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The baryon density which may be produced during the electroweak phase transition in supersymme
models is computed, taking into account the previously neglected effects of transport, strong and weak ano
lous fermion number violation, thermal scattering, and a new method for computingCP-violating processes
during the transition. We can account for the observed baryon asymmetry, provided newCP-violating phases
are greater than;1022–1024, and some superpartners are light enough to be relevant during the transitio
which takes place at a temperature of 50–100 GeV. In one case, the light superpartners are the top squark
the charginos and/or the neutralinos; in another case the top squarks and both Higgs doublets are light.
calculation is easily extended to the case of a general two Higgs model, where we find sufficient baryogen
provided that a certain combination of parameters in the Higgs potential leads to aCP-violating space-
dependent phase in the top quark mass of order 1023.

PACS number~s!: 12.15.Ji, 12.60.Jv
I. INTRODUCTION

Supersymmetry is an attractive candidate for the phys
of electroweak symmetry breaking, while electroweak bar
genesis~EWB! @1# is an explanation of the origin of the
cosmological asymmetry between matter and antimatte
terms of experimentally accessible physics. It is therefore
interest to understand whether EWB is feasible in supers
metric models. The only previous estimates@2,3# of the
baryon asymmetry produced in supersymmetric models
glected many effects which are now understood to be imp
tant, such as transport@4–6# and thermal scattering@7–9#.

Let us review the physics relevant for EWB. Anomalo
baryon violation in the weak interactions takes place via u
observably slow tunneling processes at zero tempera
@10#, but at temperatures above the critical temperature
the weak phase transition, theoretical estimates give a
G5kaw

4T, whereaw is the weak fine structure constant@11#,
and k is a pure number of order one.1 Thus electroweak
baryon number violation is fast enough in the early unive
to change the cosmological baryon number. In thermal eq
librium, unless some nonanomalous approximately c
served quantum number is nonzero@14#, anomalous pro-
cesses will wash out any net baryon number; however, a
order electroweak phase transition can provide the depar
from thermal equilibrium necessary to generate a nonz
baryon number. Electroweak baryogenesis is only feasibl
two conditions are met, which probably require new we
scale physics beyond the minimal standard model~MSM!
@2,3,15–19#. ~For relatively recent reviews, see@20#.!

~1! The transition must be strongly enough first order
that after the transition the anomalous baryon number vio
tion is too slow to wash out the baryons created during
transition @21#. This rate is proportional to exp(2Ms/T),
whereMs , the energy of the sphaleron field configuration,

1An early estimate ofk gavek*0.1 @12# and a recent computa
tion claims a value ofk51.0960.04 @13#.
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proportional to theW boson mass,Ms5(902160)MW @22#.
The condition that theWmass jumps to a large enough value
during the transition to avoid post-transition baryon number
washout requires a light Higgs boson in the MSM@18,23,24#
~in lattice simulations, the transition appears too weakly first
order unlessmH!MW @25#!. However, with a top quark
mass of 170–200 GeV, if the MSM is valid up to 106 GeV
we will only be in the MSM ground state today for a Higgs
boson mass heavier than;MW @26#.

~2! The amount ofCP violation must be just right to
explain the observed baryon to entropy ratio,nB /s;10210.
The CP violation in the minimal standard model is only
physical in processes which involve all the Cabbibo-
Kobayashi-Maskawa~CKM! angles and in which all the like
charge quark mass differences play a role, which makes it
seema priori difficult for Kobayashi-MaskawaCP violation
to generate sufficient baryon number during the weak transi-
tion. An interesting attempt to find a large enhancement of
the CKM contribution to electroweak baryogenesis was
made by Farrar and Shaposhnikov@27# but was later shown
not to work due to quantum decoherence effects@7,9#.

In contract to the MSM case, in most extensions of the
standard model there can be additional sources ofCP viola-
tion which appear in particle mass matrices. During a first
order electroweak phase transition, bubbles of the broken
phase nucleate and expand. Inside the bubble wall, particle
mass matrices acquire nontrivial space-time dependence and
cannot be made real and diagonal at all points without intro-
ducing newCP-violating terms into the particle dispersion
relations. In a recent paper@8# we introduced a general
method for computing the effects of theCP-violating mass
terms on particle distributions, which takes into account both
the effects of scattering from thermal particles and the terms
which lead toCP violation in particle propagation. It is now
established that transport ofCP-violating quantum numbers
into the symmetric phase, where anomalous electroweak
baryon number violation is relatively rapid, plays a dominant
role in electroweak baryogenesis for all bubble wall widths
@4–6,15,16#.

-
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The most well motivated viable theories for weak sca
baryogenesis are two~or more! Higgs models@28# and mod-
els with weak scale supersymmetry. In the two Higgs mod
the relevantCP violation is produced by a phase in the
Higgs potential, which leads toCP-violating mass matrices
for fermions and Higgs bosons, and produces especia
largeCP-violating effects on the Higgs boson and axial to
number distributions. Experimental constraints on atom
and neutron dipole moments allow the relevant phase to
as large as order 1@29#. Also the two Higgs model can easily
simultaneously satisfy the constraints on Higgs partic
masses and the requirement of a sufficiently first order tra
sition @28,30,31#. There are many possible supersymmetr
extensions of the MSM, with additionalCP-violating
phases. The minimal additional particle content@the minimal
supersymmetric standard model~MSSM!# includes super-
partners for all particles and a second Higgs doublet. T
supersymmetric terms in the Lagrangian do not introdu
any additionalCP violation; however, supersymmetry mus
be broken by adding soft supersymmetry breaking operato
which in general areCP violating. If the newCP-violating
phases are of order one, the neutron and atomic electric
pole moments are larger than the experimental bounds@32#
unless the superpartners are unnaturally heavy@33#, hence
the usual assumption is that the soft supersymmetry-break
terms arise fromCP-conserving physics and have negligibl
phases. However, it has recently been argued@34# that in
most grand unified supersymmetric theories, renormalizat
of the soft operators between the Planck mass and the s
of grand unification will induce phases of order 1022–1023

in the soft SUSY breaking operators, providing a new sour
of CP violation into the low energy effective theory, which
is just beyond our current experimental reach. In this pap
we will assume that the supersymmetry breaking terms ha
CP-violating phases and see whether these phases can
count for sufficient baryogenesis without violating the ele
tric dipole moment bounds@35#. In the MSSM, the require-
ment of a sufficiently first order phase transition places upp
limits on the Higgs boson and top squark masses@36# which
are barely consistent with experimental constraints—the
are speculations that these bounds could be relaxed slig
by higher order and nonperturbative effects@37#.2 The
MSSM may easily be extended by adding a gauge sing
@38# which substantially removes these constraints. Here
will consider models both with and without a singlet, but w
will only consider those sources of additionalCP violation
which may be present in the MSSM, with a general set
soft supersymmetry breaking terms consistent with expe
mental bounds. Therefore we will not worry about the ma
upper bounds of Ref.@36#, and we will assume the Higgs
potential isCP conserving.3 We refer to the supersymmetric
model either with or without additional gauge singlets as t
supersymmetric standard model, or SSM.

2Note that in supersymmetric models, the vacuum stability low
bounds@26# on the Higgs boson mass do not apply.
3In some models with a singlet there can beCP violation in the

Higgs potential which can produceCP-violating effects very simi-
lar to those in two Higgs models; however, in most models th
Higgs potential automatically conservesCP.
e

el

lly

ic
be

le
n-
c

he
e

rs,

di-

ing

on
ale

ce

er
ve
ac-
-

er

re
tly

let
e

e

of
ri-
s

e

In the next section we discuss the dominant baryogenes
mechanisms in the SSM. In Sec. III of this paper we write
down the set of coupled differential equations which describe
particle interactions and transport during the weak phas
transition, and make reasonable approximations which allow
us to find an analytic solution for the baryon asymmetry in
the SSM. In Sec. IV we do the same for the two Higgs
model. We conclude with a summary of our results and thei
implications in Sec. V.

II. CP VIOLATION AND PARTICLE SOURCES
IN THE SSM

Following previous work@2–8,15–19# we compute the
baryon asymmetry using the following steps.

~I! Compute theCP-violating perturbations of the plasma
locally induced by the passage of the wall~‘‘particle source
terms’’!. In Ref. @8# we described all the sources in terms of
quantum mechanicalCP-violating reflection and transmis-
sion from layers of the phase boundary, combined with re
thermalization of the phase-space distributions. Unlike ear
lier calculations, whose applicability was restricted to either
a ‘‘thin wall’’ or a ‘‘thick wall,’’ referring to whether the wall
thickness is larger or smaller than the relevant mean fre
paths, our approach provides a unified and consistent trea
ment for all values of the wall thickness. The proposed
method links the charge generation to microphysica
CP-violating processes, and hence can be widely applied. I
generalizes the method developed in Ref.@7# and so properly
incorporates decoherence effects which have been shown
have a major negative impact on the generation of a
CP-violating observable in the MSM@7,9#.

~II ! We approximate the solution to the Boltzmann equa-
tions for particle distribution functions by writing down and
solving a set of coupled differential equations for the local
particle densities including the source terms, transport, De
bye screening@39# of induced gauge charges,4 and particle
number changing reactions@5#. The solution to these equa-
tions generally includes a net baryon number, which is pro
duced in the symmetric phase and is transported into th
bubbles of broken phase, where it survives until the presen
provided that the phase transition is sufficiently first order.

