∗ + h.c.

)

(2.29)

and

−LY =
M2

2
W̃ aW̃ a +

M1

2
B̃B̃ + (µ + κN) H̃T

u εH̃d − kNññ

+H†
(

1√
2
g̃uσaW̃ a +

1√
2
g̃′uB̃ − λuñ

)

H̃u

+HT ε

(

− 1√
2
g̃dσ

aW̃ a +
1√
2
g̃′dB̃ − λdñ

)

H̃d + h.c., (2.30)

where we have also written explicitly the interactions between the Higgs bosons, higgsinos

and gauginos. The terms, analogous to ones with couplings Ã3, ξ, η in the last line in

eq. (2.29), are absent in eq. (2.27), but they are generated below ms by quantum corrections

coming from one-loop diagrams of the types presented in figure 1.

Comparing the Lagrangians (2.27), (2.29) and (2.28), (2.30), we read off the following

matching conditions between the coupling constants, which are valid at the splitting scale

ms,

m2 = −
(

m2
u sin2 β + m2

d cos2 β − µB sin 2β + |µ|2 − λr sin 2β
)

, (2.31)

Ã1 = λµ, Ã2 = −λAλ sinβ cos β,

κ1 = λ2, κ2 = −λk sin β cos β, λN = k2,

– 7 –
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Ãk = kAk, m̃2 = 2kr, Ãr = Ar, m̃2
N = m2

N , (2.32)

λ̃ =
ḡ2

4
cos2 2β +

λ2

2
sin2 2β, κ = λ, (2.33)

λu = λ cos β, λd = −λ sinβ, (2.34)

Ã3 = η = ξ = 0 (2.35)

and, like in the minimal split SUSY,

g̃u = g sin β, g̃d = g cos β, g̃′u = g′ sin β, g̃′d = g′ cos β. (2.36)

The aforementioned cancellation in (2.31) results in m2 ∼ m2
ew. The matching conditions

provide the initial values for RGE. We use 2-loop RGE for gauge couplings and 1-loop RGE

for other dimensionless couplings, neglecting threshold effects. The coupling constants,

additional to the minimal split SUSY, begin to contribute to the running of the gauge

couplings only at 2-loop level and do not spoil their unification.

In the next section we investigate EWPT in this model and study the properties of

one-loop effective potential. Its zero temperature part [21] is written in DR scheme as

follows,

V (1) =
∑

i

(±)
1

64π2
nim

4
i

[

log
m2

i

q2
− 3

2

]

, (2.37)

where the sum runs over all particle species of field-dependent mass mi with ni degrees of

freedom. Upper and lower signs correspond to the boson and fermion cases, respectively.

The renormalization scale q is chosen to be 100 GeV. We include loop contributions from

top quark, gauge and Higgs boson, singlet (pseudo)scalars. Let us single out the terms in

Vtree ≡ −LV , which are quadratic in vev’s v, vS and vP , e.g.,

Vtree = −m2

2
v2 +

m2
S

2

(

v2
S + v2

P

)

+
m̃2

2

(

v2
S − v2

P

)

+ V >2
tree, (2.38)

where the last term denotes the rest of the tree level potential. Imposing the conditions

− m2 +
1

v

∂

∂v

(

V >2
tree + V (1)

)

= 0 , (2.39)

m2
S + m̃2 +

1

vS

∂

∂vS

(

V >2
tree + V (1)

)

= m2
S − m̃2 +

1

vP

∂

∂vP

(

V >2
tree + V (1)

)

= 0 , (2.40)

one ensures that minimum remains at (v, vS , vP ).

Let us describe the part of the parameter space, relevant for our study. There are

three dimensionless parameters tan β, λ, k, which a priori take any values compatible

with the weak coupling regime in both high-energy and low-energy theories. In addition,

the low-energy spectrum has to be phenomenologically viable. To reduce the parameter

space of the model, in what follows we fix these dimensionless parameters at the splitting

scale as (unless stated otherwise),

tan β = 10, λ = 0.6, k = −0.5. (2.41)

There is nothing special in this set, except of the choice of rather large value of tan β. As

it will be argued in section 4, if tan β ∼ 1, produced amount of the baryon asymmetry is

– 8 –
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zero within the semiclassical approximation for CP-violating sources. Quantitatively, the

numbers we obtain (the exact amount of the baryon asymmetry, predictions for EDMs,

etc.) are stable with respect to small variations of these parameters about the point (2.41).

The dimensionful parameters are taken at the electroweak scale. So, we do not assume

universal boundary conditions for soft supersymmetry breaking terms. Below we vary

some of the parameters keeping several relations between them to simplify the analysis.

For m2, m̃2
N and m̃2 we substitute the corresponding expressions in terms of v, vS and

vP , which follow from eqs. (2.39), (2.40). Since we take µ to be imaginary and CP is

violated in the Higgs sector, two scalars and one pseudoscalar generally mix. We restrict

our considerations (the only reason is to reduce the number of free parameters) to the case

where mixing between the physical Higgs boson and two other (pseudo)scalars is absent;

in fact this can be achieved by tuning trilinear constants Ã1, Ã2. Nonzero Ã3 is generated

by radiative corrections, hence generically it is small and is not very important, so we set it

equal to zero. We also choose Ãr = 0 for concreteness. The free dimensionful parameters

we are left with are vev’s of singlet scalars vS , vP , gaugino masses M1, M2, M3 and

trilinear coupling constant Ãk.

We use the RGE as follows. We take known values of the gauge and top Yukawa

couplings derived from the following relations: 3 αs(MZ) = 0.117, yt(mt) = 0.95, MZ =

91.19 GeV, MW = 80.42 GeV. These four couplings run up to the scale µ = ms according

to truncated RGE, in which we leave only yt, gi, i = 1, 2, 3. At the splitting scale we

take the set of other parameters in (2.29) and (2.30), obeying initial conditions (2.41) and

matching conditions (2.33- 2.36). Then all couplings run down to the electroweak scale

in accordance with the full set of RGE. Because of additional coupling constants in RGE,

the procedure described above does not give the correct low energy pattern of gauge and

top Yukawa couplings we started with. Therefore, we tune top Yukawa coupling at the

splitting scale ms and check that obtained values of g1, g2, g3 and yt at the electroweak

scale are within experimental error bars. Also we check that all couplings remain in the

perturbative regime up to the GUT scale.

In our restricted parameter space we use RGE to obtain the Higgs boson mass mh.

The dependence of mh on the splitting scale ms is plotted in figure 2. To obtain the plots

shown in figure 2, we use initial conditions (2.41) for λ and k, and vary the value of β. In

this analysis we take into account the experimental uncertainties in the determination of

the top quark mass.

