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Abstract

New fermions, strongly coupled to the Standard Model Higgs boson, provide a
well motivated extension of the Standard Model (SM). In this work we show that,
once new physics at heavier scales is added to stabilize the Higgs potential, such an
extension of the SM can strengthen the first order electroweak phase transition and
make the electroweak baryogenesis mechanism feasible. We propose a SM extension
with TeV Higgsinos, Winos and Binos that satisfy the following properties: a) The
electroweak phase transition is strong enough to avoid sphaleron erasure in the
broken phase for values of the Higgs mass my < 300 GeV; b) It provides large
CP-violating currents that lead to the observed baryon asymmetry of the Universe
for natural values of the CP-violating phase; c¢) It also provides a natural Dark
Matter candidate that can reproduce the observed dark matter density; d) It is
consistent with electroweak precision measurements; e) It may arise from a softly
broken supersymmetric theory with an extra (asymptotically free) gauge sector; f)
It may be tested by electron electric dipole moment experiments in the near future.



1 INTRODUCTION

In spite of all our recent progress in the understanding of physics at the electroweak scale,
the source of Dark Matter (DM) and the origin of the matter-antimatter asymmetry [I]
(BAU) still remain unclear. It is today well understood that the solution to either of these
problems requires physics beyond the Standard Model (SM).

On the one hand if the Standard Model baryon number violating interactions [2, 3, 4]
cease to be in equilibrium in the bubbles of the broken phase, the matter-antimatter
asymmetry may be generated at the electroweak phase transition via the mechanism of
electroweak baryogenesis [0, 6]. For such a mechanism to be realized in nature a strongly
first order electroweak phase transition is required. However the phase transition in
the Standard Model for values of the Higgs mass consistent with the LEP bounds is
a crossover [7] and hence any baryon asymmetry generated at the weak scale would be
erased. Moreover, the sources of CP-violation are insufficient to generate a baryon number
consistent with the one observed in nature [§].

Electroweak Baryogenesis remains nevertheless as an attractive possibility in models
of physics beyond the Standard Model at the weak scale. It has been shown that the mini-
mal supersymmetric standard model (MSSM) is consistent with this mechanism provided
one of the superpartners of the top quark is lighter than the top quark and the Higgs
boson is lighter than ~120 GeV [9]-[I6]. This mechanism also demands the presence of
charginos and neutralinos at the weak scale, which provide the necessary CP-violating
sources [I7]-[B1] and also a natural Dark Matter candidate. Electroweak Baryogenesis
may also be realized in the next-to minimal supersymmetric extension of the Standard
Model (NMSSM) where some of the MSSM constraints can be relaxed. In particular there
are modifications to the tree-level effective potential [32] that may ensure a strongly first
order phase transition [33]—[38] without a light stop.

On the other hand the Standard Model does not provide any natural source for the
observed Dark Matter. Neutrinos are too light to give any sizeable contribution and
there is no evidence of the possible existence of sufficient Jupiter-like, baryonic objects.
Moreover, recent WMAP measurements [39]-[40] exclude the presence of a significant
baryonic contribution to the observed Dark Matter density. The natural candidates for
the source of Dark Matter are new, neutral, stable, weakly interacting particles with
masses of the order of the weak scale. These particles lead naturally to a relic density
of the order of the critical density and appear in many models beyond the Standard
Model. In particular they are present in models of softly broken supersymmetry at the
TeV scale. The lightest supersymmetric particle in these models tends to be neutral and

its stability is ensured by a Parity symmetry, Rp, which also ensures the proton stability.



Acceptable values of the Dark Matter density and a successful realization of the mechanism
of electroweak baryogenesis may be simultaneously obtained in minimal supersymmetric
models, in certain phenomenologically interesting regions of the parameter space [A1], [3].

In the previous models, as well as in all successfully considered scenarios, the strength-
ening of the phase transition proceeds from the existence of new, extra scalars in the
theory, while the CP-violating and Dark Matter sources proceed from new fermion fields.
The common lore from all previous works was that the presence of extra bosons was a
necessary requirement to induce a strong enough first order electroweak phase transition.
In fact it is currently understood that bosons coupled to the Higgs field ¢ with coupling
h favor a first order phase transition: they create a cubic term in the Higgs effective
potential ~ (h¢)? either at the tree level, as in the NMSSM, or by its contribution to
the one-loop thermal effective potential ~ (h¢)?>T. On the other hand fermions do not
give rise to any cubic term in the high temperature expansion in powers of h¢/T of the
thermal integrals and hence they were neither believed to give rise to a barrier between
the symmetric ¢ = 0 and broken ¢ # 0 phases nor to trigger a first order phase transi-
tion. In this paper we will prove that while the latter statement remains true for weakly
coupled fermions h < 1 it is not for strongly coupled (but still perturbative) ones h 2 1
that can indeed induce a strongly first order phase transition consistent with electroweak
baryogenesis.

In this work we shall first show that in Standard Model extensions with extra fermions
strongly coupled to the Higgs field the first order phase transition may be sufficiently
strengthened in order to avoid erasure of the baryon asymmetry in the broken phase. We
shall analyze in detail a simple model, which can be considered as a particular realiza-
tion of split supersymmetry [42], where the standard supersymmetric relations between
the Yukawa and gauge couplings are not fulfilled. We shall stress, however, that in
such a model, the physical vacuum becomes unstable and therefore the strength of the
electroweak phase transition may not be properly defined without an ultraviolet (UV)
completion of this model, that includes the presence of heavier, stabilizing fields. An
example of such fields may be provided by softly broken supersymmetry, although other
extensions are possible.

We shall show that this low-energy effective theory, with Higgsinos and gauginos
strongly coupled to the Higgs, may arise from a soft supersymmetry breaking model,
based on a gauge extension of the Standard Model gauge group, with new (asymptoti-
cally free) gauge interactions that become strong at the TeV scale, and are responsible
for the strong Yukawa couplings of Higgsinos and gauginos to the SM Higgs field. This
gauge extension of the MSSM provides a UV completion of the model analyzed in this



paper and allows for large Higgs masses.

The article is organized as follows. In section [ we present the general ideas leading
to the strengthening of the phase transition in the presence of strongly coupled fermions,
and the need for the presence of stabilizing fields. In section Bl the phase transition for
the Standard Model extension containing Higgsinos, Winos and Binos strongly coupled
to the Higgs field is worked out in detail. We show that a strong enough first order phase
transition can be accommodated even with a heavy Higgs, my < 300 GeV. In section @
the CP-violating currents induced by the charginos that lead to the observed baryon
asymmetry of the universe for natural values of CP-violating phases are presented. We
show that in order to reproduce the WMAP results on the BAU the CP-violating phases
must be O(1) if all squarks are heavy enough to be decoupled from the thermal bath.
Otherwise if some light squark (e.g. the right-handed stop) remains in the spectrum,
the CP-violating phases can be as small as a few times 1073, In section B the two-loop
contributions to the electron electric dipole moment from the charginos and neutralinos in
our model (in the absence of light squarks) are evaluated, assuming that all relevant CP-
violating effects are associated with the new fermions. For the values of the parameters
satisfying all other requirements the generated electric dipole moment is below the present
experimental bound, although the model may be tested in the future if experimental
bounds improve by a few orders of magnitude. In section Bl we discuss the Dark Matter
constraints in our scenario, whereas compatibility of the strongly coupled fermions with
electroweak precision measurements is considered in section [l A natural region in the
space of parameters is found where all requirements are fulfilled. A discussion on a possible
UV completion of the model is presented in section B Finally we reserve section [ for our

conclusions.

2 PHASE TRANSITION AND TEV FERMIONS

The finite temperature effective potential of the Higgs field ¢ is, by definition, the free-

energy associated with ¢. The one-loop, finite temperature contribution to the free-energy

A1) =3 4t (M), 2.1)

density is given by

where g; is the number of degrees of freedom (d.o.f.) of the particle, m;(¢) is the Higgs-

dependent particle mass, and

I (z) ==+ /00 dy y*log (1 ¥ e_\/m) , (2.2)
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where I_(x) [I,(x)] stands for the contribution from bosons [fermions]. In this section
we will consider for simplicity masses of the form m?(¢) = u® + h?¢?, where h is the
Yukawa coupling and y is a constant mass parameter '. For large masses (m/T > 1) the
functions I+ are exponentially small, which means that heavy species are decoupled from
the thermal plasma. For small masses (m/T < 1) I+ can be expanded in a power series
of m/T. This is the case of the minimal standard model. In fact adding this expansion to
the zero-temperature effective potential in the SM one obtains the well known expression

for the free-energy density

2

fSM (¢7 T) = _g_og*T4 + VSM (¢7 T) 9 (23)

where the first term comes from the entropy density contribution of relativistic particles,
with g, the number of effectively light species in the plasma [3] (g. ~ 107 for the SM),

and the second term is the field dependent effective potential

Vam (¢, T) = D (T? = T3) ¢* — ET¢* + %%4. (2.4)

In the SM the parameters of Eq. (24 are well known and given by [44]

1 1
D = 52 (2m%/v + mzz + me) , b= - (Qmi)’,v + m%) ,
1 3
2 2 2 4 4 4
TO = E(mH—8BU), B:m@mw—l—mz—élmt),
3 4 miy 4 my, 4 m;
M = A— T620d <2mwln o T? +myln a7 —4m; In a2 )
miy
A= 52 Inap =391, Ilnap=1.14. (2.5)

where the vacuum expectation value of the Higgs at zero temperature is normalized to
v~ 246 GeV.
A free energy of the form of the SM one, Eq. (Z3), leads to a first order phase transition

at a critical temperature given by

T;
T, = 0 (2.6)

V1—E2/\,D

The value of the Higgs field at the minimum of the potential is

8 ArD T2
1+ /1—= 1- 2
-2 (1-B)

I'Mass eigenvalues are in general more complicated functions of ¢ as it will be the case in the model
considered in section

_ 3ET
2\

6 (T) , (2.7)




and the order parameter at the critical temperature is given by ¢./T. = ¢, (T2.) /T. =
2E /At

Notice that the parameter E is very small because only the (transverse) gauge bosons
contribute to it and, as a consequence, ¢, is much smaller than 7, (unless A\ < 2FE) and
the phase transition is very weakly first-order 2. Moreover, for physical values of the
Higgs mass, the small value of ¢./T. causes perturbation theory to break down and only
non-perturbative calculations become reliable. To overcome this problem SM extensions
containing extra bosons strongly coupled to the Higgs sector have been considered in the
literature [5]. In general these bosons would contribute to the parameter E and would
strengthen the first order phase transition. In this paper we will prove that a similar
effect is produced by fermions strongly coupled to the Higgs sector, even if in the high
temperature regime they do not contribute to the cubic term in the effective potential.