In this section we focus on the first step in the calculation.
CP-violating particle source terms have been shown to resu
for a selected subset of species in the plasma which mix wit
one another via a mass matrix with complex phases whic
either~a! cannot be rotated away as the result of interactions
with the plasma@27# or ~b! cannot be rotated away at two
adjacent pointsx and x1dx, by the same set of unitary
transformations, that is,Ux

21Ux1dxÞ1.
When present, the second mechanism dominates over th

first one, as the first mechanism generically involves addi
tional particles whose coupling to the plasma yields further
suppressions. It is the second mechanism which control
baryon generation in the SSM as the neutralinos, chargino
and squarks have mass matrices withCP-violating entriesr

e

4In practice we simplify our equations by ignoring the effects of
screening since the impact on baryogenesis turns out to be of ord
1 @40,41#.
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and a nontrivial space dependence due to the Higgs vacu
expectations values~cf. Sec. II B!. So is the case in the two
Higgs models with explicitCP violation in the Higgs poten-
tial which yields a space-dependent phase to the top qu
and Higgs boson masses5 ~cf. Sec. IV!. In contrast, in the
minimal standard model, the quark mass matrix has only
overall dependence on the Higgs vacuum expectation va
and can be diagonalized by space-independent unitary ro
tions, hence, it can generate aCP-violating observable
through mechanism~a! rather than through mechanism~b!—
i.e., through charge current interactions which correct t
dispersion relation of the propagating quark in the plasm
@27#. This mechanism, however, has been shown to be qu
ineffective at generating a significant baryon asymmetry
the MSM @7,9#.

The method introduced in Ref.@8# can account for both
mechanisms. However, as we are concerned with extensi
of the standard model for which the second mechanism~b! is
dominant, we will review the general principles of th
method for this specific situation.6

A. The method

Let us consider a set of particles with mass matrixM (z)
and moving, in the rest frame of the wall, with energy mo
mentumE,kW . We wish to find theCP-violating asymmetry
in their distributions which results from their passage acro
the wall. We definez0 to be their last scattering point, where
they emerge from a thermal ensemble with a probability d
tribution represented by a density matrixrz0. These particles

propagate freely during a mean free timet, then rescatter
and return to the local thermal ensemble in the pla
z01tv, v being the velocity perpendicular to the wall
k' /E. During the timet, these particles evolve according to
a set of Klein-Gordon, Majorana, or Dirac equations coupl
through the mass matrixM (z). ~Some effects of interaction
with the plasma, which do not destroy quantum coheren
can easily be included in these equations.! In the course of
this evolutionCP violation affects the distribution of these
particles. Atz0 , the contribution of these particles to an
given charge cancel exactly the contribution of their antipa
ticles since the charge isCP odd and we take the density
matrix to beCP even. However, after evolving a timet
across theCP-violating space-dependent background, th
cancellation no longer takes place. At the subsequent sca
ing point z01tv, these charges assume a nonzero value,
the evolution of the particles over the distancetv can be
CP violating. Specifically, the probability for a particle emit
ted atz0 to be transmitted toz01tv can be different from
the transmission probability for itsCP conjugate. It is only
necessary to follow the contribution of a selected subset
charges carried by these particles in order to character

5Another potentially relevant species in this model is thet lepton,
and some have argued that its contribution dominates that of the
quark and Higgs boson@31,42#. We do not confirm the importance
of the t lepton unless tanb is very large.
6Our method with mechanism~a!, applied to the standard model

would give results in agreement with the ones obtained in Ref.@7#,
where similar techniques have been used.
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completely the departure from thermal equilibrium resulting
from the passage of the wall. In this subset, there are charg
which are explicitly violated by the mass matrix~axial
charge . . . ) and charges which are exactly conserved
(B2L, . . . ). In thelatter case, there is no net charge den-
sity created but, instead, a net spatial current emerges: opp
site charges move in opposite directions. This spatial curren
arises at high order in masses and the wall velocityvw and,
in most of the cases we considered, yields a subleading co
tribution to the baryon asymmetry. We are mostly interested
in the former charges, that is, those changes which are vio
lated by the presence of the wall. In addition to a spatia
current, those charges develop a net average density; the l
ter is linear in the wall velocity and arises at low order in the
mass expansion. We will focus our attention on those charge
which develop a net density. We alert the reader that ther
may be situations in which conserved charges have to b
equally considered.

To be more quantitative, we introduceJ6 , the average
current resulting from particles moving toward positive
~negative! z betweenz0 andz01D, where

D[tv. ~2.1!

The currentJ1 receives contributions from either particles
originating from the thermal ensemble at pointz0 , moving
with a positive velocity and being transmitted atz01D, or
from particles originating atz01D, moving with velocity
2v and being reflected back towardsz01D @Fig. 1~a!#. A
similar definition exists for J2 @Fig. 1~b!#. J6 are
CP-violating currents which are associated with each laye
of thicknessD moving along with the wall; they can be
computed according to

J15$Trrz0@T
†Q̂T2T̄†Q̂T̄#

1Trrz01D@R̃†Q̂R̃2 R̃̄†Q̂R̃̄#%S 100
ṽ
D , ~2.2!

J25$Trrz0@R
†Q̂R2R̄†Q̂R̄#

1Trrz01D@ T̃†Q̂T̃2 T̃̄†Q̂T̃̄#%S 1

0

0

2v
D .

R(R̄) andT(T̄) are reflection and transmission matrices
of particles~antiparticles! produced atz0 with a probability
matrix rz0, evolving toward positivez ~increasing mass!; R̃

andT̃ are the corresponding quantities for particles produce
at z01D with probabilities contained inrz01D and evolving

toward negativez; v is the magnitude of the group velocity
perpendicular to the wall at pointz0 while ṽ is the same
quantity but a distanceD away. Finally,Q̂ is the operator
corresponding to the chosen charge and the trace is tak
over all relevant degrees of freedom and averages over th
locationz0 within a layer of thicknessD.

top
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Formulas~2.2! provide a concise method of computin
theCP-violating charge currentsJ6 , which results from the
propagation and the mixing of particles within the layer
thicknessD at pointz0 . After a boost to the plasma frame
these currents constitute the fundamentalCP-violating
building blocks that we need to construct the source terms
the system of rate equations introduced in Sec. III, whi
ultimately will convert them through diffusion and relaxatio
mechanisms into a net baryon asymmetry.

For our purpose, we construct the source terms as follo
Consider a small volume element in the plasma. As the w
crosses it, it deposits into it the current densi
(J11J2) plasma

m every time intervalt; the subscript )plasma
refers to the quantity boosted to the plasma frame. At

FIG. 1. ~a! Amplitudes contributing toJ1 . ~b! Amplitudes con-
tributing to J2 .
g
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arbitrary time t, the current density accumulated by their
mechanism is7

sm5E
t2tR

t 1

t
dt8@J1~xW ,t8!1J2~xW ,t8!#plasma

m . ~2.3!

Here,tR is a typical relaxation time. From this, we infer the
net rate of change of chargeQ per unit volume to be

FIG. 2. ~a! Contributions, to order (M/T)4, to the transmission
amplitudeT of the neutralinos and the charginos.~b! Corresponding
contributions, to order (M/T)3, to the reflection amplitudeR.
gQ~xW ,t !5]ms
m

5
1

t
@J1~xW ,t !1J2~xW ,t !#plasma

0 2
1

t
@J1~xW ,t2tR!1J2~xW ,t2tR!#plasma

0 2E
t2tR

t 1

t
]z~J11J2! plasma

z . ~2.4!

7We leave aside diffusion, which is accounted for independently in the rate equations.
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Formula ~2.3! along with formulas~2.2! constitute the
starting point for our analysis of the SSM and of the tw
Higgs model. In practice, we simplify Eq.~2.4! by making
an expansion in spatial derivatives, allowing us to neglect
third term, and we taketR large, so that we can neglect th
second term, whose effect is accounted for as an indepen
relaxation term in our rate equations~cf. Sec. III!.

One particular advantage of the method above is tha
does not require any assumption about the relative ma
tude of the mean free paths and the thickness of the w
Hence, in contrast with earlier methods, it unifies all ele
troweak baryogenesis scenarios.

B. The SSM

In the SSM, we are interested in the generation of char
which ~a! are approximately conserved in the unbrok
phase so that they can diffuse a long way in front of t
bubble wall, where anomalous baryon violation is fast, a
~b! are nonorthogonal to baryon number, so that their rel
ation energetically favors a nonzero baryon charge. Ca
dates of choice are Higgs number and axial top number.
generation of these charges results from the mixing of
charginos, neutralinos, and the mixing of top squarks,
spectively. The chargino mass matrix is, in the basisW̃1 ,
W̃2 , h̃2 , h̃18 ,

M c̃5S 0 m̃2 2v2 0

m̃2 0 0 2v1
2v2 0 0 eifBm

0 2v1 eifBm 0

D , ~2.5!

with v15A2MW(z,T)cosb(z) and v25A2MW(z,T)sinb(z);
MW(z,T) is the temperature-dependentW mass defined at
each pointz in the wall. The neutralinos mass matrix is,
the basisW̃3 , B̃, h̃0 , h̃08 ,

M ñ5S m̃2 0 u2cosuw 2u1cosuw

0 m̃1 2u2sinuw u1sinuw

u2cosuw 2u2sinuw 0 2eifBm

2u1cosuw u1sinuw 2eifBm 0

D ,
~2.6!
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with u15MZ(z,T)cosb(z) andu25MZ(z,T)sinb(z). Finally,
in the basist̃ L , t̃R ,

M t̃5S m̃L
2 a2eia

a2e2 ia m̃R
2 D ; ~2.7!

here, we defineda2eia5A2(l t /g)(Ae
ifAv21meifBv1).

With these conventions, the charge operator for the Higgs
number takes the form

Q̂h̄5Diag~0, 0, 1,21!, ~2.8!

while for the axial top squark number, the charge operator is
defined to be

Q̂s̃5DiagS 12 ,2 1

2D . ~2.9!

We can now compute sources for those charges. We
choose to perform an expansion in powers of mass. This
expansion, introduced in@7# and further developed in@8#, is
adequate to demonstrate the quantum-mechanical physics r
quired for generating aCP-violating observable. In particu-
lar, it generates polynomials inM whose imaginary part of
the trace yields an expansion in terms ofCP-violating
invariants.8 We will discuss the validity of this approxima-
tion later on in this section.