The values of the tree level Higgs boson mass are generally within the same range

as in the minimal split supersymmetry [11, 19]. The upper bound on mh is increased

in comparison with MSSM. We have also found that the dependence of the Higgs boson

mass mh on k is within 1% in the whole perturbative range of k, while mh increases

from 144.6 GeV at λ = 0.0 to 160.0 GeV at λ = 0.7 (other parameters in this case are

k = −0.5, cos 2β = 0, ms = 109 GeV).

Below we use the two reference points for the relevant parameters of the model, which

3The adopted value of yt corresponds to the top quark mass 171.6 GeV. This value is consistent with

the latest preliminary combined results of CDF and D0 [18] mt = 171.4 ± 2.1 GeV (yt ∼ 0.94 − 0.97).
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Figure 2: The dependence of the Higgs boson mass on the splitting scale ms. Solid lines are for

cos 2β = 0 case, while dotted ones are for cos 2β = −1. Top Yukawa coupling equals to 0.97 for

thin lines and 0.94 for thick lines.

vS vP Ã1 Ã2 Ãk µ

(1) 166 310 83.6 −40.0 −1.1 69.6

(2) 110 −310 −78.3 −24.8 −1.0 −65.2

Table 1: Two examples of parameters. All values are in GeV.

are presented in table 1. Both of them correspond to mh = 149 GeV.

3. Electroweak phase transition

For successful electroweak baryogenesis the phase transition must be strongly first order, so

that the condition vc/Tc & 1.1 should be satisfied. Now we turn to the analysis of EWPT

in our model within the parameter space outlined above. The standard analytical way to

deal with this problem is based on the methods of finite temperature field theory (see, e.g.,

ref. [20] and references therein).

Finite temperature one-loop effective potential for the Higgs and singlet scalar fields

reads as follows,

VT (v, vS , vP ) = Vtree(v, vS , vP ) + V (1)(v, vS , vP ) + V
(1)
T (v, vS , vP ). (3.1)

Here the first and the second terms are the tree level part of the potential (2.29) and 1-

loop contribution (2.37), respectively. The third term is the one-loop contribution at finite

temperature [22],

V
(1)
T =

∑

i

fi (mi, T ) , (3.2)
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with

fi (mi, T ) = (±)
T 4

2π2

∫ ∞

0
dxx2 log

(

1 ∓ e−
√

x2+(mi/T )2
)

, (3.3)

where we use the same notations as in eq. (2.37). We found that in numerical calculations

it is convenient to use the following approximation

fB (m,T ) = −π2T 4

90
+

m2T 2

24
− m3T

12π
− m4

64π2
ln

m2

cBT 2
, for

m

T
< 2.2

fF (m,T ) = −7π2T 4

720
+

m2T 2

48
+

m4

64π2
ln

m2

cF T 2
, for

m

T
< 1.6,

where ln cB ≈ 5.41 and ln cF ≈ 2.64. The approximation

fB,F (m,T ) = −
( m

2πT

)3/2
T 4e−

m
T

(

1 +
15T

8m

)

,

is valid for bosons at m/T > 3.0 and for fermions at m/T > 2.2. We adopt linear inter-

polation between high- and low-temperature regimes. We define the critical temperature

Tc as a temperature at which the first bubbles of true vacuum begin to nucleate. It takes

place when S3 (Tc) /Tc ∼ 130 − 140 [16] where S3 (T ) is the free energy of critical bubble.

The critical bubble is a saddle point of the free energy functional, which for spherically

symmetric configurations reads

S3 (T ) = 4π

∫ ∞

0
drr2

[

(

dh

dr

)2

+

(

dS

dr

)2

+

(

dP

dr

)2

+ VT (h, S, P )

]

.

Here the effective potential VT is defined by eq. (3.1), and shifted in such a way as to obey

VT (0, Ss, Ps) = 0, where Ss and Ps are the values of the scalar and pseudoscalar fields in

the symmetric phase. The bubble profile satisfies the equations of motion

Eh (r) =
d2h

dr2
+

2

r

dh

dr
− ∂VT

∂h
= 0,

ES (r) =
d2S

dr2
+

2

r

dS

dr
− ∂VT

∂S
= 0,

EP (r) =
d2P

dr2
+

2

r

dP

dr
− ∂VT

∂P
= 0

and obeys the boundary conditions

(h(r), S(r), P (r)) |r=∞ = (0, Ss, Ps) ,

(

dh

dr
,
dS

dr
,
dP

dr

)

|r=0 = (0, 0, 0) . (3.4)

To find the critical bubble profile numerically we use the method, originally proposed in

ref. [23] for MSSM and further developed in ref. [24]. Namely, we seek for the absolute

minimum of the following functional,

F [h(r), S(r), P (r)] = 4π

∫ ∞

0
drr2

[

E2
h (r) + E2

S (r) + E2
P (r)

]

,

over the space of functions satisfying the boundary conditions (3.4).
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Tc vc Sc Pc Ss Ps S3/T δT (vc) δT (0)

(1) 88 218.4 166.4 308.4 350 68 130 0.13 0.67

(2) 96 215 110.8 −307.6 326.5 −70.4 133 0.18 0.59

Table 2: Examples of parameters of the strongly first order phase transition. All dimensionful

values are in GeV.

 0
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h(r)
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Figure 3: The critical bubble profile for the set (1) in table 2.

We present the results of numerical analysis for parameters given in table 1. In fact,

these values were chosen to have the first order phase transition. In table 2 we show the

following quantities: the critical temperature Tc, the critical values of the Higgs, scalar

and pseudoscalar fields, vc, Sc and Pc, respectively, and also the values of the scalar and

pseudoscalar fields, Ss and Ps, in the symmetric phase at the critical temperature. The

critical bubble profile (i.e. the dependence of the scalar fields on radial coordinate) for the

set (1) of the parameters in table 1 is presented in figure 3.

The points in table 2 correspond to the strongly (vc/Tc > 1) first order phase transition.

Let us comment briefly on the applicability of the perturbation theory for the calcula-

tion of the effective potential VT near the critical temperature. Generally, the perturbation

theory at finite temperature is plagued by IR divergences coming from the gauge and scalar

sectors.4 The IR divergences in the gauge sector invalidate the perturbative calculations

at v = 0. However, the small magnetic mass (of order of g2T/ (4π)) of the gauge bosons is

generated nonperturbatively, and it serves the infrared cutoff for the perturbation theory.

It was shown in ref. [26] that the effect of the magnetic mass renders the one-loop effective

4Fermions have no Matsubara zero modes, so their contributions are finite in the infrared region.
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potential a good approximation even near v = 0. This effect comes from the interaction

of gauge bosons and in our model it is the same as in SM. As for scalar sector, the di-

mensionless expansion parameter δT for unresummed effective potential can be estimated

as δT (v) = δ̃T 2/6m2
T (v) [27], where mT (v) is the smallest thermal mass of scalar particle

(we do not show explicitly the dependence of δT on vev’s of singlet scalar fields) and δ̃ is

the corresponding coupling constant, which, for our parameter choice, is equal to λ̃ ∼ 0.36

(cf. eq. (2.33)). We have calculated the thermal mass and the expansion parameter at

the critical temperature Tc for both minima of the effective potential VT and present the

results in the last two columns of table 2. One concludes that the perturbation theory is

applicable for the points in table 2.