In general we will consider particle species that contribute to the one-loop effective
potential as in Eq. (1), not light enough for the validity of the power expansion of I
but not necessarily so heavy as to consider them to be decoupled in the typical range
of temperatures of the electroweak phase transition. The ¢-dependent part of the free

energy density would then be given by
F(6,T) = Fem (¢, T) £ Z gV )+ T Z gl [mq () /T /22, (2.8)

where the first term is given by Eq. (23), the last one is the finite temperature contribution
of the new, heavy particles, V(m?) is the zero temperature contribution, and the plus and
minus signs in front of V(m?) correspond to bosons and fermions, respectively. The

zero-temperature one-loop effective potential V' (m?(¢)) is given by

V(m*(¢)) = H(¢)logm?(¢) + P(9) (2.9)

6472

where P(¢) is a polynomial in ¢ that contains quadratic and quartic terms with coefficients
that depend on the renormalization conditions [45]. By imposing the renormalization
conditions already used in the SM, Eq. (24)), in particular that the tree-level values of

the minimum and Higgs mass are not shifted by radiative corrections, i.e.

dVv d?v
- — 0’ _— = m2 210
d¢ - d¢2 . H ( )

we obtain . X
P(¢) = 50 ¢’ + 106" (2.11)

2For E = 0 the transition becomes second order in the one-loop approximation.



with

1 ww, 12 " 3 ww, 3 12 1 "
a = 647T2{<—3 ” + W+ ww logw—§ » +§w +§ww
1 ww, 12 " ww, 12 "
g = 158207 {2 ( W ww logw + - 3w — ww (2.12)
where we are using the notation: w = m?(v), W' = %{ﬁ)‘ , and so on. For the case

where the ¢ dependence of the mass eigenvalue is m?(¢) = LL_2 + h?¢?* the potential ([ZJ)

has the familiar expression

V(o) = g ') (108 (250 ) - ) + 2mitomio)] . 21y

Let us first stress that, unless the Higgs is heavy, strongly coupled fermions may create
a problem of vacuum stability at scales close to the electroweak scale. This can be easily
understood from the fact that the tree-level quartic coupling, defined as the coefficient of
the quartic term in the effective potential, is given by m? /8v? and the radiative corrections
are proportional to the fourth power of the Yukawa coupling, h, and to the number of
degrees of freedom. As we shall demonstrate, a relevant effect may only be obtained for
a value of the number of degrees of freedom times h* larger than O(10). For such values
vacuum stability occurs at scales of the order of TeV and therefore the presence of new,
stabilizing fields is necessary in order to define a consistent low-energy effective theory.

An efficient way of stabilizing the potential in the presence of strongly coupled fermions
is to assume the presence of heavy bosonic degrees of freedom with similar couplings and
number of degrees of freedom. For simplicity, let us here assume that the fermions have a
dispersion relation mfc(gb) = ufc + h%¢?%, and a number of degrees of freedom ¢, and there
are bosonic, stabilizing fields with a dispersion relation m%(¢) = u% + h?¢* with equal
number of degrees of freedom. Then, taking into account only the radiative corrections
associated with these heavy fields, the maximum value of pg consistent with vacuum
stability may be obtained from the condition of a positive quartic coupling at scales much

larger than v, and it is given by

m?,8m?
pe < exp (ﬁ) m3(v) — h*v® (2.14)

Observe that for heavy Higgs bosons and/or weakly coupled fermions pg becomes much
larger than the weak scale. If, however, h takes large values and mpy becomes light then
its approaches py and the effect of stabilizing fields is to cancel the zero temperature

contribution of fermions plus giving additional finite temperature contributions.



In order to get an understanding of the effects to be expected by the presence of these
new particles, let us first consider a fermion particle with a mass, m(¢) = h ¢, much larger
than T, for ¢ >~ ¢.. If this effect is obtained for large values of the Yukawa coupling, then
the sum of the effects of the fermions and the stabilizing fields at zero temperature is
small and, in this extreme case that maximizes the contribution of fermions (and that
of the stabilizing fields) to the phase transition, we can ignore the zero temperature
contributions. Then, in the symmetric phase the species is light and contributes to g,
but in the broken-symmetry phase it is heavy and approximately decouples from the
thermal plasma. Usually such a decoupling species would transfer its entropy to the
thermal bath, causing a temperature rise. During a phase transition we would naively
expect that the effect of such a reheating is to delay the appearance of the true vacuum,
to decrease the critical temperature and subsequently to increase the value of ¢./T..

More quantitatively, at constant g, the critical temperature is given by the condition
V (¢ (TV), T!) = 0, corresponding to degenerate minima of V' 3. As we will show below,
this condition changes if the number of light degrees of freedom is different in the two

phases, Ag, = ¢ — 9, broken 7 0. In our example, the decoupling particle

» symmetric
has a mass m(¢) = h¢, and its contribution to the free-energy density in the broken
phase vanishes, while in the symmetric phase is equal to —g—;Ag*T 4 where Ag, is its
number of degrees of freedom. The condition of degenerate minima of F, Eq. (2), then
gives [46], A7)

2
Vert (6m (T2) , T0) = —g—OAg*Tj. (2.15)

This condition is attained at a lower critical temperature, T,/ > T,.. Moreover we have that
¢e = Om (T.) > ¢l and the phase transition is more strongly first-order. It was already
noticed in Ref. 48] that Ag, # 0 in the context of the electroweak phase transition could
be important for baryogenesis.

We can now estimate A (¢./T.) = ¢./T. — ¢./T. by noticing that the value of the

effective potential (ZZ]) at the minimum ¢,, can be written as

Vaur <¢; (n).7) _ % (asmT(T))‘”’ (;; _ ¢mT<T>), (2.16)

where we have made the approximation Ay ~ A. Eq. (ZI5) implies that

6.\ (¢ _ 2mAg.
(7) 2(5) =" 247

For the order parameter to increase from ¢, /T = 2FE /X < 1 to the value ¢./T. 2 1, neces-

sary to preserve the baryon asymmetry [ol, we nee « 2 e ~ 0. mg e .
y top he bary: y y 5], d Ag. Z 45X /27% =~ 0.25 (my /115 GeV)?

3We are normalizing the total effective potential as V(0,7) = 0
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So it seems that particles with few d.o.f. will produce an effect. Conversely given Ag,,

the bound on the Higgs mass is relaxed from (mg/v)? < 4E to
(mp/v)* < 4E + 472 Ag, /45. (2.18)

Notice that if the new value ¢, is ~ T, then the perturbative (one-loop) approach is fully
justified even for small values of E.

It should be noticed that Eqs. (2218)—(ZI1) give only an estimate of T, and ¢.. In fact,
the effective number of light d.o.f. varies continuously from g, to g. — Ag., as ¢ goes from
0 to ¢.. Therefore we have a function g, (¢) that contributes to F (¢,T"), and the correct
value of the vacuum expectation value (VEV) is obtained by minimizing the complete
free energy, Eq. (Z8). Once the dependence of g, on ¢ is taken into account, we cannot
use analytical approximations and we need to resort to numerical calculations. Observe
that in the limit studied above fermions and bosons gave equally important contributions
to the phase transition strength and the number of degrees of freedom is the sum of the
one associated to the fermions and that of stabilizing fields. In the rest of this work we
will consider bosons that are heavier than the fermions, and therefore lead to a smaller
finite temperature contribution than in the example above.

We will now consider adding a fermion particle with mass m?(¢) = u? + h% ¢? to the
SM with a Higgs mass my = 120 GeV, but we will retain the effects of the heavy particles
in the broken phase. We consider only fermion species and their (heavier) stabilizing fields
since, as explained above, the effect of bosons on the phase transition has been extensively
studied in the literature [B], [I7—[31]. In Fig. 0 we plot the number of degrees of freedom
g that give ¢./T. = 1 as a function of the mass parameter p, for different values of the
Yukawa coupling h. The invariant mass of the stabilizing fields has been set to their
maximum value consistent with vacuum stability, Eq. [I4]). As anticipated, for pu ~ 0,
and for large values of the Yukawa couplings, only a small number of degrees of freedom
are necessary in order to obtain a strongly first order phase transition.

A minimal Standard Model extension (i.e. the introduction of a single species) is
possible with bosons but not with fermions, since the SM Higgs is an SU(2) doublet. In
order to construct an invariant Yukawa Lagrangian the simplest possibilities are, either
doublet and singlet fermions (as e.g. a generation of mirror leptons and/or quarks) or
doublet and triplet fermions (as e.g. light Higgsinos and gauginos) remnant from (split)

supersymmetry [42]. In the next section we will consider the latter possibility.



Figure 1: Curves of constant ¢./T. = 1 and my = 120 GeV, for a fermion with mass
m? = p? + h%¢? and g degrees of freedom. From top to bottom the curves correspond to
h=1.5,2,2.5, and 3.

3 HIGGSINOS AND GAUGINOS: THE PHASE TRANSITION

In this section we will consider the particular case of Higgsinos (ﬁ[m), Winos and Binos
(W*, B) coupled to the SM Higgs doublet H with the Lagrangian

£ = Hf (hz o W+ B) Hy+ H"e (—h1 o WV + b, B) H,

My ~ - M, ~ -~ ~ o~
+ 72 Wawe + 71 BB + p HTeH, + h.c. (3.1)
where € = i09 and the Yukawa couplings h; o and h/1,2 are arbitrary 4.

The chargino mass matrix is

My hy¢
<h2¢ % )’ (3:2)

and the squared mass matrix has eigenvalues

2
Mt = (, RN hiqsz) | (3.3)

where My = % (My+ ), he = % (h1 £ hs). The mass matrix for neutralinos is

M, 0 —ho/VE mo/V2
0 M, hyo/V2  —hy¢/V2 (3.4)
—hy ¢/\/§ h/z Cb/\/§ 0 —p .

ho/vV2 —hi¢/V2  —p 0

“The matching at high scale with the MSSM couplings would be hy = gsin 3/v/2, h1 = gcos /v/2,
hly = g'sin B/V/2, hy = ¢’ cos 3//2, where g and g’ are the SU(2) and U(1) gauge couplings respectively,
and the Higgs doublet is related to the MSSM Higgses by H = sin BHy — cos feHy [A2]. The matching
with the couplings of a possible UV completion of the model will be done in section B For the moment
we will just assume that there is such a UV completion and that it provides the necessary stabilizing
fields as it was discussed in section 2.




The eigenvalues of this matrix are cumbersome, so we consider the particular case M; =
My = M, hy = hy = h, and b} = hl, = h’. The eigenvalues of the squared mass matrix
are thus

Ant = 12, Apa = M2, (3.5)

and

2
Ans = (M+ = \/ M2 + 22 + 2h’2¢2) , (3.6)

In this case the chargino eigenvalues become very similar to those in Eq. (B:8): in particular
we have h_ =0, hy = h, and My = M in Eq. B3). We can further simplify the problem
by also setting b’ = 0, since in this case Eqs. (B3)) and (B6) become

2
Ay = <M+ /M2 + h2¢2) . (3.7)

that corresponds to 6 degrees of freedom (a Dirac spinor and a Majorana spinor) with
squared mass A, 6 with squared mass A_, and 2 (light) Majorana particles with masses
and M. A total of 16 fermionic degrees of freedom out of which only 12 are coupled to the
SM Higgs. Clearly, for o' = 0 the Majorana particle with mass M is just a pure Bino state
of mass M; = M, which decouples from the other low-energy states and therefore plays
no role in determining the strength of the electroweak phase transition. In the following,
we shall concentrate on this particularly simple case.