1. Charginos and neutralinos

In order to compute the sourceg h̃(xW ,t) for the Higgsino
number, we begin by computing the corresponding curren
sourcesJ6 as given in Eqs.~2.2!. Their determination re-
quires the knowledge of transmission and reflection ampli-
tudes which are obtained by solving a set of coupled Majo-
rana equations with the chargino and neutralino mass
matrices given in~2.5! and~2.6!. We obtain up to an overall
phase, at leading order inM( c̃,ñ)

2 ,
.

T512E
0

D

dz1E
0

z1
dz2M2M1* e

i2v~z12z2!1E
0

D

dz1E
0

z1
dz2E

z2

D

dz3E
0

z3
dz4M4M3*M2M1* e

i2v~z12z21z32z4!1•••,

~2.10!

R̃5E
0

D

dz1M1e
2 i2vz11E

0

D

dz2E
z2

D

dz3E
0

z3
dz4M4M3*M2e

i2v~2z21z32z4!1•••, ~2.11!

8There are alsoCP-violating self-energy corrections, which are the main source ofCP violation in the absence of the one considered here
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and similar expressions forT̃, R. The quantityv stands for
the magnitude of the energy of motion transverse to the wa
andM i is short forM ( c̃,ñ)(zi). The leadingCP-violating
contributions arise at orderO„(M/T)4…. Contributing paths
are depicted in Fig. 2.

In order to use Eq.~2.2! to computeJ6 , we need the
density matricesrz0 and rz01D , describing the distribution
of particles in phase and flavor spaces at their product
point z0 andz01D. We choose the density matrices describ
ing equilibrium distributions of mass eigenstates in the u
broken phase

rz0
n 5Diag„nm̃2

~E,ṽ !,nm̃1
~E,ṽ !,nm~E,ṽ !,nm~E,ṽ !…,

~2.12!

rz0
c 5Diag„nm̃2

~E,ṽ !,nm̃2
~E,ṽ !,nm~E,ṽ !,nm~E,ṽ !….

We construct rz01D
c,n from rz0

c,n with the substitution
i

-

ll,

ion
-
n-

ṽ↔2v. In these expressions,Nm(E,ṽ) is the Fermi-Dirac
distributionnf of a species of massm, boosted to the wall
frame:

nm5~exp@gw~E2vwk'!#11!21. ~2.13!

Some motivations for our choice of density matrix are as
follows. In a regime of large massesm̃2 , m̃>T, it is obvi-
ously sensible to assume thatr is diagonal in the mass eigen-
state basis; in a regime of small masses,<T, particles are
produced as interaction eigenstates which differ from mas
eigenstates by a unitary rotation; ignoring this rotation
amounts to ignoring small corrections of order (M/T)2.
Furthermore, the choice of a thermal distribution is reason
able as the nonequilibrium component of the distributions is
of order vw , that is, it amounts to ignoring terms of order
vw
2<1 @24,43#. Inserting Eqs.~2.10! and ~2.11! in Eq. ~2.2!

yields
J15~1,0,0,ṽ !H 14E
0

D

dz1E
0

z1
dz2E

z2

D

dz3E
0

z3
dz4sin2v~z42z31z22z1!Im Tr@rz0M1*M2M3*M4Q̂h̃#

24E
0

D

dz1E
0

D

dz2E
z2

D

dz3E
0

z3
dz4sin2v~z42z31z22z1!Im Tr@M1* rz01DM2M3*M4Q̂h̃#J ~2.14!

and

J25~1,0,0,2v !H 24E
0

D

dz1E
z1

D

dz2E
0

z2
dz3E

z3

D

dz4sin2v~z42z31z22z1!Im Tr@rz01DM1*M2M3*M4Q̂h̄#

14E
0

D

dz1E
0

D

dz2E
0

z2
dz3E

z3

D

dz4sin2v~z42z31z22z1!Im Tr@M1* rz0M2M3*M4Q̂h̃#J . ~2.15!
-
n-
In order to proceed with analytic expressions, we simpl
further by performing a derivative expansion
M(z)5M(z0)1(z2z0)]zM(z0)1O„(t/w)2… and
v5 ṽ1O„(t/w)2…. This expansion is only justified in a re
gion of the parameter space for which the mean free timet is
smaller than the scale of variation of the masses, i.e., the w
fy
:

all

thicknessw. We will discuss the validity of our approxima-
tions in the last section. This simplification allows us to per
form the trace in flavor space and in phase space indepe
dently and yields after summing the contributions from
charginos and neutralinos, in first order in the wall velocity
vw ,
6!
~J11J2!z50, ~2.1

~J11J2!05gwvw(
i

eigen

J iE d3kW

~2p!3
f ~v iD!

v i
5 ~2v i !

eEi /T

~11eEi /T!2
Ei

T
,
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with f (j) defined as

f ~j!5~jcosj2sinj!2 ~2.17!

and the summation is over the mass eigenstates with eig
valuesmi in the unbroken phase, withJ i , a corresponding
CP-violating invariant. For the charginos, there are tw
mass eigenstates with massesm and m̃2 , whose
CP-violating invariants are

J ch
m 5J ch

m̃252sinfBmm̃2~v2]zv12v1]zv2!/T
5

52mm̃2MW
2 ~T,z!sinfB]zb/T

5, ~2.18!

while, for the neutralinos, there are four eigenstates wi
massesm, m, m̃1 , andm̃2 and with, correspondingly,

J n
m5~J n

m̃11J n
m̃2!/2,

J n
m̃152sinfBmm̃1sin

2uw~u2]zu12u1]zu2!/T
5

5mm̃1MZ
2~T,z!sin2uwsinfB]zb/T

5, ~2.19!

J n
m̃252sinfBmm̃2cos

2uw~u2]zu12u1]zu2!/T
5

5mm̃2MZ
2~T,z!cos2uwsinfB]zb/T

5.

We can now construct the local source densityg h̃(xW ,t) for
the Higgs number by inserting Eq.~2.16! in formula ~2.4!;
we obtain

g h̃~xW ,t !5gwvw
T4

4p2 ~J ch
m
I
h̃

m
1J ch

m̃2I
h̃

m̃212J n
m
I
h̃

m

1J n
m̃1I

h̃

m̃11J n
m̃2I

h̃

m̃2!1O„vw
2 ,~t/w!2….

~2.20!

The factorI
h̃

m
contains information on the phase space a

well as on effects due to plasma interactions. Its analyt
form is

I
h̃

m
5AtTE

m/T

`

dy y2
ey

~11ey!2

3E
0

tT@y22~m/T!2#/y
dj

f SAj21j
m2t

yT D
S jy1

m2t

T D 5/2 . ~2.21!

It is a simple exercise to show that the factorI
h̃

m
vanishes

rapidly with t, as

I
h̃

m
}t5 ~t→0!. ~2.22!

This steep dependence ont simply reflects the high suppres-
sion resulting from decoherence due to incoherent scatterin
in the plasma whose frequency increases as 1/t. This sup-
pression has the same origin as the one forbidding ele
troweak baryogenesis withCP violation originating from the
en-

o

th

s
ic

gs

c-

mixing of light quarks in the MSM. For larger coherence
time, I

h̃

m
scales approximately as

I
h̃

m
}

1

tT
~t→`!. ~2.23!

This falloff with increasingt describes the semiclassical
limit in which particles propagate a distance long compared
to their Compton wavelength in which case, fast oscillations
of their wave function wash away the interference required
to generate aCP asymmetry. This falloff takes place in the
thick wall regime,t<w, the situation for which our deriva-
tive expansion applies; it persists untilt.w, which defines
the thin wall regime. The two behaviors~2.22! and~2.23! are
easily identified in Fig. 3.

For the case of interest, the damping rate is essentially
dominated by weak interaction processes:g h̃;awT. A crude
estimate for the coherence timet h̃ , ;g

h̃

21
, yields the range

20/T<t h̃<30/T, which lies comfortably in the asymptotic
domain described by~2.23!.

In summary, an analytic form which fits well the source
term for the Higgsino number in the domain of interest is Eq.
~2.20! with

FIG. 3. ~a! The factorI
h̃

m
plotted versustT. I

h̃

m
contains kine-

matic information on the propagation of the neutralinos and chargi-
nos in the plasma.~b! Its dependence on the mass eigenvaluem.
The dots are the result from numerical integration and the solid
lines are the fit~2.24!.
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I h
m'

22

5

1

Tt h̃

em/T

~11em/T!2 S TmD 5/2, 20/T<t h̃<30/T.

~2.24!

This form is only a fit which is valid in the range
0.5,m/T<1.

Let us assess the domain of validity of the express
above.

~1! Results~2.21!–~2.23! are not to be trusted in the limits
t.w where our derivative expansion does not apply.
stead, in this limit, one expects to observe the dependenc
t to weaken ast→w, and to vanish ast@w; that is, one
expects to observe the factorI h

m to saturate at a value
t;w, to become a function of the mass only.

~2! The coherence timet s̃ given above is an estimat
based on our knowledge on the damping rate which, so
has only been studied in the low momentum limit@44#; this
value can only be acrudeestimate.

~3! Finally, we turn to the important question of the va
lidity of the mass expansion we used to derive formu
~2.20!–~2.23!. A careful study of this expansion shows th
its expansion parameter is eithermD in the limit vD<1 or
m/v in the limit vD>1. In both limits, the expansion pa
rameter is less than one because of the relat
m,v5Ak'

21m2. Let us give the physical interpretation o
those statements.9 In a typical scattering off a diffracting
medium characterized by a step potential of heightV, reflec-
tion and transmission amplitudes result from the construc
and destructive interference of various diffracted waves g
erated everywhere inside the bulk of the medium. Transm
sion and reflection amplitudes will be comparable10 if the
incoming wave penetratescoherentlythe diffracting medium
over at least a distance of order 1/V, and has few oscillations
over that distance. Suppression of the reflection amplit
arises if the coherence lengthD of the incoming wave is
smaller than 1/V or if its energyv is larger thanV. In the
case whereD!1/V, only a layerD of the medium effec-
tively contributes to the coherent reconstruction of the refl
tion and transmission amplitudes; this is the phenomenon
decoherence, which suppresses the reflection amplitude
powers ofDV. In the case whereV!v, fast oscillations of
the propagating wave inside the medium tend to attenuate
reconstruction of the reflected amplitude with powers
V/v. In the present case, the ‘‘diffracting medium’’ is th
wall and its heightV is the massm of the scattering particle;
hence, suppression factors are controlled byDm or m/v,
whichever is smaller. An alternative method of computati
of the currentsJ6 consists of computingR andT by solving
Majorana equations including the imaginary part of the th
mal self-energy. This method automatically accounts for b
effects occurring here@7#. In particular, use of the mass ex
pansion in this context suggests an expansion param

9For a more detailed discussion see Ref.@7#.
10In order to obtain significantCP-violating asymmetries, both

reflection and transmission amplitudes are to be significantly dif
ent from zero; otherwise, as eitheruRu or uTu goes to zero, the othe
one goes to one from unitarity, and bothuRu22uR̄u2 and
uTu22uT̄u2 vanish correspondingly.
ion
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;mD/A11v2D2, which corroborates the analysis above.