4. The baryon asymmetry

In this section we estimate the amount of the baryon asymmetry produced during the

phase transition. There are several approaches to this problem (see, e.g., [28 – 30] and

references therein). We have chosen to use the diffusion approximation for the description

of the particle densities in the presence of moving bubble wall and WKB approximation for

the CP-violating sources. We take into account CP-violation coming from chargino sector

only. For the sake of simplicity, we ignore the singlino sector contribution to the diffusion

equations leaving this for future study.

According to the semiclassical picture, particles and antiparticles have different disper-

sion relations in CP-violating background of the bubble wall [31]. Initially, the asymmetry

in their densities emerges in the chargino sector and then, due to interactions and diffusion

processes, it is transmitted into the densities of other particle species including left-handed

fermions and, finally, to the baryon asymmetry.

We derive the diffusion equations along the lines of ref. [32]. We describe the behaviour

of the i-th type of particles by the currents jiµ =
(

ni,~ji

)

, where ni is the particle density

and ~ji is the current density. In the diffusion approximation the current densities have the

form ~ji = −Di
~∇ni, where Di are diffusion constants, so diffusion equations can be written

in the form

ṅi − Di∇2ni = Ii . (4.1)

Here the dot denotes the time derivative, Ii are source terms to be described below. To

the linear order in chemical potentials µi, one has

ni = gi

∫

d3k

(2π)3
[f(Ei, µi) − f(Ei,−µi)] =

ki(mi/T )T 2

6
µi, (4.2)

where gi is the number of degrees of freedom, f(Ei, µi) is boson (or fermion) distribution

function, factor ki(mi/T ) is equal to 2 (1) for one boson (fermion) massless degree of

freedom (mi = 0) and is exponentially suppressed in the limit mi/T → ∞.

First, we neglect CP-violating reactions and weak sphalerons. The CP-conserving part

of the source terms can be written (again, to linear order in chemical potentials) as follows,

Ii =
∑

r

Γr
i

∑

k

µk, (4.3)
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where the first sum runs over all reactions with the rate Γr
i , in which the i-th type of par-

ticles participates, and the second sum runs over all types of particle species participating

in the r-th reaction. As an example, for the process A + 2B → C + 3D with rate Γ the

corresponding term for particle A is IA ⊃ −ΓA (µA + 2µB − µC − 3µD).

We neglect all Yukawa interactions except for the top quark. Then, leptons do not

participate in the processes of diffusion of the particle-antiparticle asymmetry. Moreover,

strong sphalerons, induced by the operator
∏3

i=1 ūRiuLid̄RidLi, where index i runs over

three generations of quarks, are the only processes which produce light quarks; therefore,

one algebraically constrains the quark densities as follows,

nQ1
= nQ2

= −2nuR
= −2ndR

= −2nsR
= −2ncR

= −2nB, (4.4)

where nQi
≡ nuLi

+ ndLi
, (i = 1, 2, 3) are the densities of left doublets and nB ≡ nbR

.

The conservation of the baryon number, along with aforementioned constraints, results in

nB + nT + nQ = 0, where we use the standard notations nT ≡ ntR and nQ ≡ nQ3
.

Since we neglect the singlet sector contribution, we only write down5 the source terms

for the Higgs doublet H ′ =
(

H+,H0
)T

(we use prime here to save the notation H for later

use), higgsinos H̃u =
(

H̃+
u , H̃0

u

)T
, H̃d =

(

H̃0
d , H̃−

d

)T
and heavy quarks Q = (tL, bL)T ,

tR and bR . The gauge interactions are assumed to be in equilibrium, so the chemical

potentials of the gauge bosons are equal to zero. Therefore, the chemical potentials of the

particles in SU(2)L doublets are equal and, for our purposes, it is sufficient to consider

only the sums of densities nQ = ntL + nbL
, nH′ = nH+ + nH0 , nH̃u

= nH̃+
u

+ nH̃0
u

and

nH̃d
= nH̃0

d
+ nH̃−

d
. We also make usual assumptions, that the chemical potentials of winos

and bino are zero, being driven by the high rate of helicity flipping interactions induced by

their Majorana mass terms.

The following interactions are considered in the diffusion equations:

i) Strong sphalerons with the rate Γss = 6κss
8
3α4

sT , where κss = O(1) [32],

ii) Top quark Yukawa interactions ytQ̄tH with the rate ΓY ,

iii) Interactions due to the term µ̃H̃uεH̃d with the rate Γµ,

iv) Top quark mass effects with the rate Γm,

v) Higgs boson self interactions with the rate ΓH ,

vi) Higgs-higgsino-gaugino interactions with the rates Γu and Γd for up and down hig-

gsino doublets, respectively.

We neglect the curvature of the bubble wall and suppose that the main part of the

baryon asymmetry is produced when the bubble expands already in the stationary regime.

It means that near the wall all space-time dependent quantities should depend only on the

combination z + vwt, where vw is the bubble wall velocity and z is a coordinate along the

5We work in basis of the fields in the unbroken phase.

– 14 –



J
H
E
P
0
2
(
2
0
0
7
)
0
5
5

axis, perpendicular to the wall, whose positive direction points to the broken phase. In

particular, ni (~r, t) = ni (z + vwt) and hence ṅi = vwni.

With above assumptions one writes the diffusion equations as follows

vwn′
Q − Dqn

′′
Q = − (µQ − µT − µH′) ΓY − (µQ − µT ) Γm (4.5)

−6 (2µQ − µT + 9µB) Γss,

vwn′
T − Dqn

′′
T = (µQ − µT − µH′) ΓY + (µQ − µT ) Γm (4.6)

+3 (2µQ − µT + 9µB) Γss,

vwn′
H′ − Dhn′′

H′ = − (µH′ − µQ + µT ) ΓY −
(

µH′ − µH̃u

)

Γu (4.7)

−
(

µH′ + µH̃d

)

Γd − µH′ΓH ,

vwn′
H̃u

− Dhn′′
H̃u

= −
(

µH̃u
− µH′

)

Γu −
(

µH̃u
+ µH̃d

)

Γµ + Su, (4.8)

vwn′
H̃d

− Dhn′′
H̃d

= −
(

µH̃d
+ µH′

)

Γd −
(

µH̃u
+ µH̃d

)

Γµ + Sd, (4.9)

where it is also assumed that the diffusion constants Dq are the same for all quarks and Dh

for all higgses and higgsinos. Here we include CP-violating sources Su and Sd, which we

describe later. Neglecting moderate RG effects one estimates the ratio Γu/Γd = tan2 β. We

consider the limit of large tan β, when Γu À Γd, and assume the interactions corresponding

to the rate Γu to be in equilibrium, which implies the constraint µH′−µH̃u
= 0. Introducing

the notation Γµ̃ ≡ Γµ + Γd and excluding the terms with Γu from eqs. (4.7), (4.8), one can

write down the following linear combinations

IH′ + IH̃u
= − (µH′ − µQ + µT ) ΓY − (µH′ + µHd

) Γµ̃ − µH′ΓH + Sd, (4.10)