From Eq. (B7) it is clear that all the results in this case will be symmetric under
< M. The simplest limiting case is when M, = 0 and M_ = M = —p. In this case the
eigenvalues are degenerate, Ao = M? + h?¢?, with 12 degrees of freedom corresponding
to 3 Dirac spinors, and the situation is identical to the simple example illustrated in
the previous section. One expects that other limits will be less favorable for the phase
transition. For instance if we take M_ = 0 (i.e. M, = M = u), the eigenvalues are
(M + h¢)2. This means that, unless h¢ > 2M, in the broken-symmetry phase half of the
particles become heavier than in the symmetric phase but the other half become lighter.
Therefore, unless M, is also small, less degrees of freedom than in the case M, = 0 will
contribute to this effect.

In Fig. Pwe plot the free energy at different temperatures for a Yukawa coupling h = 2,
a Higgs mass of 120 GeV and p = —M =~ 200 GeV. We can explicitly see from the figure
shape that there is a first order phase transition with an order parameter ¢./T, ~ 1.75.

In Fig. Bl we plot the ratio of the Higgs VEV to the temperature, evaluated at the
critical temperature, as a function of the mass M for the case p = —M and my =
120 GeV. As expected, the strength of the phase transition decreases with M. This
illustrates the fact that for large M the particle is decoupled already in the symmetric

10
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Figure 2: The free energy at different temperatures for h = 2, myg = 120 GeV and
w=—M ~ 200 GeV.

phase, hence the VEV ¢, has a smaller value, which corresponds in the M — oo limit, to

that of the electroweak phase transition in the Standard Model.

1.75

1.5

1.25
¢/T. 1
0.75
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0. 25

OL. ‘ ‘ ‘ ‘
0 100 200 300 400
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Figure 3: ¢./T, for myg = 120 GeV and h =2 as a function of M = —p in GeV.

In Fig. @l we plot the values of the Yukawa coupling h necessary to induce a strongly
first order phase transition for the case M = —p and my = 120 GeV. It is clear from the
plot that for such a small value of the Higgs mass, a strengthening of the phase transition
may only be achieved for h Z 1.5. Let us stress that this lower bound may be weakened
by assuming slighly smaller values of pg. For instance, taking u% to be 0.9 times the
maximum value allowed in Eq. (2I4) is enough to ensure that values of h = 1.5 and
masses p of order of 100 GeV are allowed.

We are interested in a strong enough phase transition for baryogenesis, which means
that the Higgs VEV must be large enough for sphaleron processes to be suppressed in
the broken-symmetry phase (in order to avoid the washout of the BAU after the phase
transition). In the case of Fig. B this happens up to a value M = M. determined by

11
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Figure 4: Yukawa coupling h necessary to get ¢./T. =1 for myg = 120 GeV as a function
of M = —p in GeV.

the condition ¢./T. ~ 1. Observe that the top-quark, with 12 degrees of freedom (similar
to the chargino-neutralino system) and a Yukawa coupling h; ~ 0.7 in our normalization,
is not able to generate such a strong first-order phase transition in the SM.

It is well known that the value of the Higgs mass plays a prominent role in the strength
of the phase transition in the Standard Model and extensions thereof. Up to now we have
fixed it to a “minimal” value, my = 120 GeV. However our mechanism of strengthening
the phase transition by using strongly coupled fermions, although certainly sensitive to
the value of the Higgs mass, permits to go to higher values. In Fig. Bl we plot, for fixed
values of the Yukawa coupling, the values of M that give ¢./T. = 1 as a function of the
Higgs mass. We can see that, as expected, there is an upper bound on the Higgs mass
that depends on the Yukawa coupling m5y** = m¥**(h). Moreover the upper value of the
Higgs mass has an approximate linear behaviour as a function of the Yukawa coupling h
as can be readily deduced from Fig. Bl. Imposing perturbativity of the theory at the low
scale sets a generic upper limit on the Yukawa coupling i < v/4m ~ 3.5 which from Fig.
yields a corresponding upper limit on the Higgs mass of my < 400 GeV. In general, for
large values of h, the requirement of perturbative consistency of the theory up to high
energies may only be fulfilled by embedding this model into a more complete theory where
couplings become asymptotically free (see section [). For the particularly interesting UV
completion proposed in section ] the upper limit on the Yukawa coupling is, as we will
see, more restricted, h < 2, which translates into the stronger Higgs mass upper bound
my S 175 GeV for p = —M of order 100 GeV.

The model we have proposed contains Higgsinos H; and electroweak gauginos W¢,
B, coupled to the SM Higgs through the Lagrangian B1) with Yukawa couplings h;, h

12
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Figure 5: Contours of ¢./T. = 1 in the (M, mpy)-plane for h = 1.6,2,2.5,3 and M = —p.
The wvertical line corresponds to the experimental lower bound, for a SM-like Higgs, of
mpg — 115 GeV.

and Majorana masses M;. We have concentrated on the case h; = 0, in which the Bino
state decouples from the other low energy states. Similar results for the phase transition
would be obtained in any model in which the Bino would decouple from the low energy
theory, for instance if h] < h; and M; is much larger than the weak scale. Although the
Bino is absent at low energies, there is still a state with mass approximately equal to |u|
that is a candidate for Dark Matter. This will be analyzed in section Bl where we will
show that a modest splitting between the Yukawa couplings hy and hs will be necessary to
accomodate the observed DM energy density, although a large separation is not permitted
by electroweak precision measurements. In this way introducing a small splitting between
hy and hy is not expected to modify substantially the previous results in this section. In
fact in the approximation of neglecting terms of order h% in the diagonalization of the
mass matrices one can prove that the mass eigenvalues still correspond to one Majorana
spinor with mass p, two Dirac spinors with squared masses given in Eq. (B3) and two

Majorana spinors with squared masses,

2
he = <M+ YT ¢2) | (3.8)

which of course coincides with the degenerate result of Eq. (B) in the limit of hy = hs.
The result of Eq. (B8) also proves that the modification of the strength of the phase
transition due to the non-degeneracy will be small at least in the validity region where
Eq. B38) holds. More explicitly, in Fig. @l we show numerically the variation of the order
parameter ¢./T, away of the degenerate point as a function of h = h_ for hy = 2
and M = —u = 50 GeV. We see that the phase transition is weakened by < 20% for
h_/hy <0.3.
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Figure 6: Values of ¢./T. as a function of 0h, for a fized value of the average value h, = 2,
my = 120 GeV and M = —pu =50 GeV.

Up to this point we have discussed the electroweak phase transition in the absence of
CP-violating phases. However for the baryogenesis mechanism to work we need a non-
vanishing CP-violating phase in the parameters of the theory that will trigger baryon
number generation. As in the MSSM studies, we shall consider real Yukawa couplings
(related to gauge couplings in the MSSM) and Majorana gaugino masses, and a complex
mass parameter y = |ule’?. To conclude this section we would like to consider how the
phase transition and in particular the order parameter ¢./T, vary with the phase ¢. The

result is presented in Fig. [ where we plot ¢./T. as a function of ¢ for My = M; = |u| = 50

1. 827
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=
3
<
1. 825;
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Figure 7: ¢./T. for h =2 and |u| = M =50 GeV as a function of ¢ = arg(u).

GeV and Yukawa couplings h, = 2, h_ = 0. The plot at ¢ = 7 is consistent with the
corresponding results that can be read off from Fig. Bl while the strength of the first order

phase transition decreases by only a tiny amount for O(1) C'P violating phases, i.e. for
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w=m/2.

4 CP-VIOLATING SOURCES AND BARYOGENESIS

The chargino sector in the model presented in section Bl has a similar structure to the
chargino sector in the minimal supersymmetric Standard Model. The only difference
is that the couplings gsin 3/v/2 and gcos3/v/2 are replaced by arbitrary couplings hs
and hy, respectively, as can be seen in the corresponding mass matrix ([B2). As in the
MSSM the CP-violating phase can have its origin, after field redefinitions, in the phase
¢ of the (complex) p-parameter. A general method for computing the effects of CP-
violating mass terms on particle distributions was introduced in Ref. [I7] leading to an
efficient transport of CP-violating quantum numbers into the symmetric phase where
weak sphalerons are active and can trigger electroweak baryogenesis for all bubble wall
widths. The method was adapted to the MSSM by a number of papers [I8]-[31] where a
set of coupled differential equations, that include the effect of diffusion, particle number
changing reactions and CP violating terms, were solved to find various particle number
densities diffused from the bubble wall, where CP-violation takes place, to the symmetric
phase where sphalerons are active. These methods can be adapted to the present model by
just considering the particular structure of the chargino mass matrix given by Eq. (B2).
We will further make the simplifying assumption that all C'P violation resides in the
fermionic sector. Otherwise there should be extra contributions to the C'P violating
currents from the bosonic (stabilizing) fields, although these contributions are expected to
be suppressed with respect to the fermionic ones because the stabilizing fields are heavier
than the fermions. So from this point of view our results will be mostly conservative.

In particular we will follow the formalism of Refs. [27, B1] where a method was de-
veloped to compute the CP-violating sources induced by the passage of a bubble wall
in a system of fermions that interact in a way similar to the one described above, in an
expansion of derivatives of the Higgs fields. The method allows for the computation of
the currents in a resummation to all orders of the Higgs vacuum expectation value effects.
It was found that there are two different CP-violating sources from the chargino sector
which the total baryon asymmetry depends upon. The leading contribution is provided
by

e H:0,H; = v*(1)0,03 (4.1)

that is proportional to the variation of the angle 8 = arctan [vo(T") /v1(T")] at the wall of
the expanding bubble. The source (E]) has a resonant behaviour for My = || and it is
the leading contribution in the MSSM. However, the Higgs sector of our model (which
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contains just the SM Higgs doublet) can be considered as the m4 — oo limit of the MSSM
Higgs sector (where my is the pseudoscalar mass) in which case d,5 — 0 and the source
(1) does not contribute to the diffusion equations.