2. Squarks

We now turn to the calculation of the source for the axial
top squark number. The top squark mass matrix is given in
~2.7! and the top axial charge operatorQ̂s̃ is given in ~2.9!.
As for the Higgsino number, we proceed in computing the
current sourceJ6 in the wall frame using Eqs.~2.2!, which
we then input into formula~2.4! to construct the source
g s̃(xW ,t).

This time, the amplitudes are computed in solving a set o
coupled Klein-Gordon equations. We obtain up to an overal
phase, at leading order inM

t̃

2
,

T5F11•••2E
0

D

dz1E
0

z1
dz2

M2
2

2v

M1
2

2v
ei2v~z12z2!G1•••

~2.25!

and

fer-
r

FIG. 4. ~a! Selected contributions, to order (M/T)4, to the
transmission amplitudeT of the squarks.~b! Leading contributions,
to order (M/T)2, to their reflection amplitudeR.
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R̃5•••1E
0

D

dz1
M1

2

2v
e2 i2vz11•••. ~2.26!

We only displayed the contributions whose interferenc
contribute to aCP asymmetry inJ1 . These specific paths
are depicted in Fig. 4. As we did earlier, we assume
squark density matricesrz0 and rz01D to describe thermal
distributions in the unbroken phase

rz0
s 5Diag„nm̃L

b ~E,1 ṽ !,nm̃R

b ~E,1 ṽ !…,

~2.27!
rz01D
s 5Diag„nm̃L

b ~E,2v !,nm̃R

b ~E,2v !….
es

the

nm
b (E,ṽ) now refers to the Bose-Einstein distributionnb

boosted to the wall frame:

nm
b 5~exp@gw~E2vwk'!#21!21. ~2.28!

The soft supersymmetry breaking masses are kept in~2.27!
as, for large values, they yield an exponential suppression of
the baryon asymmetry produced.

From ~2.25!, we obtain, for the current sources,
J15~1,0,0,ṽ !3H 1E
0

D

dz1E
0

z1
dz2

sin2v~z12z2!

v2 Im Tr@rz0Q̂s̄M2
2
M1

2#

1E
0

D

dz1E
0

D

dz2
sin2v~z12z2!

2v2 Im Tr@rz01DM2
2Q̂s̃M1

2#J ~2.29!
r-
,
m

and

J25J1~rz0↔rz01D ,ṽ↔2v !. ~2.30!

Performing an expansion in the wall velocityvw , we find,
in first order invw ,

~J11J2!z50,

~J11J2!05gwvw3J s̃3 (
i5m̃L ,m̃R

3E d3kW

~2p!3
g~vD!

4v5 ~2v i !
eEi /T

~12eEi /T!2
Ei

T
,

~2.31!

whereg(j) is defined as

g~j!512cos2j2jsin2j ~2.32!

andJ s̃ is a newCP-violating invariant given by

J s̃52]zaa
4/T5

54
l t
2

g2
Amsin~fB2fA!MW

2 ~T,z!]zb. ~2.33!

After a few simple manipulations, we derive the follow
ing expression for the top squark axial sourceg s̃(xW ,t):
-

g s̃~xW ,t !5gwvwNc

T4

4p2 3J s̃3~I
s̃

m̃L1I
s̃

m̃R!

1O„vw
2 ,~t/w!2…, ~2.34!

whereNc is the number of colors,53. The functionI s̃
m is

given by

I s̃
m

5
1

4
AtTE

m/T

`

dy y2
ey

~12ey!2

3E
0

tT@y22~m/T!2#/y
dj

gSAj21j
m2t

yT D
S jy1

m2t

T D 5/2 . ~2.35!

It is simple to show that the factorI s̃
m vanishes rapidly with

t,

I s̃
m}t3 ~t→0!, ~2.36!

as, in this limit, incoherent plasma scatterings become ove
whelming. This behavior, already noted in the Higgsino case
is a universal property which can be traced to the quantu
nature ofCP violation, conflicting with the classical nature
of the plasma physics. For larger coherence time,I s̃

m be-
haves approximately as11

11This behavior is cut off at a valuet;L; at this value,I s̃
m is

expected to saturate to its ‘‘thin wall’’ value.
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I s̃
m}

1

tT
~t→`!. ~2.37!

Both behaviors~2.36! and ~2.37! are evident on Fig. 5. Un-
like the case of the Higgsinos, the squark plasma physics
dominated by strong interactions, and so is the damping ra
hence we estimatet s̃ , }(2asT)

21, to be about 5/T. From
this estimate, we infer that the regime of relevance is neith
the decoherence regime nor the semiclassical regime
rather an intermediate regime corresponding to the pe
shown on Fig. 5. This is a situation already encountered
Ref. @8#, in the case of the top quark in the two Higgs mode
~cf. Sec. IV!.

In summary, and with the above value fort s̃ , an analytic
expression which provides a reliable fit to the sourc
g s̃(xW ,t) for the axial top squark number, in the range
0.5<m/T, is12

g s̃~xW ,t !.gwvw
NcT

4

200p2 3J s̃3 (
m5m̃L ,m̃R

T

m

3
em/T

~12em/T!2
with t s̃.5/T. ~2.38!

This expression has been derived under the same assu
tions as the ones made to derive the corresponding analy
form ~2.24! for the source for the Higgsino number,
g h̃(xW ,t). These assumptions have been evaluated in the d
cussion following Eq.~2.24!.

III. DIFFUSION EQUATIONS IN THE SSM

Only those particle species which participate in particl
number changing transitions which are fast compared wi
the relevant timescales, but which carry some charge whi
is approximately conserved in the symmetric phase, can ha
significant nonzero densities in the symmetric phase duri
the transition. If the system is near thermal equilibrium an
the particles interact weakly, the particle densitiesni satisfy

ni5kim iT
2/6, ~3.1!

wherem i is a local chemical potential for particle specie
i , andki is a statistical factor defined by Eq.~3.1!. For light,
weakly interacting particleski'2~boson degrees of freedom!
11~fermion degrees of freedom!, while for particles much
heavier thanT it is exponentially small. If we consider a
reaction which changes the particle number of particle sp
cies i by D i , near thermal equilibrium the difference be-
tween the rates for the reaction and its inverse will satisfy

Gnet5
( iD im i

T
Gfluct5

( iniD i

ki
6Gfluct /T

3, ~3.2!

whereGfluct is the total rate for the reaction and its invers
per unit volume. For convenience we will henceforth defin
particle number changing rates to be (6/T3)Gfluct .

12We emphasize that this isonly a fit.
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We can now write down a set of coupled differential equa-
tions which include the effects of diffusion, particle number
changing reactions, andCP-violating source terms, and
solve them to find the various particle densities in the SSM.
Anticipating a small departure from equilibrium, we incor-
porate particle number changing reactions and sources as two
distinct terms. Diffusion is described by a standard diffusion
term without a provision to account for the potentially fast
relative motion of the sources in respect to the plasma. It is a
good description in the regime of a wall velocityvw small
compared to the speed of sound in the plasmacs51/A3.
This condition, which is likely to be fulfilled in the minimal
standard model@24,43#, may or may not be fulfilled in more
general theories such as the ones considered here. To find ou
would require a complete calculation of the phase transition,
which is beyond the scope of the present work. Further sim-
plifications of these equations take place when we neglect all
couplings except for gauge interactions, and the top quark
Yukawa coupling. We include the effects of strong sphale-
rons @45,46#, but neglect the weak sphalerons until near the
end of the calculation. The neglect of the weak sphalerons
allows us to forget about leptons in our differential equa-
tions, and will turn out to be a good approximation when
computing Higgs and quark densities. We also neglect the

FIG. 5. ~a! The factorI s̃
m plotted versustT. This factor con-

tains kinematic information on the propagation of the squarks in the
SSM and on the propagation of the Higgs particles in two Higgs
models.~b! Its dependence on the mass eigenvaluem. The dots are
the result from numerical integration and the solid line is the fit
~2.38!.
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effects of hypercharge gauge forces and screening, which
be shown to affect the baryon number produced by a fac
of at most order one@41#. The particle densities we need
includeq[(tL1bL), the right-handed top quarkt[tR , the
Higgs particlesh[(h21h01h̄811h̄80), and their super-
partnersq̃, t̃,h̃. The individual particle numbers of these spe
cies can change through the top quark Yukawa interactio
the top quark mass, the Higgs self-interactions, and anom
lous weak interactions, and the supergauge interactions.
will find that baryogenesis in the minimal model is onl
feasible if some of the superpartners of the gauge and Hig
bosons are light, so that we may take the supergauge in
actions to be in thermal equilibrium (q/kq5q̃/kq̃ ,
t/kt5 t̃/kt̃ , h/kh5h̃/kh̃), and describe the system by dens
tiesQ5q1q̃, T5t1 t̃, andH5h1h̃. As shown in Sec. II,
CP-violating interactions with the phase boundary produ
source termsg h̃ for the Higgsinos andg s̃ for the q̃2 t̃ den-
sities, which tend to pull the system away from equilibrium
When we include strong sphalerons~with a rateGss), we
will generate a right-handed bottom quark densit
B[bR1b̄R , as well as first and second family quark
Q(1,2)L , UR , CR , SR , DR . However, since strong sphale
rons are the only processes which generate significant nu
bers of first and second family quarks, and all quarks ha
nearly the same diffusion constant, we can constrain the
densities algebraically in terms ofB to satisfy

Q1L5Q2L522UR522DR522SR522CR

522B52~Q1T!. ~3.3!