IH̃d
= − (µHd

+ µH′) Γµ̃ + Su. (4.11)

Upon defining the densities

nh = nH′ + nH̃u
+ nH̃d

, nH = nH′ + nH̃u
− nH̃d

,

we obtain the following set of diffusion equations

vwn′
Q = Dqn

′′
Q − ΓY

[

nQ

kQ
− nT

kT
− nH + nh

kH1

]

− Γm

[

nQ

kQ
− nT

kT

]

(4.12)

−6Γss

[

2
nQ

kQ
− nT

kT
+ 9

nQ + nT

kB

]

,

vwn′
T = Dqn

′′
T + ΓY

[

nQ

kQ
− nT

kT
− nH + nh

kH1

]

+ Γm

[

nQ

kQ
− nT

kT

]

(4.13)

+3Γss

[

2
nQ

kQ
− nT

kT
+ 9

nQ + nT

kB

]

,

vwn′
H = Dhn′′

H + ΓY

[

nQ

kQ
− nT

kT
− nH + nh

kH1

]

− ΓH
nH + nh

kH1

+ Su − Sd, (4.14)

vwn′
h = Dhn′′

h + ΓY

[

nQ

kQ
− nT

kT
− nH + nh

kH1

]

− 2

[

nH

kH
+

nh

kh

]

Γµ̃ (4.15)

−nH + nh

kH1

ΓH + Su + Sd,
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where

kH1
= 2(kH′ + kH̃u

), kH =
2(kH′ + kH̃u

)kH̃d

kH̃d
− kH′ − kH̃u

, kh =
2(kH′ + kH̃u

)kH̃d

kH̃d
+ kH′ + kH̃u

.

We note in passing that in the case tan β ∼ 1, the assumption, that Γu and Γd are in equi-

librium leads to a single diffusion equation for nH , which is sourced only by the difference

Su − Sd. As we will discuss later, in the semiclassical limit Su = Sd, hence no baryon

asymmetry is produced, however, other approaches to the calculation of the CP-violating

sources, see, e.g., [29, 34, 35]) can lead to non-zero difference Su − Sd.

Making standard assumption that strong sphaleron and Yukawa interactions are in

equilibrium and follow procedure described in ref. [29], we find the relations

nT = − kT (2kB + 9kQ)

kH1
(9kQ + 9kT + kB)

(nH + nh) ,

nQ =
kQ (9kT − kB)

kH1
(9kQ + 9kT + kB)

(nH + nh) (4.16)

and the equations for densities nH and nh

A
(

n′
H

n′
h

)

= D

(

n′′
H

n′′
h

)

− G
(

nH

nh

)

+ S, (4.17)

where

A =

(

1 F
F+G

F
F+G 1

)

, D =

(

D̄q + D̄h D̄q

D̄q D̄q + D̄h

)

,

G =

(

Γ̄m + Γ̄h Γ̄m + Γ̄h

Γ̄m + Γ̄h + 2Γ̄µ̃ Γ̄m + Γ̄h + 2kH

kh
Γ̄µ̃

)

, S =

(

G
G+F (Su + Sd)

G
G+F (Su − Sd)

)

,

(4.18)

where Γ̄i = G
G+F Γi, D̄q = F

F+GDq, D̄h = G
F+GDh and

F = 9kQkT + kQkB + 4kT kB , G = kH1
(9kQ + 9kT + kB) .

Using (4.16), one finds the density of left-handed fermions

nLeft = nQ1
+ nQ2

+ nQ3
= 4nT + 5nQ

=
5kQkB + 8kT kB − 9kQkT

kH1
(kB + 9kQ + 9kT )

(nh + nH) ≡ A · (nh + nH). (4.19)

For our set of statistical factors (kQ = 6, kT = 3, kB = 3, kH′ = 4, kH̃u
= kH̃d

= 2 in the

massless case), which is the same as in SM (except for the higgsino sector), the value of

constant A equals zero. This is well known Standard Model suppression [36]. As shown in

ref. [14] for similar situation, the corrections due to subleading O(1/Γss) effects are small,

while radiative corrections to the thermal masses of particles give a sizable contribution

mainly due to the top Yukawa coupling,

A =
3

2kH1

(

− 3y2
t

8π2

)

. (4.20)
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The space-time distribution of left-handed fermions acts as a source for baryon asymme-

try [29], which obeys the following equation

vwn′
B(z) = −θ(−z) [nF ΓwsnLeft(z) + RnB ] , (4.21)

where Γws is the weak sphaleron rate (Γws = 6κwsα
5
wT , where κws = 20 ± 2 [37]), R is the

relaxation coefficient [28, 38] (R = 5
4nF Γws), and nF = 3 is the number of families. Here

theta-function implies that the weak sphalerons are active only in the unbroken phase. The

solution of this equation can be obtained analytically, and the resulting baryon asymmetry

takes the form

nB = −nF Γws

vw

∫ 0

−∞
dznLeft(z)ezR/vw . (4.22)

In the WKB approximation, the source terms6 Su and Sd are derived from chargino

dispersion relations. The mass matrix of charginos reads as follows,

Mch =

(

M2
1√
2
g̃uh(z)

1√
2
g̃dh(z) µ̃(z)

)

, (4.23)

where we introduce the notation µ̃(z) = µ + κ (S(z) + iP (z)) /
√

2. The expressions for the

sources (up to overall factor) come from ref. [8], where it has been shown that, in fact, the

CP-violating sources for higgsinos H̃u and H̃d are equal, so only the equation for density

nh is sourced. The expressions for the sources read

Su = Sd =
T 2Dhvw

6〈p2
z/E〉0

{

〈A〉
[

θ′ − γ′ sin2 a + δ′ sin2 b
]′

+ 〈B〉(m2
h̃
)′
[

θ′ − γ′ sin2 a + δ′ sin2 b
]

}′
,

(4.24)

where

〈A〉 =

〈 |pz||mh̃|2
2E2

〉

+

, 〈B〉 =

〈 |pz|(E2 − |mh̃|2)
2E4

〉

+

, (4.25)

and E2 = p2 + m2
h̃
, pz is the component of the spatial momentum perpendicular to the

wall, and mh̃ is the mass eigenstate of the matrix (4.23), which becomes pure higgsino

in the unbroken phase. The thermal averages 〈 〉+ and 〈 〉0 are performed with fermion

distribution function

〈A (~p)〉 =

∫

d3p (df/dE) A (~p)
∫

d3p (df/dE) |m=0
,

df

dE
= −β

eβE

(eβE + 1)
2 (4.26)

for massive (+) and massless (0) cases, respectively. The other quantities in eq. (4.24)

6Here we include CP-violating sources only for charginos. We make the standard assumption that the

contribution of neutralinos produce a correction by a factor of order unity to the final result for the baryon

asymmetry (in MSSM this factor is about 1.5).
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come from the diagonalization of chargino mass matrix [8],

sin2 a = 2|A|2/Λ(Λ + ∆),

A = h (g̃uM2 + g̃dµ̃) /
√

2,

Λ =
(

∆2 + 4|A|2
)1/2

, (4.27)

γ = argA,

γ′ sin2 a = 2Im
(

A∗A′) /Λ (Λ + ∆) ,

∆ = M2
2 − |µ̃|2 +

(

g̃2
d − g̃2

u

)

h2 (4.28)

The expressions for sin2 b, δ and δ′ sin2 b are obtained from the ones for sin2 a, γ and

γ′ cos2 a by replacement a → b, g̃u → g̃d and γ → −δ.