The second contribution to the baryon asymmetry is proportional to
H,0,Hy + H0,,H, = v*cos(203)9,3 + vd,vsin(20). (4.2)

In the limit m4 — oo only the second term in (fE2)) survives. Moreover we will consider
in this section hy >~ hy = h (i.e. tan 8 ~ 1) ® in which case the only remaining source is
proportional to d,v% This region is, as it was proven in Ref. [31], very insensitive to the
resonance region relating M and || and it provides a very natural region of parameters
where electroweak baryogenesis can hold. Although in the MSSM such a region provided
a very tiny amount of baryon asymmetry, in the present model all effects are enhanced
by the strong Yukawa couplings of the Higgs to charginos as we will see in this section.
In the MSSM there is an additional suppression of the source, Eq. (2, due to the large
values of tan 3 necessary to fulfill the LEP bounds on the lightest CP-even Higgs boson
mass [49], tan § of order 10. As stressed above in this model, instead, tan 3 ~ 1.
Following the formalism of Refs. [27, BT] the solution of the diffusion equations, in the
limit where the strong sphaleron (I';s) and Yukawa processes (I'y ) are fast enough, provide
quark number density for third generation doublets ng and singlets ny as functions of the

number density for the Higgs doublet coupled to the top quark ng, as

ko (% — ki) 11

ne(2) = Kt (ks + 9k + 9kr) nu(z)+ 0 (r_ E)

kr(9%q + 2kp) 1 1
— O —,— 4.3
nr(z) For Ui + 9o £ 9y ") O\ T T (4:3)
where k; are statistical factors [B0]
3 °° p?
ko(m®) = oo / dp— (4.4)
™ Jo sinh ( (p® + m2)/T2/2>

3 2

oy _ 3 [T p
kp(m”) 27r2/0 dpcosh2 (\/W/Q)

that satisfy the condition kr(0) = 1 (kp(0) = 2) for Weyl fermions (complex bosons).

(4.5)

In turn the density ng(z) 9 is obtained from the diffusion equations as a function of the

5This choice will be motivated by the contribution of charginos and neutralinos to the electroweak
parameter T as we will see in section [0
6The spatial coordinate z is transverse to the bubble wall and we are neglecting the bubble curvature.
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particle number changing rates, CP-violating sources and diffusion constants, as explained
in Ref. [31], yielding from Eq. ([3) the quark number densities ng r.

In order to evaluate the baryon asymmetry generated in the broken phase ng we first
need to compute the density of left-handed quarks and leptons, ny, in front of the bubble
wall in the symmetric phase. These chiral densities bias weak sphalerons to produce a
net baryon number. Considering particle species that participate in fast particle number
changing transitions, and neglecting all Yukawa couplings except those corresponding to
the top quark, only quark doublets do contribute to ny. Then assuming that all quarks
have nearly the same diffusion constant it turns out that [I7] ng, = ng, = 2(ng + nr)
and therefore from Eq. [#3)

e = md@+%ﬂ@=Anﬂd+0(éJ%J

koks + 8 krky — 9 kok
A = 2hokp H8krks = 9kokr (4.6)
kr(kp + 9ko + 9 kr)

It turns out that the baryon asymmetry can be written as [31]

0
np = _LF“JS/ dz ny(2) exp (_M) (4.7)

Uy 4,

where ng = 3 is the number of families, v, the bubble wall velocity and Ty, = 6xa2 T,
where k ~ 20 [], is the weak sphaleron rate.

For the model presented in this paper, where squarks and the non-SM Higgs bosons
are superheavy, mg, mp, mg > T, ~ 100 GeV (kg = kr ~ 3, kg ~ 6 and kg ~ 8), it
turns out that the coefficient in Eq. ([EH) is A ~ 0. This SM suppression was already
pointed out by Giudice and Shaposhnikov [50] and consequently the baryon asymmetry
np in our model is produced by sub-leading effects. Assuming I'y > I'y, we can go beyond
the approximation of Eq. ([E3)) and work out corrections of O(1/T'ss). This was done in

Ref. [I7] leading to an O(1/T's) correction to nr(z), Assnr(z), in our model as
3 Dyny(2) — vnly(2)

where D, ~ 6/T is the quark diffusion constant and the strong sphaleron rate is given
by I'y, = 6K’ %aﬁT, where x' is an order one parameter [I7]. When () is inserted into
() it produces the baryon asymmetry generated by the sub-leading O(1/Ty;) effects.
We have numerically checked that this correction is insufficient to generate the observed
baryon asymmetry of the universe.

Another, more important, correction that can lead to a non-zero value of the baryon

asymmetry to leading order in I';; are Yukawa and gauge radiative corrections to statistical
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coefficients k; (or equivalently thermal masses) [50]. Expanding Eq. (E3) in a power series

of m?/T? we can write

ke(m?) = 1— == ™ & o(mt/T) (4.9)
F 272 T2 ' .
Keeping only the strong gauge (g5) and top Yukawa (h;) couplings one obtains in our

model the statistical coefficients,

kr = 3(1+As+ Ay)
kg = 3(1+ Ay)

1
ko = 6(1+A,+SAy) (4.10)
with
2 2
. gs _ 3h’t
o= Av=—g3 (4.11)

where h; ~ 1/4/2 is the top quark Yukawa coupling and g, ~ 1.2 the strong gauge
coupling. Numerically, |A| ~ 7 x 1072 is more important than |Ay| ~ 2 x 1072 but since
the strong correction to all quarks is universal it cancels in the contribution to the baryon

asymmetry. In fact to linear order in A; one can write the density ny(z) in Eq. (E0) as

np(z) = _1_36 Ay ng(2) (4.12)
and the proportionality coefficient turns out to be A ~ 4 x 1073, This is the reduction
factor we get from such a sub-leading effect. The numerical calculation of the baryon-
to-entropy ratio 7 is presented in Fig. B (lower solid line) where we plot its ratio to the
experimentally determined value nggxy = (8.7 4+ 0.3) x 107! [59] as a function of the
Yukawa coupling h and we have fixed the CP-violating phase sin ¢ = 1. In fact the phase
sin ¢ that would be required for fixing n = nggn is given by the inverse value plotted in
Fig. B We have chosen the case p = —Msexp(ip), and small values of My = |u| ~ 50
GeV, where the phase transition is favoured, and typical values of the bubble width
and velocity 7. Since the computation of the baryon asymmetry has been performed by
ignoring corrections of order one, the main conclusion one can extract from the results of
Fig. B is that CP-violating phases such that sin ¢ is of order one are necessary to obtain
a value of the baryon asymmetry consistent with the experimentally determined values,

for any value of A 2 1.5.

7A general feature of first-order phase transitions is that the release of latent heat causes a slow-
down of bubble expansion HEJ]. The electroweak bubble-wall velocity thus decreases during the phase
transition [51] from its initial value v,, ~ 107! [52] given by the friction of the plasma. Calculating
the exact value of v, is out of the scope of this paper. However, as noticed in Ref. [53], the effect of
the velocity variation on the BAU is likely to be an O(1) one effect and should not modify the main
conclusions of this paper.
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Figure 8: The ratio n/nspN as a function of the Yukawa coupling h for u = —Ms exp(ip),
M, = 50 GeV, maximal CP-violating phase, sin ¢ = 1, and bubble parameters L, = 10/T,,
v, = 0.1. Left-handed squarks and right-handed sbottoms are heavy (in the few TeV
range). The lower (upper) solid line corresponds to heavy (light) right-handed stops, mrp 2
1 TeV (mp ~ 100 GeV). Dashed line corresponds to right-handed stops with mp ~ 500
GeV.

The amount of generated baryon number density can be increased if some squark is
light enough to be in equilibrium with the thermal bath during the phase transition,
in which case the SM suppression is avoided. The typical case that was considered in
previous studies is that of a light right-handed stop [9] that corresponds to values of
the supersymmetry breaking soft masses mq, mp > 1, and my < T.. In that case
the statistical coefficients are given by kg ~ 6, kr ~ 9, kg ~ 3 and kg ~ 8 and the
coefficient A in Eq. ([EH) does not vanish to leading order in O(1/T,). In fact it is
given by A ~ 1/6 and this produces an enhancement factor of O(100) with respect to
the case where all squarks are superheavy. This enhancement factor produces larger
values of 7 (and so smaller phases are allowed) as can be seen in Fig. B upper solid line.
Now fixing 77 = ngpn can be consistent with phases sin ¢ ~ 1072. Notice finally that a
similar enhancement would also appear if other squark species (i.e. right-handed sbottom
or left-handed doublet) are light; this effect is not particularly linked to the lightness of
right-handed stops.

As mentioned above, the upper solid line in Fig. B corresponds to the extreme case

where there are no extra bosons in the low energy spectrum, or equivalently stop masses in
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the TeV range or larger ®. Of course there can be intermediate situations where the stop is
heavy but still does not fully decouple from the thermal plasma. In this case it contributes
to the statistical factor kr with some small value that can significantly contribute to the
A-parameter and departure its value from zero. For instance if my = 57, ~ 500 GeV,
its contribution to the statistical factor kr as given from (B4 is ~ 0.24 which produces
in ([£H) a value A ~ 1.2 x 1072 and enhances the value of 1 from its value with fully
decoupled right-handed stops. The corresponding value of 7 is plotted in Fig. B (dashed
line). We can see that the CP-violating phase for n = ngpx is now sing ~ 0.1. A similar

effect would be produced by other not-so-heavy third generation squarks.

5 ELECTRON ELECTRIC DIPOLE MOMENT

In the absence of light squarks, baryon number generation demands the presence of large
phases in the chargino and neutralino sectors. In the previous section, we assumed gaugino
masses and Yukawa couplings to be real, and therefore the relevant phase is the one of
the p parameter. Although one-loop corrections to the electron electric dipole moments
are suppressed in the limit of heavy fermions, as has been stressed in Ref. [54], two-loop
contributions become relevant. In this section we will evaluate the two-loop contribution
to the electron electric dipole moment from the fermion and Higgs sector °.

In Fig. @ we plot the chargino contribution to the electron electric dipole moment [55],
for p = —Ms exp(ip), with M, real and positive (My = |u|), maximal CP-violating phase,
sing =1, h_. =0, and for hy = 1.5, my = 120 GeV (solid line); hy = 2, my = 120 GeV
(dashed line); and hy = 2, my = 200 GeV (dot-dashed line). We have verified that the
results vary only slightly for non-vanishing values of |h_/hy| < 0.1, which, as we will show
in sections @l and [, are preferred by dark matter and precision electroweak constraints.
As discussed above, for values of h < 1.5, the electroweak phase transition is weakly first
order and the generated baryon asymmetry is not preserved. For slightly larger values,
hy < 1.6, small values of |u| < 100 GeV and Higgs mass values smaller than 125 GeV
are demanded in order to make the phase transition strongly first order. The present
electric dipole moment bound, |d.|/(ecm) < 1.7 1077 [56] does not put a bound on this
model for these values of hy and |u|. For larger values of h, and similar values of |u/,

Fig. @ shows that the electron electric dipole moment contributions become smaller and

8For instance for my = 107, ~ 1 TeV the stop contribution to kr is ~ 3 x 1073 and 4 ~ 1.8 x 1074,
much smaller than the previously considered thermal effects.