For simplicity we will also assume all squark partners of th
light quarks are degenerate and take
an
or

-
n,
a-
We

gs
er-

-

e

.

,

m-
ve
se

e

kQ1L
5kQ2L

52kSR52kDR
52kUR

52kCR52kB . ~3.4!

We include scattering processes involving the top quark
Yukawa coupling, with rateGy , and in the phase boundary
and broken phase we have Higgs-violating processes at a rate
Gh and axial top number violation at a rateGm . Following
Ref. @5#, particle transport is treated by including a diffusion
term. We take all the quarks and squarks to have the same
diffusion constantDq and the Higgs and Higgsinos to have
diffusion constantDh .

The rates of change of the various densities are now de-
scribed by the coupled equations:

Q̇5Dq¹
2Q2Gy@Q/kQ2H/kH2T/kT#2Gm@Q/kQ2T/kT#

26Gss@2Q/kQ2T/kT19~Q1T!/kB#1g s̃ ,

Ṫ5Dq¹
2T2Gy@2Q/kQ1H/kH1T/kT#

2Gm@2Q/kQ1T/kT#

13Gss@2Q/kQ2T/kT19~Q1T!/kB#2g s̃ , ~3.5!

Ḣ5Dh¹
2H2Gy@2Q/kQ1T/kT1H/kH#2GhH/kH1g h̃ .

Several simplifications of Eqs.~3.5! can be made. First we
ignore the curvature of the bubble wall, and soGm , Gh , and
g s̃,h̃ are only functions ofz̃[urW1vWwtu, where vWw is the
bubble wall velocity. We will assume that the density pertur-
bations of interest are only functions ofz̄, the coordinate
normal to the wall surface.

With these assumptions we arrive at the equations for
Q( z̄), T( z̄), andH( z̄) in the rest frame of the bubble wall:
e the
052vwQ81DqQ92Gy@Q/kQ2H/kH2T/kT#2Gm@Q/kQ2T/kT#26Gss@2Q/kQ2T/kT19~Q1T!/kB#1g s̃ ,

052vwT81DqT912Gy@2Q/kQ1H/kH1T/kT#2Gm@2Q/kQ1T/kT#13Gss@2Q/kQ2T/kT19~Q1T!/kB#2g s̃ ,
~3.6!

052vwH81DhH92Gy@2Q/kQ1T/kT1H/kH#2GhH/kH1g h̃ .
We now assume that the ratesGy and Gss are fast, and so Q/kQ2H/kH2T/kT5O(1/Gy),

2Q/kQ2T/kT19(Q1T)/kB5O(1/Gss). We will check later whether this assumption is self-consistent. We then tak
linear combination of Eqs.~3.6! which is independent ofGss,Gy , and substitute

Q5HS kQ~9kT2kB!

kH~kB19kQ19kT! D1O~1/Gss,1/Gy!,

~3.7!

T52HS kT~2kB19kQ!

kH~kB19kQ19kT! D1O~1/Gss,1/Gy!.

We then find that the Higgs density satisfies

052vwH81D̄H92ḠH1ḡ1O~1/Gss,1/Gy!, ~3.8!

whereD̄ is an effective diffusion constant,Ḡ is an effective decay constant, andḡ is an effective source term, given by
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D̄5
Dq~9kQkT22kQkB22kBkT!1DHkH~9kQ19kT1kB!

9kQkT22kQkB22kBkT1kH~9kQ19kT1kB!
,

ḡ5~g s̃1g h̃!S kH~9kQ19kT1kB!

9kQkT22kQkB22kBkT1kH~9kQ19kT1kB! D , ~3.9!

Ḡ5~Gm1Gh!S 9kQ19kT1kB
9kQkT22kQkB22kBkT1kH~9kQ19kT1kB! D .
t

In these equations,ḡ is the sum of the rate of generatio
of axial quark number and Higgs number inside the wall
given in ~2.34! and ~2.20!, while Ḡ is the total rate of relax-
ation for those charges. We estimate the latter to be

~Gm1Gh!'
4MW

2 ~T,z!

21g2T
l t
2sin2b1

MW
2 ~T,z!

35g2T
. ~3.10!

Equation~3.8! is easily solved numerically for an arb
trary shape of the sourceḡ and decay termḠ; however, in
order to qualitatively understand how the baryon num
produced depends on the various parameters we will
proximate the source as a step function of widthw,

ḡ5g̃, w. z̄.0,
~3.11!

ḡ50, z̄.w, z̄,0,

while for the decay terms we take

Ḡ5G̃, z̄.0,
~3.12!

Ḡ50, z̄,0.

The effective diffusion constant is also spatially varyi
since the statistical factorski depend on spatially varyin
particle masses and since the weak interaction cross sec
depend on the Higgs vacuum expectation values~VEV’s!;
however, we will make the reasonable approximation t
D̄ is constant. An analytic solution to Eq.~3.8!, which satis-
fies the boundary conditionsH(6`)50 is now readily
found; for z̄,0 ~the symmetric phase! this is

H5Aez̄vw /D̄ ~3.13!

with

A5
4g̃D̄~12e2@~vw1A4D̄G̃1vw

2
!~D̄!#!

~vw1A4D̄G̃1vw
2 !2

. ~3.14!

We will see thatD̄G̃@vw
2 and so a good approximation to E

~3.14! is
n
as

i-

ber
ap-

ng
g
tions

hat

q.

A'S g̃

G̃
D ~12e22wAG̃/D!

'kHS g s̃1g h̃

Gm1Gy
D ~12e22wAG̃/D!. ~3.15!

From the form of~3.13!, we see that theCP-violating den-
sities are nonzero for a timet5D̄/vw

2 , and so the assump-
tions about which rates are fast which were used to derive
Eq. ~3.8! are valid provided D̄Gss/vw

2 , D̄Gy /vw
2@1,

D̄Gws /vw
2!1, and the scattering processes due to Yukawa

couplings other than top are slow.
To estimateD̄ we take the Higgs diffusion constantDh to

be comparable to the diffusion constant for left-handed lep-
tons, which was estimated in the MSM in Ref.@47# to be
110/T and takeDq from @47# to be 6/T. ~These numbers will
decrease slightly due to the supersymmetric particle conten
of the plasma—we ignore this effect as being small com-
pared with other uncertainties in our calculation.! For the
ki ’s we assume that all the supersymmetric particles are
heavy compared withT except for the neutralinos and
charginos and so

kQ'6, kT'3, kB'3, kH'12. ~3.16!

We then find the effective diffusion constant defined in Eq.
~3.9! is large,

D̄'100/T. ~3.17!

The large effective diffusion constant indicates that most of
the transport ofCP-violating quantum numbers is done by
weakly interacting particles, i.e., the Higgs and Higgsinos;
and since Yukawa interactions readily convert Higgs number
into axial top number, transport of axial top number is sur-
prisingly efficient.

For the scattering rate due to the top quark Yukawa cou-
pling we estimate

Gy'
27
2 l t

2as@z~3!/p2#2T ~3.18!

and soD̄Gy /vw
2*2/vw

2 and the assumption that this rate is
fast is self-consistent. The next largest Yukawa coupling is
the bottom quark’s. Including scattering from this Yukawa
coupling would give corrections to our results of order

;D̄~ 27
2 lb

2as@z~3!/p2#2T!/vw
2 . ~3.19!
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We assume that the ratio tanb of Higgs expectation values is
not unnaturally large, and so scattering due to the bottom a
other Yukawa couplings may consistently be neglected
vw*1022.

For the anomalous fermion-number-violating rates w
take

Gws56kaw
4T, Gss56k8

8

3
as
4T, ~3.20!

wherek,k8 are unknown parameters usually assumed to
of order one. Thus the weak sphaleron rate may safely
taken to be slow provided

k/vw
2&104 ~3.21!

and the strong sphaleron rate is fast if

k8/vw
2*5. ~3.22!

In our computation of the baryon asymmetry we will ap
proximate the strong sphaleron rate as fast and the w
sphaleron rate as slow.

What we set out to compute was not the Higgs density
the symmetric phase but the total baryon number density
inside the bubble. We now turn the weak sphaleron rate
assuming it has a negligible effect on particle densities@Eq.
~3.21! is valid#; however, it provides the only source for ne
baryon number. We thus takerB , the baryon number density,
to be a function ofz̄ satisfying

05DqrB92vwrB82Q~2 z̄!nFGwsnL~ z̄!, ~3.23!
nd
for

e

be
be

-
eak

in
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on,

t

wherenL is the total number density of left-handed weak
doublet fermions,nF53 is the number of families, and we
have assumed that anomalous baryon number creation tak
place only forz̄,0 ~the symmetric phase!. Equation~3.23!
has solution

rB~ z̄!52
3Gws

vw
E

2`

0

nL~ z̄!dz̄2
3Gws

vw

3E
0

z̄
dz8Q~2z8!nL~z8!~12evw~ z̄2z8!/Dq!,

~3.24!

which is a constant forz̄.0 and vanishes asz̄→2`. Thus,
up to corrections of orderGwsD̄/vw

2 , the baryon density in-
side the bubbles of broken phase is simply proportional to
the integral ofnL in the symmetric phase.

We now return to Eq.~3.6!, in order to computenL . As
pointed out by Giudice and Shaposhnikov@46#, if we use Eq.
~3.16! we will find the answer is zero in the limitGss→`, so
we need to compute theO(1/Gss) corrections to particle
densities.13 We will assumeGy@Gss, (k8&7) and take

Q5HS kQ~9kT2kB!

kH~kB19kQ19kT! D1dQ1O~1/Gy!,

~3.25!