To calculate CP-violating sources, we need the bubble wall profile. The standard way to

find it is to solve the equations of motion, derived from the effective potential VT (h, S, P ) at

the critical temperature Tc (for recent calculations of the bubble wall profiles in (N)MSSM

see, e.g., refs. [24]). For our purposes we approximate its form by the standard kink-like

solution

h(z) =
1

2
vc

(

1 − tanh

[

α

(

1 − 2z

Lw

)])

, (4.29)

(

S(z)

P (z)

)

=

(

Sc

Pc

)

− 1

2

(

∆vS

∆vP

)

(

1 + tanh

[

α

(

1 − 2z

Lw

)])

, (4.30)

where Sc, Pc are the critical values of the singlet scalar fields, ∆vS = Sc − Ss and ∆vP =

Pc − Ps (see also table 2), Lw is the bubble wall width, which is taken to be the same for

all scalar fields, and the constant α is taken to be 1.5 as in ref. [29]. Here we have assumed

that at z > Lw/(2α) gauge symmetry is broken (the inner region of the bubble) and at

z < 0 symmetry is restored (outer region).

For numerical calculations we take the diffusion constants to be Dq ∼ 6/T for quarks

and Dh ∼ 110/T for Higgs sector [33]; the width and the velocity of the bubble wall are

taken as Lw = 8.0/T and vw = 0.1, respectively. The rates

ΓH = 0.0036T θ (z − 0.5Lw) , Γm = 0.05T θ (z − 0.5Lw) (4.31)

are the same as in ref. [8] and Γµ̃ = 0.1T [7].

Below we present the results for the baryon-to-entropy ratio ∆ = nB/s with entropy

density s given by s = 2π2geffT 3/45, where geff is the effective number of relativistic degrees

of freedom at the critical temperature. We plot the ratio ∆/∆0, where ∆0 = 8.7 · 10−11,

which corresponds to nB/nγ = 6.5 · 10−10 (cf. eq. (1.1)). In figure 4

we show the dependence of the baryon asymmetry on the gaugino mass M2 for the

set (2) of the parameters in the tables 1 and 2. We found that in contrast to MSSM, the

baryon asymmetry does not vanish in the limit of infinite M2, where one of the chargino

species decouples. This fact may be attributed to the strong z-dependence of the effective

µ̃ parameter. We have checked numerically that in the limits M2 → +∞ and M2 → −∞
the results for the baryon asymmetry coincide as it should be, since in both cases charged
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Figure 4: Plot of ∆/∆0 as a function of M2 for the set (2) of parameters presented in table 2.

gaugino (wino) is very heavy and does not affect the low energy physics. Similarly, at

|M2| << |µ̃| the amount of baryon asymmetry is not very sensitive to M2 and is determined

by µ̃(z) and off-diagonal entries of the mass matrix (4.23). In both regions (M2 → ∞ and

M2 → 0) wino admixture in the relevant higgsino-like mass eigenstate is small, so our

approximation where we neglect mixing in diffusion equations can be justified. The region

of large higgsino-wino mixing (|M2| ∼ |µ̃| ∼ 200 GeV in figure 4) should be considered

more accurately if one wants to know the exact amount of baryon asymmetry produced in

this case (see [30] and references therein).

To summarize this section, we demonstrated that the model is indeed capable of pro-

ducing sufficient amount of the baryon asymmetry. There are certainly values of parame-

ters for which the electroweak phase phase transition is sufficiently strongly first order, and

electroweak baryogenesis is sufficiently efficient. In this analysis we restricted ourselves to

rather small range of parameters. It remains to be understood how generic is successive

electroweak baryogenesis in the whole parameter space.

5. Electric dipole moments

One of the consequences of the presence of additional sources of CP-violation is their

contribution to the electron and neutron EDMs. Like in the minimal split SUSY model,

there are three types of contributions to EDM of a fermion (lepton or quark), related to the

exchange of h0γ, W+W− and h0Z bosons (see refs. [39 – 42]). The corresponding two-loop

Feynman diagrams for SM fermion f (charged lepton or quark) are given in figure 5. It was

shown in ref. [42] that the third contribution is suppressed in the case of electron by a factor

(1 − 4 sin2 θW ), where θW is the weak mixing angle, while it is important for the neutron

EDM. In the minimal split SUSY model there is only one CP-violating phase, associated

with the invariant φ1 = arg(g̃u
∗g̃d

∗M2µ̃) where µ̃ = µ + κ (vS + ivP ) /
√

2. In the class of

models presented here, among parameters directly governing the couplings contributing to
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Figure 5: Feynman diagrams contributing to the fermion EDM in split SUSY.

the diagrams in figure 5, two additional independent phases appear, which correspond to

the phase invariants φ2 = arg
(

κk∗λuλd(µ̃
∗)−2

)

and φ3 = arg (λuλ∗
dg̃

∗
ug̃d).

After diagonalization of chargino and neutralino mass matrices, the relevant part of

the interaction Lagrangian becomes

−Lint =
g

cosθW

χ̄+
i γµ

(

GR
ijPR + GL

ijPL

)

χ+
j Zµ (5.1)

+

[

gχ̄+
i γµ

(

CR
ijPR + CL

ijPL

)

χ0
jW

+
µ +

g√
2
χ̄+

i

(

DR
ijPR + DL

ijPL

)

χ+
j h + h.c.