9We will assume here that squarks and stabilizing bosons are heavy enough not to contribute ap-
preciably to electric dipole moments. However when particular UV completions of this model will be
considered this assumption should be re-checked and if the new contributions are relevant they should
be added to the fermionic ones.
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Figure 9: Electric dipole moment of the electron as a function of |u| for maximal CP-
violating phase, sinp =1, and h— = 0. The Higgs boson mass and Yukawa couplings are
fized to my = 120 GeV, hy = 1.5 (solid line); my = 120 GeV, hy = 2 (dashed line); and
my = 200 GeV, hy =2 (dot-dashed line).

in addition, as shown in Fig. B smaller phases are demanded for the baryon number
generation. Therefore, the electric dipole moment bounds become even weaker in this
case.

However the anticipated improvement of a few orders of magnitude in this quantity [57]
will be sufficient to test this model even for values of h, = 2, provided the values of |u| are
in the range necessary to obtain a good dark matter source and avoid the LEP invisible
constraints: For large values of M, (or for My = M;) and small values of h_, the lightest
neutralino mass is mainly a Higgsino with mass approximately equal to |u|. For hy > 1.5,
the chargino and the second lightest neutralino are heavier than 200 GeV and therefore,
the stronger experimental bound comes from the Z invisible width. Surprisingly, for
h_ = 0, the tree-level coupling of the lightest neutralino to the Z vanishes and therefore
the invisible width bounds become very weak. However as we shall analyze in section [@]
assuming thermal production of the lightest neutralino, an acceptable relic density may
only be obtained for a small but non-vanishing coupling to the Z. Quite generally, if
the dark matter density is determined by the s-channel Z-annihilation cross section of a
neutralino, an acceptable relic density may only be obtained for values of the neutralino
mass larger than 35 GeV, what in this case implies |u| 2 35 GeV [38]. For such a range of
values of |u|, a bound on the electric dipole moment of about 1072% e cm will be enough
to test this model for A, < 2 and sin ¢ ~ O(1), as required for baryogenesis in the absence

of light squarks.
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6 DARK MATTER

One of the most attractive features of the model presented above is that the particles
that lead to a strengthening of the electroweak phase transition are the same as the
ones leading to a generation of the baryon number at the weak scale. It would be most
important if the same particles would also provide a good Dark Matter candidate. As
stated in the introduction stable, neutral, weakly interacting particles lead naturally to a
Dark Matter relic density of the order of the one present in nature. As we will see, under
the assumption of an R-Parity symmetry, the lightest neutralino of the model presented
above becomes a good Dark Matter candidate.

Let us work in the simplest case, in which the Bino mass M; takes large values (M; >
Ms) and mixes only weakly with the Higgsino (h} , < hi2). In such a case, due to the
strong Yukawa couplings h; and hs, the charginos and two of the neutralinos acquire
masses of about hyv. The mass of the lightest neutralino is close to || and the lightest
neutralino is therefore an almost pure Higgsino state.

Assuming that all squarks, stabilizing bosons and heavy Higgses, if present, are con-
siderably heavier than the lightest Higgsino, the states which determine the neutralino
annihilation cross section are the light SM-like Higgs boson and the Z-gauge boson. Due
to the small coupling of the SM Higgs boson to quarks and leptons, the annihilation cross
section via s-channel Higgs boson production is very small, unless the neutralino mass
is very close to my/2, a quite unnatural possibility that we shall discard for the aim of
this work. Hence the annihilation cross section is governed by the coupling of the lightest
neutralino to the Z-gauge boson.

The coupling of a neutralino state to the Z-gauge boson is proportional to the differ-
ence of the square of the components Ny, of the neutralino into the two weak Higgsino
states lffi,

93z < (|Nga* = [Nga?) (6.1)
This difference vanishes for values of h; = hy, and increases for increasing values of h_.
Considering small differences between the values of h; and ho, the lightest neutralino,

with mass approximately equal to |u|, is given by

. hy ~ ho ~
~— Hy+———H 6.2
X V13 + h3 ? V13 + h3 ' (6.2)
and hence
3 ) 6.3
IxZ X pa 2 (6:3)

The annihilation cross section is proportional to the square of gy and inversely propor-

tional to the square of the difference between the lightest neutralino mass and the resonant
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mass value, My /2. Therefore, the smaller the coupling gz, the closer the modulus of the
parameter p should be to the resonant mass value. Hence, in order to get a value of the
relic density consistent with the one determined by WMAP, there must be a correlation
between the departure of |u| from Myz/2 and the difference of the Yukawa couplings of
the two Higgsinos to the Wino and Higgs field.

The numerical estimates of the values of |u| for a given value of h, have been obtained
by computing the relic density, which is inversely proportional to the thermal average

annihilation cross section,

9 -1 00 -1
On2 — (1.07 x 107 GeV ™) / i (Uv)2(z)gi/2 ’ (6.4)
Mpl zf T

where x = my /T, my is the mass of the lightest neutralino particle and 7" the temperature
of the Universe [58]. The value of the variable x at the freeze-out temperature, z; =

myg /Ty, is given by the solution to the Eq. [43]

s (6.5)

5 =In [0 038 9/g/") my Mo (00 <xf>]
Ly

where g = 2 is the number of degrees of freedom of the neutralino, g, is the total number
of relativistic degrees of freedom at temperature 7 , and Mp; is the Planck mass. The
thermal average of the annihilation cross section may be computed by standard methods

and, for a particle of mass my, is given by [f]
(o) :/4 2als s—4mf~<WKl(\/E/T)/IGm;%TKQ(m;(/T), (6.6)

where s is the usual Mandelstam parameter, K; and K, are modified Bessel functions,
and the quantity W is defined to be

- /[ T

where |M|? is the squared matrix element averaged over initial states, and summed over

(2m)* 6D (1 +p2 = Y py) IMP, (6.7)
f

final states.

In Fig. [ we plot the required value of |u| in order to obtain the central value of
the relic density consistent with the recent experimental results Qh? ~ Qwmaph® =
0.11 + 0.01 [B9] as a function of h_. The average values of the Yukawa couplings have
been fixed to hy = 1.5 (dashed lines) and h; = 2 (solid lines). Lower and upper lines
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Figure 10: Values of the u parameter leading to a value of the neutralino relic density
consistent with the central value of the WMAP observation, as a function of h_, for
= —Msyexp(ip) and My = |u|, assuming that the average value of the Yukawa couplings
h. is fized to the value hy = 2 (solid lines) and hy = 1.5 (dashed lines). Lower and upper
lines for each set of hy values correspond to ¢ =0 and p = 7/2, respectively.

for each set of h, values correspond to two different values of the CP-violating phase,
¢ = 0 and ¢ = 7/2 respectively. Larger values of |h_| lead to larger values of |u|. We
show the results only for small values of |h_|, since as we will discuss in the next section,
large values of |h_| lead to unacceptably large corrections to the precision electroweak
observables. A non-vanishing phase has only a significant impact on the relic density
determination for values of hy, ~ 1.5 and |u| > 80 GeV (|h_| 2 0.2), for which the phase
transition is no longer strongly first order and/or unacceptably large corrections to the
precision electroweak data are generated. Otherwise, the variation induced by the CP-
violating phases is of the order of (or smaller than) the present experimental uncertainty
in the relic density. Indeed, a one sigma variation of the relic density results for values of
|| ~ 80 GeV (60 GeV) would be obtained by varying |u| by about 3 GeV (1.5 GeV).

It is important to compare the results shown in Fig. with those in Fig. B For
hy < 1.6 it follows from Fig. Bl that in order to preserve a strongly first order phase
transition one needs |u| < 100 GeV and a Higgs mass smaller than 125 GeV. As seen in
Fig. [, such small values of || are also consistent with Dark Matter constraints, provided
that |h_| < 0.3. As emphasized before, and as we will show in detail in section 7, the
requirement of consistency with the precision electroweak data further constraints the
allowed parameter space.

For h, = 2, the constraints coming from the requirement of a sufficiently strong phase
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transition are much weaker. Values of |u| and of the Higgs mass as large as 200 GeV are
consistent with this constraint. This is a much larger region of values of the parameter
|| than the one consistent with Dark Matter constraints, for the small values of |h_| that
are required by precision electroweak data (see section 7). Therefore, also in this case the
allowed region of parameters may only be determined once the analysis of the constraints
coming from the consistency with precision electroweak data are evaluated.

Finally notice that, for a fixed value of hy in Fig. [T}, the region above (below) the
line Q = Qwymap corresponds to Q > Qwyap (2 < Qwmap). Therefore while the region
above the corresponding curve is excluded since it would predict too much DM density,
the region below it is not excluded provided there is another candidate for Dark Matter

in the theory.

7 EBELECTROWEAK PRECISION MEASUREMENTS

Heavy fermions, with large couplings to the Higgs field, may induce large corrections to
the electroweak precision measurement parameters. Extra contributions may come from
the stabilizing fields, but in this section we shall assume that the UV completion of the
model is such that they are small. A very trivial (ad hoc) way of achieving this is if the
stabilizing fields are a set of scalar singlet fields strongly coupled to the Higgs boson. For
instance we can consider the case of N scalar (complex) singlets giving a contribution to

the scalar effective potential given by
Vs = R2|S]P|H|* + 1i2|S* + As|S|, (7.1)

with p%,As > 0. This set of singlet fields contributes to the one-loop effective po-
tential of the Higgs field as g, = 2N bosonic degrees of freedom with a mass squared
m2(¢) = u% + h*¢? that corresponds to the typical case of stabilizing fields introduced in
section @10, As it is obvious this system of stabilizing (singlet) fields would not contribute
to the electroweak precision observables or to the CP-violating observables analysed in
the previous sections. In the following, we will just concentrate on the contribution to the
electroweak precision measurement parameters from the fermionic sector of the theory.
It is well known that if the fermion masses proceed from the usual contraction of a
left-handed fermion doublet and a right-handed fermion singlet with the Higgs doublet,

and if the mass difference of the fermion components of the doublet field is small, the

108¢rictly speaking, for the stabilization of the effective potential, it is not necessary that the bosonic
and fermionic number of degrees of freedom, g, and gy, are equal and/or that the corresponding Yukawa
couplings hy, = hy, as we have been assuming in section I It is easy to see that a necessary stabilization
condition is provided by gphg > gfh?.
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contribution of heavy fermions to the S-parameter is about 1/67. On the other hand the
contribution to the T-parameter would depend on the size of the mass difference between
the up and down fermions. Cancellation of anomalies requires the presence of at least
two such new heavy fermion doublets and therefore the contribution to the S-parameter
tends to be large, S > 0.1.

In the case under analysis, however, the symmetry breaking masses proceed from the
coupling of the Higgsino doublets to the Higgs field and an SU(2) -triplet of Winos.
Contrary to the standard case of heavy fermions, the contribution to the S-parameter
becomes small in this case. For a given value of the average Yukawa coupling A, the
contribution to the T" parameter, instead, becomes sizeable for large values of h_, while the
contribution to the parameter U is an order of magnitude smaller than the contribution
toT.