T52HS kT~2kB19kQ!

kH~kB19kQ19kT! D1S kTkQD dQ1O~1/Gy!.

Substituting these values into Eq.~3.6!, we find
05Dq~Q91T9!1v~Q81T8!23GssS 2QkQ 2
T

kT
1
9~Q1T!

kB
D

5S 2kB~kQ12kT!

kH~9kQ19kT1kB!
D ~DqH92vwH8!23GssS kB19kQ19kT

kBkQ
D dQ1O~1/Gss,1/Gy!

⇒dQ5SDqH92vwH8

Gss
D S 2kB

2kQ~kQ12kT!

3kH~9kQ19kT1kB!2
D 1O~1/Gss

2 ,1/Gy!. ~3.26!
We now solve algebraically fornL5Q1Q1L1Q2L using
Eqs.~3.3!, ~3.25!, and~3.26!, and find

nL55Q14T

5S 5kQ14kT
kQ

D dQ1S 9kQkT28kBkT25kBkQ
kH~kB19kQ19kT! DH.

~3.27!

If we use Eq.~3.16! we find
nL57dQ521/56SDqH92vwH8

Gss
D , ~3.28!

13In this limit, one should also include the contribution of sources
for conserved charges:B2L, •••. Local densities of conserved
charges are also generated by the scattering of particles on the mov-
ing wall through charge separation. As discussed in Sec. II A, these
sources are subleading; however, they do not suffer from the strong
sphaleron suppression.



53 4591ELECTROWEAK BARYOGENESIS IN SUPERSYMMETRIC MODELS
so the baryon density is proportional toGws /Gss, and is only
sensitive to the ratio ofk/k8, provided Eqs.~3.21! and
~3.22! are satisfied. This reduces the uncertainty in
baryon asymmetry since estimates for bothk andk8 vary by
several orders of magnitude but we expect the ratio to
approximately one. The result thatnL and the baryon density
are suppressed by a factor of 1/Gss does not hold if one
considers modifications to Eq.~3.16! due to higher order
corrections@46# or due to the contributions of nondegenera
squarks. The cancellation which makes the first term of
~3.27! dominate the second term no longer occurs when n
degenerate masses are considered. However, examinati
Eqs.~3.26! and ~3.27! shows that corrections from this lac
of cancellation are negligible unless eitherk8/vw

2*103 or
some squarks are not much heavier thanT. Note that there
can be significant enhancement of the baryon density if,
example, only the top squark is light in the symmetric pha
as we will discuss at the end of this section. With all squa
heavy, our final answer for the baryon to entropy ratio in t
broken phase, combining Eqs.~3.13! ~3.15!, ~3.24!, ~3.26!,
and ~3.27!, is

rB
s

52S 3AGws

56sGss
D S 12

Dq

D̄ D
'23.531025gwvwS k

k8DS , ~3.29!

with

S 5
~g s̃1g h̃!w

~Gm1Gh!gwvwT
2 S 12e22wAG̃/D

wT
D . ~3.30!

We have taken the entropy s to be
s5(2p2g* /45)T

3555.1T3 (g*5125 3/4) and we have
made explicit the dependence on the velocityvw and the
thickness of the wallw.

The factorS is a dimensionless number, a function of th
supersymmetric parametersm, sinfB , m̃1,2, A, sinfA ,
tanb, andDb, the total variation ofb in the wall, as well as
a function of the known gauge and top Yukawa couplin
andW andZ masses. In short,S is a concise representatio
of the dependence of the baryon asymmetry produced on
yet unknown supersymmetric parameters of the SSM.

To compute the baryon asymmetry, we need to comp
the factor in parentheses in Eq.~3.30!. This factor has its
origin in the mechanism which transports theCP-violating
asymmetries in front of the wall. If this transport is efficien
the answer should become independent of the wall thickn
w. Indeed, using our estimates, 100/T, for D̃ given in ~3.17!
and our estimates forG̃ in ~3.9! and ~3.10!, we find
2AG̃/D̃.531023A7 sin2b11 T, a value fairly insensitive to
the supersymmetric parameters. Hence, unless the wall th
nessw is anomalously large,14 we find the factor in paren-
theses to be equal to 531023A7 sin2b11 and, at leading
order, independent of the wall thickness.
the
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TheS factor becomes, using general expressions for the
source terms given in~2.20!, ~2.21! and ~2.34!, ~2.35!, and
our expressions for the relaxation ratesGm andGh in ~3.10!,

S '5.531023
m

T

m̃2

T
sinfBDb/A7sin2b11

3H FI h̄

mS 11
m̃1

m̃2

1

10D1I
h̃

m̃21I
h̃

m̃1
1

10GsinfB

1F @I
s̃

m̃L1I
s̃

m̃R#10
A

m̃2
Gsin~fB2fA!J . ~3.31!

The first term, in brackets, represents the contribution of
the charginos and neutralinos while the second term repre-
sents the contribution of the top squarks.

To try this formula, we use light neutralinos and chargi-
nos: m5m̃252m̃1550 GeV, relatively heavy squarks;
m̃L,R5150 GeV, and takeA550 GeV. We need to know the
ratio of these masses over the transition temperatureT. The
latter has its value completely determined by the parameters
of the theory; in our analysis, however, it is a free parameter.
As an indicative value, we choose 60 GeV.15 For these val-

ues, we findI
h̃

m
5I

h̃

m̃2'5.531022, I
h̃

m̃1'3.531022, and

I
s̄

m̃L,R'2.431024. TheS factor becomes

S 'S 56D
2 Db

A117sin2b
@0.032 sinfB1531023

3sin~fB2fA!#5.531023

'@1.831024 sinfB16.631026 sin~fB2fA!#Db.

~3.32!

It is clear from the above equation that the squark contribu-
tion is only significant in the limitfA@fB or in the limit the
charginos and neutralinos are heavy.

Gathering all the above information, we find the follow-
ing results. The largest contribution arises from light chargi-
nos and/or neutralinos, in which case, the asymmetry can be
as large as

rB
s

'2gwvwS k

k8D sinfBDb 6.531029. ~3.33!

The measured baryon asymmetry is~4–7!310211. So, elec-
troweak baryogenesis is significant provided that

14Typical estimates forwT range between 10 and 100.
15Generically, one expects the temperature to be below the one in

the SM (;80–100 GeV!, as, in the MSM, the superpartners con-
tribute to the effective potential in a manner which decreases the
critical temperature.
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S k

k8D ugwvwsinfBDbu>7.531023 ~3.34!

and is negative in sign. Let us discuss the magnitude of e
term separately.k and k8 are two not well-known param-
eters characterizing the strength of the electroweak a
strong anomalous processes, respectively; however, thei
tio is expected to be of order one. In the minimal standa
model, the wall velocity,gwvw , is no smaller than 0.02,16

and is more likely17 of order 0.1 or larger@24,43#; although
no calculation has been done for SSM, it is reasonable
assume similar values. Finally,Db is the overall variation of
the ratio of the two Higgs expectation valuesv2 andv1 . As
we argue in Sec. V, its presence is an artefact of working
fourth order in the mass; it can be removed at the cost
introducing additional mass suppressions. From these c
siderations, we infer an optimal bound on theCP-violating
phasefB :

usinfBu>0.025. ~3.35!

Only with this bound satisfied, is electroweak baryogene
achievable in SSM with light charginos and/or neutralin
and heavy and degenerate squarks.

In the case of neutralinos and charginos which are hea
than T or fA@fB;0, only top squarks contribute to th
asymmetry. If all squarks are degenerate, they must all
heavier than;150 GeV, in which case, the requirement b
comes

uDb sin~fA2fB!u>0.65, ~3.36!

which leads to experimentally ruled out electric dipole m
ments. Also, unlike the charginos/neutralinos case,Db must
be nonzero and its presence is not an artefact of our appr
mations;Db can be significantly smaller than one. Clearl
electroweak baryogenesis in SSM with all neutralino
ach
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charginos, and squarks heavy is likely to be incompatible
with constraints from electric dipole moments. We will dis-
cuss bounds~3.35! and ~3.36! along with their uncertainties
in the last section.

These conclusions are altered considerably if, say, th
left-handed bottom squark and left- and right-handed top
squark masses squared are rather light, but the other squa
masses are heavy.~This mass pattern could be a result of
renormalization due to the large top Yukawa coupling nea
the Planck scale.! Then the factor multiplyingH in Eq.
~3.27! does not vanish. If we take

kQ'18, kT'9, kB'3, kH'12, ~3.37!

we have

nL5
27

82
H, ~3.38!

D̄'72/T, ~3.39!

and

rB
s

52S 81AD̄Gws

82vw
2s D , ~3.40!

i.e., rB is enhanced by a factor of;18D̄Gss/vw
2 over the

case with no light squarks and fast strong sphalerons, and
sensitive to the weak sphaleron rate rather than the ratio o
weak and strong sphaleron rates. After a few substitutions
we obtain

rB
s

'21.531024S /vw , ~3.41!

where we have made use of theS factor defined in~3.30!
and~3.31!. To obtain a numerical estimate, let us assume th
valuesA.m.m̃2.2m̃1.50 GeV, andm̃L,R.T.60 GeV.

The factors in ~3.31! are now I
h̃

m
5I

h̃

m̃2'5.531022,

I
h̃

m̃1'3.531022, andI
s̃

m̃L,R'0.018. TheS factor becomes
light

the
S 'S 56D
2 Db

A117sin2b
@0.032 sinfB10.093 sin~fB2fA!#5.531023

'@1.831024 sinfB1531024 sin~fB2fA!#Db. ~3.42!

This time the contribution of the top squarks, the second term in parenthesis, is potentially as significant as the one of the
charginos or neutralinos. Combining this result with~3.41!, we find

16This lower bound corresponds to the situation of maximal damping of the motion of the wall in the plasma; that is, it corresponds to
thin wall situation where mean free paths are larger than the thickness of the wall,w. This lower bound is a decreasing function of the Higgs
boson and top quark masses; the specific value 0.02 has been computed following Ref.@24# for the valuesmH;65 GeV andmt;175 GeV.
17This larger value accounts for thermal scattering within the wall as, in the MSM, the wall thicknessw is typically larger than the mean

free paths of theW’s and Z’s, tw , and of the top quark,ts . Large uncertainties arise from our imprecise knowledge of the ratios
tw,s /w.
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rB
s

'2
k

vw
@Db sinfB2.5310281Db sin~fB2fA!7.531028#. ~3.43!