]

,

where the matrices are

GL
ij = Vi1cW+V †

1j + Vi2c
h+

u V †
2j , −GR∗

ij = Ui1cW−U †
1j + Ui2ch−

d
U †

2j ,

gDR
ij = g̃∗uVi2Uj1 + g̃∗dVi1Uj2, gDL =

(

gDR
)†

,
(5.2)

with i, j = 1, 2 and cW± = ± cos2 θW , ch+
u ,h−

d
= ±(1/2 − sin2 θW ),

CL
ij = −Vi1N

∗
j2 +

1√
2
Vi2N

∗
j4, CR

ij = −U∗
i1Nj2 −

1√
2
U∗

i2Nj3, (5.3)

with i = 1, 2 and j = 1, . . . , 5. Here the unitary matrices V , U and N diagonalize the mass

matrix of charginos (4.23) and the mass matrix of neutralinos

Mn =

















M1 0 −1
2 g̃′dv

1
2 g̃′uv 0

0 M2
1
2 g̃dv

1
2 g̃uv 0

−1
2 g̃′dv

1
2 g̃dv 0 −µ̃ 1√

2
λdv

1
2 g̃′uv 1

2 g̃uv −µ̃ 0 1√
2
λuv

0 0 1√
2
λdv

1√
2
λuv −

√
2k(vS + ivP )

















(5.4)

so that U∗MCV † = diag(mχ+
1
,mχ+

2
) and N∗MN † = diag(mχ0

1
,mχ0

2
,mχ0

3
,mχ0

4
,mχ0

5
). The

EDM of electron or light quark has the form

df = dhγ
f + dhZ

f + dWW
f ,
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Figure 6: The EDM of electron as a function of the mass of the lightest chargino mχ+ for set 1

(left) and set 2 (right) of parameters in table 1. Horizontal dotted line represents the experimental

bound |de| < 1.6 · 10−27e cm. Green (gray) points represent the values of EDM for real k.
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Figure 7: The EDM of neutron as a function of the mass of the lightest chargino mχ+ for

the same sets of parameters as in figure 6. Horizontal line represents the experimental bound

|dn| < 3.0 · 10−26e cm. Green (grey) points represent the values of EDM for real k.

where expressions for the corresponding contributions can be found in ref. [42]. We modified

them appropriately in our case, because of different number of neutralinos. The neutron

dipole moment can be expressed in terms of quark EDMs by the relation [43, 44]

dn = (1 ± 0.5)

[

f2
πm2

π

(mu + md)(225MeV)3

](

4

3
dd −

1

3
du

)

, (5.5)

where fπ = 92 MeV and mu/md = 0.55.

For numerical calculations we use two sets of parameters (see table 1) and randomly

scan over the following parameter space, 0 < M1,M2 < 1000 GeV. Also we take the

coupling k to be complex, k = |k|eiφk , (0 < φk < π) to include the contribution of the

phase invariant φ2. The results for the electron and neutron EDMs as functions of the mass

of the lightest chargino are presented in figures 6 and 7, respectively. We have taken into

account the experimental bound on the mass of the lightest chargino mχ+ > 104 GeV [45].
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Horizontal lines show the present experimental limit on the EDM of electron |de| <

1.6 · 10−27 e cm at 90% CL [46] and neutron |dn| < 3.0 · 10−26 e cm at 90% CL [47]. One

observes that generally for the cosmologically favorable models, the predictions for EDMs

are within one-two orders of magnitude below the present experimental bound. Hence,

our solution of the baryon asymmetry problem can be indirectly probed by the future

experiments aimed at EDM searches.

6. Dark matter candidates

In this section we explore dark matter in the model. In the minimal split SUSY this issue

has been already investigated in refs. [12, 39, 48]. In the first place, let us note that a

generalization of R-parity can be introduced in the nonminimal split SUSY: with respect

to this R-parity all new fermionic fields are odd, while new (pseudo)scalars are even. Hence

the lightest new fermion is the lightest superpartner and it is stable.

The viable dark matter particles should be electrically neutral, so the best candidates

in our model are neutralinos. We define the LSP neutralino state as

χ = N51B̃ + N52W̃ + N53H̃u + N54H̃d + N55ñ. (6.1)

We estimate the neutralino relic abundance by using the standard methods [49]. First we

calculate the freeze-out temperature TF ,

xF = log

(

mχ

2π3

√

45

2g∗GNxF
〈σv〉Mol

)

, (6.2)

where xF = mχ/TF , g∗ is the effective number of degrees of freedom at freeze-out g
1/2
∗ ∼

9; the thermally-averaged product of neutralino annihilation cross section σ and relative

velocity v of neutralinos (the Møller cross section 〈σv〉Mol) is

〈σv〉Mol =
1

8m4
χTK2

2 (mχ/T )

∫ ∞

4m2
χ

dsσ(s)(s − 4m2
χ)
√

sK1

(√
s

T

)

. (6.3)

Here K1, K2 are the modified Bessel functions, s is the Mandelstam variable. The relic

abundance of the lightest neutralino is then given by

Ωχh2 =
(1.07 × 109GeV−1)

MPl

(∫ ∞

xF

dx
〈σv〉Mol(x)

x2
g
1/2
∗

)−1

. (6.4)

To calculate the neutralino abundance, we modify the formulas for the annihilation cross

sections presented in ref. [50]. The changes concern the annihilation of neutralinos into the

Higgs bosons and are due to new Feynman diagrams with singlet scalar and pseudoscalar

exchanges in s-channel. The corresponding modifications are presented in appendix B. The

total number of neutralinos has been also changed according to our model.

Adopting constraints discussed in section 2, we first scan uniformly over the following

parameter space: |M1|, |M2| < 1000 GeV, |vP | < 2000 GeV, with vS being in the region of

correct electroweak vacuum (i.e. the electroweak breaking minimum is the global minimum
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Figure 8: Points in (mχ+ , mχ) plane, i.e. the lightest chargino and the lightest neutralino (left)

and in (M2, M1) plane (right), which correspond to models with the correct relic abundance of

singlino (|N55| > 0.5, green (light grey) oblique crosses) and non-singlino (red / dark grey crosses)

dark matter.

of the potential) and squared mass matrix of the scalar fields being diagonal. The numerical

results are presented in the left plot in figure 8, where we show the region in (mχ+ , mχ)

plane favored by WMAP data: each point corresponds to a model in which neutralino

abundance is within the range 0.094 < ΩDMh2 < 0.129 [1]. To check that the baryon

asymmetry and dark matter problems can be solved simultaneously, we also scan uniformly

over the region in the parameter space preferred by electroweak baryogenesis (cf. section 4);

namely, we use |M1|, |M2| < 1000 GeV, with other parameters corresponding to the set

(2) in tables 1 and 2. Points in (M1, M2) plane, which correspond to correct neutralino

abundance, are shown on the right plot in figure 8.

On both plots green (light grey) crosses correspond to the dark matter particles which

have considerable admixture of singlino (|N55| > 0.5), while the red (dark grey) crosses

correspond to the mostly bino LSP. The annihilation of DM particles (bino as well as

singlino) with masses mχ ∼ 0.5Mh ∼ 75 GeV or mχ ∼ 0.5MZ proceeds resonantly via Higgs

or Z0-boson exchange, respectively. On the right plot, this light neutralino corresponds to

the red (dark grey) horizontal lines with M1 < 80 GeV. The most part of the parameter

space with singlino-like dark matter give relatively light LSP with mass in the range 50 −
200 GeV although heavier candidates are not entirely excluded. We have found that in

this case, considerable admixture of higgsinos is always present (numerically, we obtain
(

|N53|2 + |N54|2
)(1/2) ∼ 0.4 − 0.8). Singlino dark matter with the mass mχ & 80 GeV

annihilates predominantly into W+W− gauge bosons, while for mχ ∼ 0.5Mh or 0.5MZ the

main channel is the resonant one, χχ → h∗(Z0∗) → f f̄ . One concludes that dark matter

problem can also be solved in the framework of considered models.