We shall work in the limit in which M is large. Thus the mixing of Binos with the
Winos and Higgsinos becomes small and therefore the Binos decouple from the precision
measurement analysis. For large values of the Yukawa couplings, the lightest neutralino
has a mass close to |u| and a coupling to the Z-gauge boson given by Eq. (63)). As
explained in section B, for h_ = 0 there are two Dirac charginos degenerate in mass with
two Majorana neutralinos and the T' parameter contribution vanishes. The mass difference
between the neutralinos and charginos grows linearly with h_, as does the coupling of the
lightest neutralino to the Z-gauge boson, and the T parameter grows quadratically with
h_, as shown in Fig. [l for values of h; = 2 (solid line) and h, = 1.5 (dashed line).

Moderate contributions to the T-parameter are not in conflict with electroweak pre-
cision measurements. Even in the absence of any other physics at the weak scale the
corrections to the T-parameter coming from the neutralino and chargino sector may be
largely compensated by the negative contribution induced by the presence of a heavy
Higgs, which contributes to the S and the T parameters in a way proportional to the

logarithm of its mass,

href
3 my
AT = — log ho (7.2)
16mc, <miref)

where my, . is a reference Higgs mass value.

The model under analysis falls therefore under the class of models which give a small
contribution to the U parameter and sizeable contributions to the T parameter. Although
the new physics gives only negligible contribution to .S, a sizeable contribution to the S

parameter may also be induced by a heavy Higgs boson. A fit to the precision electroweak
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Figure 11: Chargino and neutralino contributions to the T-parameter as a function of h_,
assuming that the average values of the Yukawa couplings has been fized to hy =2 (solid

line) and hy = 1.5 (dashed line) and considering M = —u determined as a function of
h_ from Figure [IQ

data in this class of models has been done by the LEP electroweak working group [60].
For a reference Higgs mass value of 150 GeV, they find

S =0.04+0.10
T =0.12+0.10 (7.3)

with an 85% correlation between the two parameters. Taking this into account we show
in Fig. [2 the 68% C.L. (solid lines, hatched ellipses) and 95% C.L. (dashed lines) region
of allowed values of the new physics contribution to the S and T parameters for values
of the Higgs boson mass equal to 115 GeV, 200 GeV and 300 GeV, respectively. Observe
that, since we are presenting a fit to the allowed new physics contribution to the S and T’
parameters, for each value of the Higgs mass the origin of coordinates represents the SM
value.

From the results of Figs. [0, [Tl and M2, we see that for a fixed value of the average
Yukawa coupling, h,, the requirement of an acceptable relic density and a good fit to
the precision electroweak data implies an interesting correlation between values of h_,

the parameter |u| and the Higgs mass. The value of the Higgs mass is also bounded
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Figure 12: 68 % (solid lines) and 95 % (dashed lines) C.L. allowed values of the S and T
parameter based on the fit to the precision electroweak data in Ref. [60)], for three different
values of the Higgs mass: 115 GeV, 200 GeV and 300 GeV.

from above from the requirement of a successful generation of the baryon asymmetry. For
instance, for h, = 2, Fig. Bl shows an upper bound on the Higgs mass of about 200 GeV
and therefore from Fig. [2 it follows that a good fit to the electroweak data may only be
obtained for values of the new physics contribution to the parameter 7" < 0.27 (if the new
physics contributions to the parameter S are small, as in the case under analysis). The
upper bound on T translates into an upper bound on h_. From Fig. [l we get that |h_| <
0.18, and from Fig. [[0 this leads to an acceptable relic density only for |u| < 65 GeV.
For h, < 1.6 the corrections to the precision electroweak parameters are slightly
smaller than for h, = 2. However, as emphasized before, from Fig. Bl we see that consis-
tency with a strong electroweak phase transition can only be obtained for a Higgs mass
value close to its present lower bound, m; < 125 GeV, and small values of |u| < 100 GeV.
From Fig.[[2 this implies that the new physis contribution to the parameter 7" < 0.15, and
therefore from Fig. [Tl one obtains that |h_| < 0.14. Interestingly enough, from Fig. [T, we
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find that the same region of parameters is consistent with the Dark Matter relic density
provided || < 70 GeV. Observe that the allowed values of || approximately coincide

with the ones obtained for h, = 2.

8 LARGE YUKAWA COUPLINGS IN LOW ENERGY SUPER-
SYMMETRIC THEORIES

In this work we have analyzed the properties of a model with light charginos and neu-
tralinos which are strongly coupled to the SM Higgs. Such large values of the Yukawa
couplings do not arise in minimal supersymmetric extensions of the Standard Model, since
these couplings are determined by supersymmetric relations to the weak couplings. It is
therefore an important question to understand under which conditions such a low energy
effective theory may be obtained.

One possibility is to assume that, although the quantum numbers of the light particles
are those of Higgsinos and gauginos of supersymmetric theories, the theory is not related
to any supersymmetric theory at high energies. A more interesting possibility would be to
consider this theory as a particular realization of split supersymmetry 2], but where the
particular relation between the Yukawa couplings and the gauge couplings has been broken
by supersymmetry breaking interactions. One of the problems with this alternative is the
one of vacuum stability. In addition, due to the strong Yukawa couplings, perturbative
consistency is lost at scales much lower than the GUT scale and therefore perturbative
unification of the gauge couplings cannot be achieved.

In this section we shall show that this low energy effective theory may also arise in
low energy supersymmetric models with extra, strongly coupled gauge sectors, if the scale
of supersymmetry breaking is larger than the scale of spontaneous symmetry breakdown
of the extended gauge sector to the Standard Model one. A supersymmetric extension
provides the necessary stabilizing fields in a natural way. On the other hand in this exten-
sion the strong Yukawa couplings are proportional to the strong gauge couplings, which
become asymptotically free at high energies. This ultraviolet completion of the theory
allows the preservation of perturbative consistency up to high energies and therefore the
possibility of perturbative unification of gauge couplings.

In order to illustrate this property let us consider the model analyzed in Ref. [61]. The

model is based on the low energy gauge group
SUB)e @ SU((2); @ SU(2)2 @ U(1)y. (8.1)

First and second generation left-handed quark and leptons transform in the fundamental
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representation of SU(2)y, i.e. (2,1) of SU(2); ® SU(2)s, while the third generation left-
handed quark and leptons and the two MSSM Higgs bosons transform in the fundamental
representation of SU(2)s, (1,2). The model also includes a bifundamental (2,2) Higgs
field X, as well as a singlet field S. The scalar component of the bifundamental takes a
vacuum expectation value (X) = u - I, breaking SU(2); ® SU(2)s — SU(2)r. The gauge
bosons

WH — 9:Wi — Wy’ (8.2)

Vi + 93

remain massless after this symmetry breakdown and interact with an effective gauge
coupling gw = 192/ m This model can be made consistent with gauge coupling
unification by embedding the group SU(3). ® SU(2); ® SU(2)2 ® U(1)y into the grand
unified product group SU(5) ® SU(5) broken by bi-fundamental field (5,5) diagonal
VEV’s [61), 62).

In the model of Ref. [61] there are extra fields transforming under SU(2); but not
under SU(2),. With this particle content the coupling go of SU(2), is asymptotically
free, but g; of SU(2); is not. We shall work under the assumption that the coupling
go becomes strong at the scale u of spontaneous symmetry breaking of the symmetry
SU(2);®SU(2)s, and therefore the Winos of SU(2), interact strongly with the Higgs and
Higgsinos. For our analysis here, the relevant term in the superpotential is W = My33¥,
and the relevant supersymmetry breaking terms in the gaugino-Higgsino sector are the
masses of the gauginos, M;, corresponding to the two groups SU(2);. In the absence of
supersymmetry breaking terms the superpartners of W# would become the low energy
Winos, interacting with Higgsinos and Higgs bosons with the weak coupling gy,. In
order to get a strongly interacting Wino-Higgsino-Higgs sector at low energies we need to
decouple the bifundamental Higgsinos ¥, as well as the weakly interacting Wino W from
the weak scale theory. This may be achieved by choosing the supersymmetry breaking

parameters M; and the Higgsino mass parameter My, to verify
Ml, My > golt, Mz < gau (83)

Supersymmetry is therefore broken before the scale of breakdown of SU(2); ® SU(2),
group to SU(2)r. The Wino of SU(2); is only weakly coupled with the bidoublet Higgsinos

and its large supersymmetry breaking mass ensures its decoupling from the low energy

theory.
For the parameters given above the low energy Wino has a mass
2,2
gou
My ~ My — 8.4
oo M- 22 (5.4
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and has a component on the strongly coupled Wino of SU(2) of order cosfy;, with
sin fy, ~ gou/Ms. (8.5)

The effective Yukawa couplings between the low energy Winos and the two Higgsinos are

therefore given by

hy ~ g, cos Oy, cos (/2
hy ~ g cos Oy sin §/v/2 (8.6)

where we have assumed that the CP-odd Higgs mass is larger than the weak scale, and
therefore a single, SM-like, CP-even Higgs boson remains in the low-energy theory. As-
suming ay = g3/4m < 1 we get that, in this realization of the low energy theory, the
Yukawa couplings h; < 2.

On the other hand, a very large supersymmetric mass My, would also demand to be
compensated in a precise way by a similarly large supersymmetry breaking mass in order
to get the proper SU(2); ® SU(2)y breaking scale. Lower values of My would reduce
the strongly coupled gaugino component of the low-energy Wino state and would require
a fine-tuning between the two terms in Eq. (84]) in order to obtain a small value of the
effective low-enegy Wino mass. Therefore in this model, a moderate amount of fine-tuning
is required to get consistency with phenomenological constraints and a strong electroweak
phase transition !

We can now ask if the strongly coupled gauge bosons may serve as the stabilizing
bosonic fields defined in section Bl Let us first stress that the particular extension of the
MSSM presented above leads to extra contributions to the precision electroweak observ-
ables. Small values of these extra contributions may only be obtained for values of gsu
larger than a few TeV [61), 63]. Since gou acts as the bosonic mass pg defined in Eq. (214),
these particles can only act as stabilizing fields if the Higgs is heavier than the range con-
sistent with a strongly first order phase transition. It would be interesting to investigate
possible regions of parameter space in which cancelations between different contributions
take place and consistency with data may be achieved for lighter gauge boson masses.
Otherwise, additional fields would be necessary to stabilize the Higgs potential.

A very simple possibility, that has already been pointed out in section [0 is that the
stabilizing fields are gauge singlets, harmless from the point of view of electroweak pre-
cision measurements. These singlets should couple strongly to the Higgs sector, in order
to stabilize the fermionic part of the zero-temperature effective potential, but should not

contribute strongly to the Higgs quartic coupling since in that case the phase transition

1We thank D. Morrissey for helpful discussions on this point.
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would become weakly first order. A simple example of a model producing the required
effect is given by a singlet superfield P coupled to the Higgs field doublets as well as to a
set of N singlet fields .S;, with superpotential

. 1o 1
W = \S?P+ X\ PH Hy + 5MSS2 — 5MPP2 + pH, Hy (8.7)

where all couplings and the masses Mg and Mp are positive. The absence of a coupling
of the singlet fields S; to the Higgs doublets as well as the appearence of only terms
proportional to 52 in the superpotential may be understood as a result of the invariance
of the theory under a global O(N) symmetry.