This is a significant contribution to the baryon-to-entropy ratio provided that

uDb sinfB13Db sin~fB2fA!u>
vW
k
1.931023 ~3.44!

and is negative in sign.
If we use the range 0.1–0.3 for the wall velocityvw and the range 0.1–1 fork, and take masses for the superpartners whi

are optimal for baryogenesis, we obtain the following constraint on the magnitude of the phasesfA andfB :

light-charginos–neutralinos–top-squarksuDb sinfBu>2310242631023, ~3.45!

light-top-squarks–charged-Higgs-bosonuDb sin~fB2fA!u>7310252231023.
n
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We emphasize that in the term contributed by the chargin
and neutralinos,Db will not be present at higher order in the
mass expansion. By taking the top squarks to be light w
obtain a possible two-order-of-magnitude enhancement
rB /s over the situation with all squarks degenerate a
heavier thanT @cf. ~3.34!–~3.36!#.

We also obtain qualitatively similar results to Eq.~3.40! if
strong sphalerons are slow, i.e., Eq.~3.22! does not hold. Our
formulas are also radically modified if weak sphalerons a
sufficiently fast and/or if the wall velocities are so slow tha
Eq. ~3.21! is violated. Then most of our simplifications of the
rate equations, such as the neglect of leptons, are invalid.
then expect the final answer forrB to be insensitive to the
sphaleron rates, being determined by near-equilibrium ph
ics.

IV. BARYON DENSITY IN THE TWO HIGGS MODEL

We can now easily solve for the baryon density in the tw
Higgs model since the particle transport equations are v
similar to those in the SSM. Equation~3.6! is unchanged, if
we take the squark and Higgsino contributions to be ze
g s̃ to be the source for axial top number due to the top qua
gq and we substitutegH , the source for Higgs number due to
the Higgs particles, forg h̃ . Finally, in the case of two~one!
light Higgs, the statistical factors become

kQ'6, kT'kB'3, kH'8~4!, ~4.1!

and the effective diffusion constant, from~3.9!,

D̄'
96

T S 88T D . ~4.2!

In Ref. @8# we computedgq to be

gq~xW ,t !.2
Nc

2p2gwvwTumtu2]zu1O„vw
2 ,~t/w!2…,

~4.3!

wheremt(z), 5umt(z)ueiu(z), is the space-dependent mass o
the top quark expressed in the wall frame. To findgH , we
need to track the evolution of the Higgs number carried
the Higgs bosonsH1 and H2 as they evolve in the back-
os

e
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ground of the wall. The space-dependent mass matrix is,
the basisH1 , H1* , H2 , andH2* ,

MH̃5S ••• m11
2 e2 iu11

••• m21
2 e2 iu21

m11
2 eiu11 ••• m12

2 eiu12 •••

••• m12
2 e2 iu12

••• m22
2 e2 iu22

m21
2 eiu21 ••• m22

2 eiu22 •••

D .
~4.4!

We only displayed entries which violate Higgs number a
they are the ones which control the charge generation
Higgs particles flow across the wall. The Higgs numbe
charge operator takes the form

Q̂H5Diag~1,21,1,21!. ~4.5!

The analysis follows the steps of the one of the top squa
axial charge generation; in particular, Eqs.~2.29! and ~2.30!
are directly transposable. We obtain

gH~xW ,t !5gwvw
1

2p2 3~JH
m1I H

m11JH
m2I H

m2!

1O„vw
2 ,~t/w!2…, ~4.6!

with

JH
m152]zu11m11

4 /T1]zu21m21
4 /T1]zu12m12

4 /T,

~4.7!
JH

m252]zu22m22
4 /T1]zu21m21

4 /T1]zu12m12
4 /T.

The functionI H
mi is identical to the one computed for the

squark,I s̃
m in Eq. ~2.35!. The damping rate is set by weak

interactions; our estimate istH;25/T. We choose for the
on-shell massesm1 andm2 of the propagating Higgs bosons
the zero-momentum contributions that the Higgs particl
receive from plasma interactions in both phase
m1;m2;T/3 @36#.

With these values,I H
mi'0.25 and, within our approxima-

tions,
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gH~xW ,t !.gwvw
1

4p2

3$]zu11m11
4 /T1]zu22m22

4 /T

1]zu21m21
4 /T1]zu12m12

4 /T%. ~4.8!

Combining Eqs.~3.13!, ~3.15!, ~3.24!, ~3.26!, and~3.27!,
the baryon-to-entropy ratio

rB
s

52S 3AGws

56sGss
D S 12

Dq

D̄ D
'22.431025gwvwS k

k8DH ~4.9!

with most of the parameter dependence contained in theH

factor

H5
~gq1gh!w

~Gm1Gh!gwvwT
2 S 12e22wAG̃/D

wT
D . ~4.10!

From ~3.9!, we computeḠ50.11(Gm1Gh). We estimate
Gm'l t

2T/21 and we parametrizeGh'l2T/140 with l, an
undefined parameter function of the Higgs quartic couplin
As in the SSM, charges diffuse a long distance in front of t
wall D̄@Ḡ and the term in parentheses in Eq.~4.10! is
largely independent of the wall thicknessw. We find

H5
~gq1gh!w

A~Gm1Gh!/TgwvwT
3
731023. ~4.11!

Without going into a difficult study of the vast paramete
space of the two Higgs models, we can obtain a fair estim
of the above quantity by neglecting the Higgs contributio
to the source and to the rate, for the following reasons. T
sourcegH , written in ~4.8!, is a linear combination of terms
of the formmi j

4 /T]zu i j . These terms all violate Higgs num
ber; hence, they are proportional to the quartic self-couplin
;l2(Du i j /w)T

4 and are smaller than the contribution from
the top quark;l t

2(lDu i j /w)T
4, unless the Higgs sector is

strongly coupled. Similarly, we expectGm.Gh . Under these
assumptions,

H'21022Du ~4.12!

and

rB
s

'gwvwS k

k8DDu 2.531027. ~4.13!

Choosing the illustrative valuegwvw;0.3, this baryon per
entropy ratio is significant provided that

S k

k8DDu>731024. ~4.14!
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V. OUTLOOK

A. Accuracy of present computations
of the baryon asymmetry

We now look back on the many approximations and un-
certainties present in our analysis.

1. Approximations

~1! For the purpose of solving Majorana, Dirac, and
Klein-Gordon equations, we performed an expansion in
powers ofM(x,t). The benefit was to work analytically and
to express the answer as a sum ofCP-violating invariants.
The convergence of this expansion has been discussed an
established in the discussion following Eq.~2.24!. We have
further approximated the density matrices describing particle
distributions with Bose-Einstein and Fermi-Dirac distribu-
tions for on-mass shell particles in the unbroken phase. In
ignoring the nonequilibrium component of the distribution,
we are ignoring corrections of ordervw

2 @cf. discussion fol-
lowing Eq. ~2.13!#. In assuming on-mass shell particles in
the unbroken phase, we are ignoring corrections of orde
(m/T)2 and (gv/T)2. Some particles, such as the squarks,
are expected to have SU~2!3U~1! symmetric contributions
to their masses which may be larger than the critical tem-
perature (Tc;50–100 GeV!. However, as discussed in Sec.
V B, heavy particles do not contribute significantly to baryo-
genesis. So, at best, we expect that accounting for the ful
mass dependence yields numerical corrections of order one
One exception is that for the neutralino and chargino contri-
bution, when we work to lowest nontrivial order in the
masses we obtain a result proportional toDb—the change
during the transition in the angle specifying the ratio of the
Higgs VEV’s. There is no reason to expect this suppression
factor to persist at higher orders in a mass expansion.

~2! We defined our sourcesgQ in a layer of a sizet, the
coherence time. To postpone recourse to numerical method
we assumedt to be smaller than the wall thicknessw and
ignored corrections of order (t/w)2. This is a very good
approximation for strongly interacting particles but not nec-
essarily for weakly interacting particles for whicht is in the
range ~20–30!/T while the wall thicknessw can span the
interval ~10–100!/T. Only a precise calculation of these two
quantities can decide the quality of this approximation. The
largest (t/w)2 corrections are contained in the factors
I h̃,s̃ . As explained in Sec. II, we expect these factors, which
at most increase linearly witht, to ‘‘saturate’’ for t@w, at
about their values att.w. For this reason, we do not expect
higher order terms to bring large corrections to our analysis

~3! We have made a number of simplifications of the
equations describing particle transport and number changin
processes. First, we assumed that deviations from therma
equilibrium were sufficiently small to allow us to describe
particle distributions in terms of local chemical potentials
and to make a diffusion approximation to transport pro-
cesses. We expect this assumption to be quite good in th
weakly interacting models considered. We simplified our
treatment of diffusion in neglecting the finiteness of the
speed of sound, that is, we worked at leading order in an
expansion invw /cs wherecs51/A3. Our choice of the mag-
nitude of the wall velocity is such that it is a fair approxima-
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tion. Should the wall velocity approach or be larger than t
speed of sound, diffusion is not a good approximation
transport and our computations are invalid. An improved c
culation which covers large wall velocities has yet to be d
veloped. We made a severe approximation by simplifying
wall shape@Eqs.~3.11! and~3.12!#, which we expect to give
an order 1 estimate of the true solution. We also made
sumptions about the approximate rates of strong and w
sphalerons and the wall velocity@Eqs.~3.21! and~3.22!#, and
simplified our equations by assuming that the interactio
proportional to the top Yukawa coupling were in therm
equilibrium. The size of corrections from these assumptio
depends on how well the inequalities~3.21! and ~3.22! are
satisfied. We also assumed similar diffusion constants for
quarks, an error of orderaw

2 /as
2;10%. In fact this approxi-

mation for the quark diffusion constants is of very sma
numerical significance since diffusion is actually dominat
by the weakly interacting Higgs boson which provides a l
cal source for axial top number far from the bubble wall. W
also gave approximate estimates for the statistical factorki
defined by Eq.~3.1!—here we expect corrections of order
few percent for light particles. The corrections to the qua
statistical factors are important ifk8/vw

2*102 since from
Eqs.~3.24!, ~3.27!, and~3.28! we see that they give the only
contribution to the baryon asymmetry which is not su
pressed by the strong sphaleron rate.