7. Discussion and conclusions

In this paper we proposed a generalization of the minimal split supersymmetry model by

taking into account the necessity to explain the baryon asymmetry of the Universe. The
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main idea was to start the whole construction of split SUSY not with MSSM but with

NMSSM. We needed to fine-tune some parameters of the model to obtain the same low

energy spectrum of particles as in the minimal split SUSY plus additional singlet particles,

which give rise to all features one needs for successful baryogenesis. We restricted ourselves

to rather small part of parameter space, in which the lightest Higgs boson does not mix

with other scalar particles. Like in the minimal version of split supersymmetry model, the

upper bound on the mass of the lightest Higgs boson shifts to larger values in comparison,

e.g., with MSSM.

We have considered the electroweak phase transition and, by exploring one-loop ef-

fective potential at finite temperature, we found that there is a region in the parameter

space where the phase transition is strongly first order and the baryon asymmetry is not

washed out after the phase transition is completed. We have used WKB approximation

to calculate the value of the baryon asymmetry. We have found that this model is indeed

capable of producing the right amount of the baryon asymmetry for realistic values of the

width and velocity of the bubble wall.

We have investigated the contribution of the CP-violating sources into the electron

and neutron EDMs. As in the minimal split supersymmetry, their values are close to the

present experimental limits and can be measured in the future experiments hence giving

an opportunity to falsify the suggested solution of the baryon asymmetry problem.

We have explored the dark matter in nonminimal split SUSY. In addition to the bino

and higgsino dark matter candidates there is a region in the parameter space in which

singlino can considerably contribute to the LSP state and hence plays the role of dark

matter. We have found that in the latter case LSP is quite light (mχ < 150 GeV) and

contains considerable admixture of higgsino as well.

To summarize, the split NMSSM models are capable of solving both baryon asymmetry

and dark matter problems and can be probed by the next generation of EDM experiments.

The collider phenomenology of this model is quite similar to one of minimal split SUSY,

if singlino-neutralino and higgs-singlet mixing is small. In the opposite case there are

additional signatures of this model resembling ones in non-split NMSSM. We leave the

study of LHC prospects in probing this model for the future.

Acknowledgments

We thank V. A. Rubakov for helpful discussions and interest in this work. S. V. Demi-

dov is indebted to S. F. Huber for discussions. This work was supported in part by the

Russian Foundation of Basic Research grant 05-02-17363, by grant of the President of the

Russian Federation NS-2184.2003.2, by the grant NS-7293.2006.2 (government contract

02.445.11.7370) and by fellowships of the ”Dynasty” foundation (awarded by the Scientific

Council of ICFPM). The work of D.G. was also supported by the Russian Foundation of

Basic Research grant 04-02-17448 and by the grant of the President of the Russian Fed-

eration MK-2974.2006.2. Numerical part of the work was done at the computer cluster in

Theoretical Division of INR RAS.

– 24 –



J
H
E
P
0
2
(
2
0
0
7
)
0
5
5

A. RGEs for the model

This appendix contains the set of renormalization group equations for the coupling con-

stants of the model described by the Lagrangian (2.29), (2.30) at energies below ms. One

derives them by making use of the general formulae given in ref. [51].

The 2-loop RGE for gauge couplings have the following form

(4π)2
d

dt
gi = g3

i bi +
g3
i

(4π)2

(

3
∑

j=1

Bijg
2
j −

∑

α=u,d,e

dα
i Tr

(

hα†hα
)

(A.1)

−dW
i

(

g̃2
u + g̃2

d

)

− dB
i

(

g̃′2u + g̃′2d
)

− dλ
i

(

λ2
u + λ2

d

)

− dκ
i κ2

)

,

where t = ln µ̄ and µ̄ is the renormalization scale. Here the GUT convention g2
1 = (5/3)g′2

is used. Below we list the coefficients of β-functions relevant within the interval mew <

µ̄ < ms. Above the splitting scale, ms, the renormalization group equations become the

same as in the usual NMSSM (see, e.g., ref. [52]). One has

b =

(

9

2
,−7

6
,−5

)

, B =







104
25

18
5

44
5

6
5

106
3 12

11
10

9
2 22






, (A.2)

du =

(

17

10
,
3

2
, 2

)

, dd =

(

1

2
,
3

2
, 2

)

, de =

(

3

2
,
1

2
, 0

)

, (A.3)

dW =

(

9

20
,
11

4
, 0

)

, dB =

(

3

20
,
1

4
, 0

)

, dλ =

(

3

10
,
1

2
, 0

)

, dκ =

(

3

5
, 1, 0

)

. (A.4)

It is convenient to introduce the following notations

TH = Tr
[

3hu†hu + 3hd†hd + he†he
]

+
3

2

(

g̃2
u + g̃2

d

)

+
1

2

(

g̃′2u + g̃′2d
)

+ λ2
u + λ2

d, (A.5)

TN = 2
(

k2 + κ2
)

. (A.6)

One-loop equations for the quark Yukawa couplings can be read off from ref. [12] with the

substitution T → TH . One obtains

(4π)2
d

dt
hu = hu

(

−3
3

∑

i=1

cu
i g2

i +
3

2
hu†hu − 3

2
hd†hd + TH

)

, (A.7)

(4π)2
d

dt
hd = hd

(

−3

3
∑

i=1

cd
i g

2
i − 3

2
hu†hu +

3

2
hd†hd + TH

)

, (A.8)

(4π)2
d

dt
he = he

(

−3

3
∑

i=1

ce
ig

2
i +

3

2
he†he + TH

)

. (A.9)

Here the coefficients cu,d,e are given by

cu =

(

17

60
,
3

4
,
8

3

)

, cd =

(

1

12
,
3

4
,
8

3

)

, ce =

(

3

4
,
3

4
, 0

)

. (A.10)
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RGE for gaugino and singlino couplings (see (2.36) and (2.34)) are

(4π)2
d

dt
g̃u = −3g̃u

3
∑

i=1

Cig
2
i +

5

4
g̃3
u − 1

2
g̃ug̃2

d +
1

4
g̃ug̃′2u + g̃dg̃

′
dg̃

′
u (A.11)

+
1

2
g̃uλ̃2

u +
1

2
g̃uκ2 + 2g̃dλuλd + g̃uTH ,

(4π)2
d

dt
g̃′u = −3g̃′u

3
∑

i=1

C ′
ig

2
i +

3

4
g̃′3u +

3

2
g̃′ug̃′2d +

3

4
g̃′ug̃2

u + 3g̃ug̃dg̃
′
d (A.12)

+
3

2
g̃′uλ̃2

u +
1

2
g̃′uκ2 + 3g̃′dλuλd + g̃′uTH ,

(4π)2
d

dt
λu =

3

2
λ3

u + 3λ2
dλu + 2kλu +

1

2
λuκ2 +

1

4
λu

(

3g̃2
u + g̃′2u

)

(A.13)

+λd

(

3g̃dg̃u + g̃′dg̃
′
u

)

− 3λu

3
∑

i=1

C ′
ig

2
i + λuTH ,

where

C =

(

3

20
,
11

4
, 0

)

C ′ =

(

3

20
,
3

4
, 0

)

The equations for g̃d, g̃′d and λd are the same as (A.11), (A.12) and (A.13) with the only

replacement u ↔ d.