The supersymmetric masses of the singlet fields, Mg and Mp, are assumed to be
much larger than the weak scale, suppressing the mixing of light singlet fermions with the
standard gauginos and Higgsinos. We shall also assume that there are supersymmetry
breaking effects in the bosonic S-sector that prevent the possibility of integrating out
the superfields S from the weak-scale theory and allow the bosonic S-sector to be the
stabilizing fields with mass given by (ZI4l). Such supersymmetry breaking effects should
also ensure the preservation of the modifications to the low-energy Higgs quartic coupling
induced by the presence of the superfields S in the theory.

Furthermore we will assume that the superfield P can be integrated out supersym-

metrically so that for scales below Mp it gives rise to an effective superpotential as
1 g2 2 1 g2
Weg = M ()\15 + )\2H1H2> + §M55 + pwHiH, (88)
P

The above superpotential gives rise to a coupling in the tree-level potential between the
S sector and the Higgs sector, hZ|S|2|H |2, where

M
h2 ~ ﬁi)\g)\l sin 23, (8.9)

to an H-quartic coupling as iA)\|H |*, where

iz .
AN ~ m)@ sin 23, (8.10)

and to a self-interacting quartic coupling Ag|S|* fields

Mg 5
Ag ~ —=A7. A1
S MP 1 (8 )

Since we have concentrated in this work on the results obtained in the model with
strongly interacting gauginos and Higgsinos for small values of h_, the value of tan 3 ~ 1,

and therefore sin23 ~ 1. For Mg ~ Mp and M)\, 2 1, one obtains values h? 2 1,
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necessary for the singlets S; to stabilize the one-loop Higgs potential against the fermion
contribution. On the other hand, for u < Mp, as required to obtain a good description
of the dark matter relic density and precision electroweak observables, the contribution
to the quartic coupling is not too large. This has implications for the Higgs boson mass.
In fact, for values of tan 3 ~ 1, the D-term contribution to the Higgs mass is small and
the Higgs mass may be raised above (or around) the MSSM values, due to the tree-level
contribution

m3 ~ 2AMv? + (loop — effects) + (D — term) . (8.12)

Values of the Higgs mass of order 115-200 GeV may be naturally obtained for A\3u/Mp ~
0.1-0.3, that appear in this model for values of Mp of the order of the TeV scale and
values of Ay somewhat larger than one. By choosing the appropriate value of N and the
values of the couplings \;, one can reach a situation similar to the one described in the
previous sections. A detailed analysis of the parameter space in this particular model is

outside the scope of the present paper.

9 (CONCLUSIONS

In this article we have shown that heavy fermions with strong couplings to the Higgs fields
may induce a strengthening of the electroweak phase transition and can also provide the
proper CP-violating sources for the generation of baryogenesis. These heavy fermions,
however, also induce for light Higgs bosons an instability of the Higgs potential at zero
temperature and therefore require an ultraviolet completion of the theory to recover the
consistency of the low-energy theory. In this work, we have assumed that the heavier,
stabilizing fields have oposite statistics but similar couplings and number of degrees of
freedom as the fermion fields. The above properties are then associated with the low
energy theory consisting both of the heavy fermions and the heavier, stabilizing fields.

We have illustrated this possibility by considering a model with TeV scale Higgsinos
and gauginos that may lead to a sufficiently strong first order electroweak phase transition
for values of the Higgs mass as large as 300 GeV. This is quite different from the results
of the MSSM, in which a light stop is necessary, and the Higgs mass should be lower than
~ 120 GeV to enhance the strength of the electroweak phase transition. Also at variance
with the case of the MSSM is the fact that in this scenario the particles that induce a
strong first order phase transition are the same ones responsible for the generation of the
baryon asymmetry at the weak scale.

This model preserves most of the properties of low energy supersymmetry, including

a good Dark Matter candidate. Beyond the problem of vacuum stability, however, the
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low-energy Yukawa couplings deviate from the ones obtained in minimal supersymmet-
ric extensions of the SM, and their strength spoils the perturbative consistency of the
theory at scales of about a few TeV. We have shown, however, that the model may be
considered as the low energy effective description of a gauge extended supersymmetric
standard model, in which the strength of the Yukawa couplings is related to the gauge
couplings of an extended asymptotically free gauge sector, that becomes strongly inter-
acting at TeV scales. This ultraviolet completion of the model solves the strong coupling
problem and introduces new heavy particles that, due to their supersymmetric relations
to the Higgsinos and gauginos, tend to stabilize the Higgs potential in a natural way. The
stability of the potential, however, may only be achieved for values of the heavy particle
masses smaller than about 1 TeV. These relatively small values of the heavy gauge boson
masses lead to large corrections to the precision electroweak observables, unless cancella-
tions between different contributions occur. Alternatively, we also have shown that the
model can be completed with singlets that may stabilize the zero-temperature effective
potential while providing Higgs masses consistent with present experimental bounds and
with the required strongly first order phase transition. Finally, we have shown that this

model may be tested by electron electric dipole moment experiments in the near future.

ACKNOWLEDGMENTS

We would like to thank P. Batra, A. Delgado, T. Tait and D. Morrissey for very helpful
discussions. This work was supported in part by the RTN European Programs HPRN-
CT-2000-00148 and HPRN-CT-2000-00152, and by CICYT, Spain, under contracts FPA
2001-1806 and FPA 2002-00748. Work at ANL is supported in part by the US DOE,
Div. of HEP, Contract W-31-109-ENG-38. Fermilab is operated by Universities Research
Association Inc. under contract no. DE-AC02-76CH02000 with the DOE.

References

[1] A.D. Sakharov, JETP Lett. 91B (1967) 24.
2] G.’t Hooft, Phys. Rev. D14 (1976) 3432 [Erratum-ibid. D18 (1978) 2199].

[3] N.S. Manton, Phys. Rev. D28 (1983) 2019; F.R. Klinkhamer and N.S. Manton,
Phys. Rev. D30 (1984) 2212.

[4] D. Bodeker, Phys. Lett. B426 (1998) 351 [arXiv:hep-ph/9801430]; P. Arnold and
L.G. Yaffe, hep-ph/9912306; P. Arnold, Phys. Rev. D62 (2000) 036003; G.D. Moore

34


http://au.arXiv.org/abs/hep-ph/9801430
http://au.arXiv.org/abs/hep-ph/9912306

and K. Rummukainen, Phys. Rev. D61 (2000) 105008; G.D. Moore, Phys. Rev.
D62 (2000) 085011.

[5] For reviews, see: A.G. Cohen, D.B. Kaplan and A.E. Nelson, Ann. Rev. Nucl. Part.
Sci. 43 (1993) 27; M. Quirds, Helv. Phys. Acta 67 (1994) 451; V.A. Rubakov
and M.E. Shaposhnikov, Phys. Usp. 39 (1996) 461; M. Carena and C.E.M. Wagner,
hep-ph/9704347; A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35;
M. Quirés, hep-ph/9901312; M. Quirés and M. Seco, Nucl. Phys. B Proc. Suppl.
81 (2000) 63, hep-ph/9703274.

6] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B336 (1994) 41
larXivihep-ph/9406345].

[7] K. Jansen, Nucl. Phys. B Proc. Suppl. 47 (1996) 196, hep-lat/9509018; K. Rum-
mukainen, M. Tsypin, K. Kajantie, M. Laine and M. Shaposhnikov, Nucl. Phys.
B532 (1998) 283; K. Rummukainen, K. Kajantie, M. Laine, M. Shaposhnikov and
M. Tsypin, hep-ph/9809435.

[8] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Nucl. Phys. B430
(1994) 382 [arXivihep-ph/9406289).

[9] M. Carena, M. Quir6s and C.E.M. Wagner, Phys. Lett. B380 (1996) 81.

[10] M. Laine, Nucl. Phys. B481 (1996) 43; M. Losada, Phys. Rev. D56 (1997) 2893;
G. Farrar and M. Losada, Phys. Lett. B406 (1997) 60.

[11] B. de Carlos and J.R. Espinosa, Nucl. Phys. B503 (1997) 24.

[12] D. Bodeker, P. John, M. Laine and M.G. Schmidt, Nucl. Phys. B497 (1997) 387.
[13] M. Carena, M. Quir6s and C.E.M. Wagner, Nucl. Phys. B524 (1998) 3.

[14] M. Laine, K. Rummukainen, Nucl. Phys. B535 (1998) 423.

[15] M. Losada, Nucl. Phys. B537 (1999) 3 and Nucl. Phys. B569 (2000) 125; M. Laine
and M. Losada, Nucl. Phys. B582 (2000) 277.

[16) M. Laine and K. Rummukainen, Nucl.  Phys. B597 (2001) 23
larXivihep-lat/0009025].

[17] P. Huet and A. E. Nelson, Phys. Lett. B355 (1995) 229 [arXiv:hep-ph/9504427];
Phys. Rev. D53 (1996) 4578 [arXiv:hep-ph/9506477).

35


http://au.arXiv.org/abs/hep-ph/9704347
http://au.arXiv.org/abs/hep-ph/9901312
http://au.arXiv.org/abs/hep-ph/9703274
http://au.arXiv.org/abs/hep-ph/9406345
http://au.arXiv.org/abs/hep-lat/9509018
http://au.arXiv.org/abs/hep-ph/9809435
http://au.arXiv.org/abs/hep-ph/9406289
http://au.arXiv.org/abs/hep-lat/0009025
http://au.arXiv.org/abs/hep-ph/9504427
http://au.arXiv.org/abs/hep-ph/9506477

[18] M. Carena, M. Quirds, A. Riotto, I. Vilja and C. E. M. Wagner, Nucl. Phys. B503
(1997) 387 [arXiv:hep-ph/9702409].

[19] J. M. Cline, M. Joyce and K. Kainulainen, Phys. Lett. B417 (1998) 79 [Erratum-ibid.
B448 (1999) 321] [arXiv:hep-ph/9708393].

[20] T. Multamaki and 1. Vilja, Phys. Lett. B411 (1997) 301 [arXiv:hep-ph/9705469].

[21] A. Riotto, Int. J. Mod. Phys. D7 (1998) 815 [arXiv:hep-ph/9709286]; Nucl.
Phys. B518 (1998) 339 [arXivihep-ph/9712221); Phys. Rev. D58 (1998) 095009
larXiv:hep-ph/9803357].

[22] M. P. Worah, Phys. Rev. D56 (1997) 2010 [arXiv:hep-ph/9702423|; Phys. Rev. Lett.
79 (1997) 3810 [arXivihep-ph/9704389).