~4! In most cases, ourCP-violating particle sources are
dominated by the largeCP violation in the transmission of
low momentum particles over a distanceD whose wave-
length is comparable toD. For these particles, kinetic theor
starts to break down, giving corrections of order 1 to o
treatment.

~5! We have neglected the effects of long range gau
fields, which in general have an order 1 effect on the bary
density@39–41#.

~6! We have not included the contributions of the tran
port of conserved charges~such asB2L) to the baryon
asymmetry. Such effects are higher order in wall velocity a
masses, but may not suffer from the strong sphaleron s
pression. We express inclusion of such effects to change
results by at most order 1.

2. Uncertainties

Uncertainties in our estimate of the baryon asymme
reflect not only the approximations above but also, a
dominantly, our poor knowledge of certain paramete
Those are the coherence timest s̃,h̃ and tH,q , the diffusion
constantsD, the reaction ratesGy,h,m , and the parameters
k andk8 measuring the strength of the anomalous proces
Fortunately in the most interesting situations, the latter oc
in ratio which significantly decreases the uncertainty in t
baryon asymmetry. Also, for largek the baryon asymmetry
becomes insensitive tok. Much work is needed to refine the
determination of these parameters. Onlyt, k, andk8 require
understanding new physics; the determination of the ot
parameters faces only technical challenges. The parame
vw andw describing the phase transition are also left fre
both because they are parameter dependent and becau
the lack of accurate computations for the models under c
sideration.
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Finally we come to the main uncertainty, which is our
lack of knowledge of the correct model of weak symmetry
breaking and of the many new parameters introduced by an
extension of the MSM. It is our hope that computation of the
baryon asymmetry can provide a useful constraint on th
weak symmetry breaking sector and onCP violation.

Because of the above uncertainties and also because
the approximations that we described earlier, we believe tha
the computability of the baryon asymmetry produced is reli-
able to an order of magnitude. It is with this caveat that we
now present our conclusions.

B. Can the baryon asymmetry be produced in the SSM?

Previous work on baryogenesis in supersymmetric mode
neglected the enhancing effects of transport, and conclude
that sufficientCP violation for baryogenesis in supersym-
metric models could be marginally consistent with electric
dipole moment constraints if one made optimistic assump
tions about baryon-number-violating rates in the phas
boundary@2,3#, and if chargino and neutralino masses were
not too heavy. Our work shows that with reasonable assump
tions about the rates of anomalous processes, sufficie
baryon asymmetry can be produced with small
CP-violating phases of order 102(224), provided that the top
squarks and either the neutralinos or the charginos are lig
compared with the transition temperature. If only the top
squarks are light, it is also required that the ratio of Higgs
VEV’s is not fixed during the transition, while when theinos
are light, the lowest order contribution inm/T is suppressed
unless the ratio of Higgs VEV’s changes during the transi
tion. The latter requirement implies that the effective theory
during the transition has more than one light Higgs boson
which in turn means that at zero temperature the pseudosc
lar and charged Higgs boson masses are not extremely hea
compared with the lightest Higgs mass. A light charged
Higgs boson makes a potentially ruled out contribution to
b→sg @48# unless partially canceled by a contribution from
a loop containing light charginos and stop squarks. We con
clude that as far as sufficientCP asymmetry is concerned,
the SSM with some light superpartners (&100 GeV! is a
good candidate for baryogenesis. With light superpartner
and with CP-violating phases of order 102(224), neutron
and atomic electric dipole moments will be below the cur-
rentexperimental bounds@33,35#. Furthermore, a large frac-
tion of the relevant range of masses for the superpartne
coincides with the range to be probed by the CERNe1e2

collider LEP II.
In a calculation assuming only one light Higgs boson, the

MSSM, with minimal superpartner content, has been show
to produce a phase transition sufficiently strongly first orde
to preserve the baryon asymmetry only when the lightes
Higgs boson mass is less than 70 GeV and when at lea
some of top squarks are lighter than 110 GeV@36#. We do
not expect these bounds to be weakened significantly whe
the full parameter space for the Higgs masses is considere
Thus the baryon number washout constraint on the MSSM
seems more powerful than the constraint of sufficientCP
violation. It is, however, subject to the uncertainties in the
perturbative calculations of phase transition parameters.
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C. Conclusions about the baryon asymmetry in the two Higgs
model, and comparison with other calculations

To summarize Sec. IV, sufficient baryon asymmetry m
easily be produced in a general model with two Higgs do
blets and softCP violation in the scalar potential, with
CP-violating phase as small as;731024 @Eq. ~4.14!#. This
result allows for a much smaller phase than most earlier c
culations in the two Higgs model. Here we explain how o
calculation differs the earlier ones.

The baryogenesis mechanism of axially asymmetric t
quark reflection from the bubble walls@16# also allowed a
small phase of order 1025 in the two Higgs model, but only
for the fine-tuned case where the bubble walls were thin,
order the inverse top mass. References@16,31# concluded
that when the walls are thick, a completely negligib
CP-violating asymmetry is produced in the symmetric pha
from top quark reflection. However, in those papers seve
significant effects are neglected, such as thermal scatte
within the phase boundary which is especially important f
thick walls. Thermal scattering processes tend to interf
with baryogenesis by destroying the quantum coherence n
essary forCP violation @7,9#, but also can in some case
enhancethe baryon asymmetry produced. The enhancem
comes about becauseCP-violating charge expectation val
ues within the bubble wall can be converted
CP-violating thermal particle distributions inside the wall b
incoherent thermal scattering processes, and th
CP-violating thermal particle distributions can then diffus
into the symmetric phase, where they bias the relativ
rapid anomalous weak processes towards producing
baryon number. We therefore find that the huge suppress
of the top quark contribution to baryogenesis, found in Re
@16,31# when the bubble walls are thick, is absent when th
mal scattering and transport processes are considered
stead, we find that the baryon asymmetry is not very sen
tive to the width of the boundary.

Let us now compare our method of computation to tw
alternative methods which have appeared in the literatu
For the case of thick boundaries an alternative method
calculation of the particle distributions in the wall, whic
should be about as accurate as the thick wall approximati
we made, would be to use the method of linear respo
@18,49#, i.e., to compute the charge current density produc
from an initial CP-symmetric thermal particle distribution
when space-time-dependentCP-violating terms in the
Hamiltonian are turned on for a time equal to the therma
zation timet, and then dividing byt to get the rate for
production of aCP-violating charge in the phase boundar
Such a calculation can be done diagrammatically, e.g.,
computing the diagrams considered in Ref.@50# ~which,
however, does not contain a linear response calculation, a
that work the effects of a finitet are neglected!. If one con-
siders times longer thant in the linear response, including
the damping terms in the quark propagators which are g
erated by gluon exchange is essential. Another method
calculation has been developed in Ref.@51#. It consists of
writing a Boltzmann equation for a one-particle distributio
function which incorporates aCP-violating force term aris-
ing from the CP-violating space-dependent backgroun
This equation is then solved for the resulting departure fro
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thermal particle distributions, which is asymmetric betwee
particles and theirCP conjugates, and which are described
in terms of chemical potentials. The latter are, in turn, in
serted in a rate equation to compute a baryon asymmetry.
is not clear to us how to generalize this method to cover th
case where several species mix, as occurs with the neutra
nos and Higgsinos in the SSM. In any case this method
semiclassical in nature and only describes the regime oft
much larger than particle wavelengths (Tt@1). In this re-
gime our calculations also produce a semiclassical falloff o
theCP-violating sources~cf. Fig. 3 and Fig. 5!, in qualita-
tive agreement with the analysis of Ref.@51#.18 This calcula-
tion is appropriate for weakly interacting particles such a
the t lepton in the two Higgs model, but not for strongly
interacting particles whose mean free paths are not muc
longer than their wavelengths and for which decoherenc
effects are already perceptible.

It is now evident that transport processes, omitted in th
original thick wall calculations@2,17,19#, significantly en-
hance the baryon asymmetry produced during the weak tra
sition. In fact it has been suggested that thet lepton plays a
leading role in baryogenesis due to its large diffusion con
stant@42,31#. However, axial top quark number is also effi-
ciently transported, because the large top Yukawa couplin
allows axial top number to convert to Higgs number, which
is transported by weakly interacting Higgs particles. Anothe
argument in favor of thet-lepton contribution to baryogen-
esis dominating that of the top quark is that the axial top
number tends to be washed out by strong sphaleron pr
cesses. In fact we find that this suppression factor is on
about ;1/50 for k8 of order one and wall velocities
vw;0.3. Furthermore, even for arbitrarily fast strong sphale
ron rate, the strong sphaleron suppression will never be mo
than about 1023, due to the nondegenerate thermal masses
the quarks@46#. Despite the suppression factors for the top
quark contribution, we believe thet is likely to be less im-
portant than the top for baryogenesis in two Higgs models
because the source for axialt number is suppressed relative
to the axial top source by a factor oflt

2/l t
2 , which is about

1024 unless tanb is large. In the SSM, it is only possible to
avoid having sphalerons wash out the baryon number
tanb is relatively small@36#, and so there is no significant
effect from thet or scalart.
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18These authors coined the word ‘‘classical baryogenesis’’ to de
scribe their analysis. However, their ‘‘classical force’’ is not com-
pletely classical. That is, the spin-dependentCP-violating term in
their one particle Hamiltonian is}\]zu, whereu is the argument of
the top quark mass.
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