RGE for singlino Yukawa couplings k and κ are

(4π)2
d

dt
k = 4k3 + 2k

(

λ2
u + λ2

d

)

− 1

2
λuλdκ + kTN , (A.14)

(4π)2
d

dt
κ = κ3 +

1

2
κ

(

λ2
2 + λ2

d

)

+
3

4
κ

(

g̃2
u + g̃2

d

)

+
1

4
κ

(

g̃′2u + g̃′2d
)

+4kλuλd − 3κ

(

3

10
g2
1 +

3

2
g2
2

)

+ κTN . (A.15)

RGE for the Higgs quartic coupling is

(4π)2
d

dt
λ̃ = 12λ̃2 + 2κ2

1 + 8κ2
2 + λ̃

[

−9

(

g2
1

5
+ g2

2

)

+ 6
(

g̃2
u + g̃2

d

)

+ 2
(

g̃′2u + g̃′2d
)

+4
(

λ2
u + λ2

d

)

+ 4Tr
(

3hu†hu + 3hd†hd + he†he
) ]

+
9

2

(

g4
2

2
+

3g4
1

50
+

g2
1g

2
2

5

)

−4Tr

(

3
(

hu†hu
)2

+ 3
(

hu†hu
)2

+
(

hu†hu
)2

)

− 5
(

g̃4
u + g̃4

d

)

−2g̃2
ug2

d −
(

g̃′2u + g̃′2d
)2 − 2

(

g̃ug̃′u + g̃dg̃
′
d

)

− 4
(

λ2
u + λ2

d

)2

−4 (λug̃u + λdg̃d)
2 − 4

(

λug̃′u + λdg̃
′
d

)2
. (A.16)
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Finally, RGE for the remaining scalar couplings have the following form

(4π)2
d

dt
κ1 = 8λNκ1 + 4κ2

1 + 16κ2
2 + 6κ1λ̃ − 4ηκ2 − 8k2

(

λ2
u + λ2

d

)

+2κ1 (TH + TN ) − 9

2
κ1

(

g2
1

5
+ g2

2

)

, (A.17)

(4π)2
d

dt
κ2 = 6λ̃κ2 + 8κ1κ2 + 24ξκ2 + 4κ2λN − 4kκλuλd

+2κ2 (TH + TN ) − 9

2
κ2

(

g2
1

5
+ g2

2

)

, (A.18)

(4π)2
d

dt
λN = 20λ2

N + 144κ1κ2 +
3

2
η2 + 2κ2

2 + 2κ2
1 − 8k4 − 2κ4 + 4λNTN

(4π)2
d

dt
ξ = 24λN ξ + 4κ2

2 +
3

2
η2 + 4ξTN , (A.19)

(4π)2
d

dt
η = 36ηλN − 12κ1κ2 + 72ξη + 4ηTN . (A.20)

B. Neutralino annihilation cross sections

This appendix contains the relevant set of formulas describing the cross sections of neu-

tralino annihilation into the Higgs bosons. Here we adopt the notations of ref. [50] for

couplings and matrices. The relevant part of the Lagrangian is

L =
1

2

5
∑

i,j=1

χ̄0
i

(

C
χ0

i χ0
jΦ1

S Φ1 + C
χ0

i χ0
jΦ2

S Φ2

)

χ0
j +

1

2

(

ChhΦ1Φ1 + ChhΦ2Φ2

)

h2, (B.1)

where we use Φ1,Φ2 for mass eigenstates of scalar S and pseudoscalar P fields related to

CP-eigenstates as follows

(

S

P

)

=

(

cos θΦ1 + sin θΦ2

− sin θΦ1 + cos θΦ2

)

with a mixing angle θ and

C
χ0

i χ0
jΦ1

S = −
√

2kN∗
i5N

∗
j5e

−iθ,

C
χ0

i χ0
jΦ2

S = −i
√

2kN∗
i5N

∗
j5e

−iθ, (B.2)

ChhΦ1 =
1√
2

(

Ã2 cos θ + Ã1 sin θ
)

+
1

2
[(κ1 − κ2) vS cos θ−(κ1 + κ2) vP sin θ] , (B.3)

ChhΦ2 =
1√
2

(

Ã2 sin θ − Ã1 cos θ
)

+
1

2
[(κ1 − κ2) vS sin θ+(κ1 + κ2) vP cos θ] (B.4)

For simplicity we assume, as everywhere in this paper, that the Higgs state h does not

mix with other (pseudo)scalar particles. We present functions w̃hh, determining the cross

sections of nonrelativistic scattering χχ → hh (see ref. [50] for definitions of these and other

related quantities). There are contributions to the cross sections coming from the s-channel
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Higgs (h), scalar (S) and pseudoscalar (P ) exchanges and t- and u-channel neutralino

exchange as well as from their interference,

w̃hh = w̃
(h,S,P )
hh + w̃

(χ0)
hh + w̃

(h,S,P−χ0)
hh . (B.5)

For scalar exchanges in the s-channel one has

w̃
(h,Φ1,Φ2)
hh =

1

2

∣

∣

∣

∣

∣

∣

∑

r=h,Φ1,Φ2

ChhrCχχr
S

s − m2
r + iΓrmr

∣

∣

∣

∣

∣

∣

2

(s − 4m2
χ), (B.6)

The scalar - neutralino interference gives

w̃
(h,Φ1,Φ2−χ0)
hh = 2

5
∑

i=1

Re





∑

r=h,Φ1,Φ2

(

ChhrCχχr
S

s − m2
r + iΓrmr

)∗
C

χ0
i χh

S C
χ0

i χh
S



 (B.7)

×
{

−2mχ+[2mχ(m2
h−m2

χ0
i
)−m2

χ+mχ0
i
(s−4m2

χ)]F(s,m2
χ,m2

h,m2
h,m2

χ0
i
)
}

The term w̃χ0

hh corresponding to t- and u-channel neutralino exchange is the same as in

ref. [50].
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