[23] H. Davoudiasl, K. Rajagopal and E. Westphal, Nucl. Phys. B515 (1998) 384
larXiv:hep-ph/9707540].

[24] K. Enqvist, A. Riotto and I. Vilja, Phys. Lett. B438 (1998) 273
larXiv:hep-ph/9710373].

[25] M. Trodden, Rev. Mod. Phys. 71 (1999) 1463 [arXiv:hep-ph/9803479].
[26] N. Rius and V. Sanz, Nucl. Phys. B570 (2000) 155 [arXiv:hep-ph/9907460].

[27] M. Carena, J. M. Moreno, M. Quirds, M. Seco and C. E. M. Wagner, Nucl. Phys.
B599 (2001) 158 [arXivihep-ph/0011055].

28] M. Joyce, T. Prokopec and N. Turok, Phys. Rev. Lett. 75 (1995) 1695 [Erratum-
ibid. 75 (1995) 3375] [arXiv:hep-ph/9408339]; Phys. Rev. D53 (1996) 2930
larXiv:hep-ph/9410281]; Phys. Rev. D53 (1996) 2958 [arXiv:hep-ph/9410282].

[29] J. M. Cline, M. Joyce and K. Kainulainen, Phys. Lett. B417 (1998) 79
[Erratum-ibid. B448 (1999) 321] [arXivihep-ph/9708393]; JHEP 0007 (2000) 018
larXiv:hep-ph/0006119].

[30] K. Kainulainen, T. Prokopec, M. G. Schmidt and S. Weinstock, JHEP 0106 (2001)
031 [arXiv:hep-ph/0105295]; Phys. Rev. D66 (2002) 043502 [arXiv:hep-ph/0202177].

[31] M. Carena, M. Quirds, M. Seco and C. E. M. Wagner, Nucl. Phys. B650 (2003) 24
larXiv:hep-ph/0208043].

[32] C. Grojean, G. Servant and J. D. Wells, arXiv:hep-ph/0407019.

36


http://au.arXiv.org/abs/hep-ph/9702409
http://au.arXiv.org/abs/hep-ph/9708393
http://au.arXiv.org/abs/hep-ph/9705469
http://au.arXiv.org/abs/hep-ph/9709286
http://au.arXiv.org/abs/hep-ph/9712221
http://au.arXiv.org/abs/hep-ph/9803357
http://au.arXiv.org/abs/hep-ph/9702423
http://au.arXiv.org/abs/hep-ph/9704389
http://au.arXiv.org/abs/hep-ph/9707540
http://au.arXiv.org/abs/hep-ph/9710373
http://au.arXiv.org/abs/hep-ph/9803479
http://au.arXiv.org/abs/hep-ph/9907460
http://au.arXiv.org/abs/hep-ph/0011055
http://au.arXiv.org/abs/hep-ph/9408339
http://au.arXiv.org/abs/hep-ph/9410281
http://au.arXiv.org/abs/hep-ph/9410282
http://au.arXiv.org/abs/hep-ph/9708393
http://au.arXiv.org/abs/hep-ph/0006119
http://au.arXiv.org/abs/hep-ph/0105295
http://au.arXiv.org/abs/hep-ph/0202177
http://au.arXiv.org/abs/hep-ph/0208043
http://au.arXiv.org/abs/hep-ph/0407019

[33] M. Pietroni, Nucl. Phys. B402 (1993) 27 [arXivihep-ph/9207227].

[34] A. T. Davies, C. D. Froggatt and R. G. Moorhouse, Phys. Lett. B372 (1996) 88
larXivihep-ph/9603388].

35] S. J. Huber and M. G. Schmidt, Nucl. Phys. B606 (2001) 183
larXiv:hep-ph/0003122].

[36] M. Bastero-Gil, C. Hugonie, S. F. King, D. P. Roy and S. Vempati, Phys. Lett. B489
(2000) 359 [arXiv:hep-ph/0006198].

[37] J. Kang, P. Langacker, T. J. Li and T. Liu, arXiv:hep-ph/0402086.

[38] A. Menon, D. E. Morrissey and C. E. M. Wagner, Phys. Rev. D70 (2004) 035005
larXiv:hep-ph/0404184].

[39] D. N. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209).
[40] M. Tegmark et al. [SDSS Collaboration|, arXiv:astro-ph/0310723.

[41] C. Balazs, M. Carena and C. E. M. Wagner, Phys. Rev. D70 (2004) 015007
larXivihep-ph/0403224]; C. Balazs, M. Carena, A. Menon, D. E. Morrissey and
C. E. M. Wagner, arXiv:hep-ph/0412264.

[42] N. Arkani-Hamed and S. Dimopoulos, arXiv:hep-th/0405159; G. F. Giudice and
A. Romanino, arXiv:hep-ph/0406088.

[43] E. W. Kolb and M. S. Turner, “The Early Universe”, Frontiers in Physics, Vol. 69,
Addison-Wesley Pub.Co. 1990.

[44] M. E. Carrington, Phys. Rev. D45 (1992) 2933; M. Dine, R. G. Leigh, P. Huet,
A. Linde and D. Linde, Phys. Lett. B283 (1991) 319; Phys. Rev. D46 (1992) 550;
P. Arnold, Phys. Rev. D46 (1992) 2628; J. R. Espinosa, M. Quirés and F. Zwirner,
Phys. Lett. B314 (1993) 206; W. Buchmiller, Z. Fodor, T. Helbig and D. Walliser,
Ann. Phys. 234 (1994) 260.

[45] G. F. Giudice, Phys. Rev. D 45 (1992) 3177.
[46] A. H. Guth and E. J. Weinberg, Phys. Rev. D23 (1981) 876.

[47] C. J. Hogan, Phys. Lett. B133 (1983) 172; T. DeGrand and K. Kajantie, Phys. Lett.
B147 (1984) 273; K. Kajantie and H. Kurki-Suonio, Phys. Rev. D34 (1986) 1719;
D. Chandra and A. Goyal, Phys. Rev. D62 (2000) 063505 [arXiv:hep-ph/9903466].

37


http://au.arXiv.org/abs/hep-ph/9207227
http://au.arXiv.org/abs/hep-ph/9603388
http://au.arXiv.org/abs/hep-ph/0003122
http://au.arXiv.org/abs/hep-ph/0006198
http://au.arXiv.org/abs/hep-ph/0402086
http://au.arXiv.org/abs/hep-ph/0404184
http://au.arXiv.org/abs/astro-ph/0302209
http://au.arXiv.org/abs/astro-ph/0310723
http://au.arXiv.org/abs/hep-ph/0403224
http://au.arXiv.org/abs/hep-ph/0412264
http://au.arXiv.org/abs/hep-th/0405159
http://au.arXiv.org/abs/hep-ph/0406088
http://au.arXiv.org/abs/hep-ph/9903466

[48] A. Megevand, Phys. Rev. D69 (2004) 103521 [arXiv:hep-ph/0312305].

[49] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B565 (2003) 61
larXiv:hep-ex/0306033].

[50] G. F. Giudice and M. E. Shaposhnikov, Phys. Lett. B326 (1994) 118
larXiv:hep-ph/9311367].

[51] A. F. Heckler, Phys. Rev. D51 (1995) 405 [arXiv:astro-ph/9407064]; A. Megevand,
Phys. Rev. D64 (2001) 027303 [arXiv:hep-ph/0011019].

[52] P. John and M. G. Schmidt, Nucl. Phys. B598 (2001) 291 [Erratum-ibid.
B648 (2003) 449] [arXiv:hep-ph/0002050]; G. D. Moore and T. Prokopec, Phys.
Rev. D52 (1995) 7182 [arXiv:hep-ph/9506475); Phys. Rev. Lett. 75 (1995) 777
larXiv:hep-ph/9503296].

[53] A. Megevand and F. Astorga, arXiv:hep-ph/0409321.
[54] S. M. Barr and A. Zee, Phys. Rev. Lett. 65 (1990) 21 [Erratum-:bid. 65 (1990) 2920].

[55] D. Chang, W. Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82 (1999) 900
[Erratum-ibid. 83 (1999) 3972] [arXiv:hep-ph/9811202]; Phys. Rev. D66 (2002)
116008 [arXiv:hep-ph/0205084]; A. Pilaftsis, Nucl. Phys. B644 (2002) 263
larXivihep-ph/0207277]; N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Ro-
manino, arXiv:hep-ph/0409232.

[56] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88
(2002) 071805.

[57] See, for example, D. Kawall, F. Bay, S. Bickman, Y. Jiang and D. DeMille, AIP
Conf. Proc. 698 (2004) 192.

[58] P. Gondolo and G. Gelmini, Nucl. Phys. B360 (1991) 145.
[59] S. Eidelman et al., Reviews of Particle Properties, Phys. Lett. B592 (2004) 1.

[60] Results of this fit may be found in the LEP Electroweak Working Group Web page,
http://lepewwg.web.cern.ch/LEPEWWG/

[61] P. Batra, A. Delgado, D. E. Kaplan and T. M. P. Tait, JHEP 0402 (2004) 043;
JHEP 0406 (2004) 032.

38


http://au.arXiv.org/abs/hep-ph/0312305
http://au.arXiv.org/abs/hep-ex/0306033
http://au.arXiv.org/abs/hep-ph/9311367
http://au.arXiv.org/abs/astro-ph/9407064
http://au.arXiv.org/abs/hep-ph/0011019
http://au.arXiv.org/abs/hep-ph/0002050
http://au.arXiv.org/abs/hep-ph/9506475
http://au.arXiv.org/abs/hep-ph/9503296
http://au.arXiv.org/abs/hep-ph/0409321
http://au.arXiv.org/abs/hep-ph/9811202
http://au.arXiv.org/abs/hep-ph/0205084
http://au.arXiv.org/abs/hep-ph/0207277
http://au.arXiv.org/abs/hep-ph/0409232
http://lepewwg.web.cern.ch/LEPEWWG/

[62] G. D. Kribs, 10th International Conference on supersymmetry and Unification of
Fundamental Interactions (SUSY02), Hamburg, Germany, 17-23 June 2002, at URL
http:/ /www-library.desy.de/preparch /desy/proc/proc02-02 /Proceedings/pa.7/

[63] R. S. Chivukula, H. J. He, J. Howard and E. H. Simmons, Phys. Rev. D69 (2004)
015009 [arXiv:hep-ph/0307209].

39


http://www-library.desy.de/preparch/desy/proc/proc02-02/Proceedings/pa.7/
http://au.arXiv.org/abs/hep-ph/0307209

	Introduction
	Phase Transition and TeV Fermions
	Higgsinos and gauginos: the phase transition
	CP-Violating Sources and Baryogenesis
	Electron Electric Dipole Moment
	Dark Matter
	Electroweak precision measurements
	Large Yukawa couplings in low energy supersymmetric theories
	Conclusions

