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The baryon density which may be produced during the electroweak phase transition in supersymmetric
models is computed, taking into account the previously neglected effects of transport, strong and weak anoma-
lous fermion number violation, thermal scattering, and a new method for compDfgiolating processes
during the transition. We can account for the observed baryon asymmetry, providegdP@wlating phases
are greater than-102—10 4, and some superpartners are light enough to be relevant during the transition,
which takes place at a temperature of 50—100 GeV. In one case, the light superpartners are the top squarks and
the charginos and/or the neutralinos; in another case the top squarks and both Higgs doublets are light. Our
calculation is easily extended to the case of a general two Higgs model, where we find sufficient baryogenesis
provided that a certain combination of parameters in the Higgs potential leadsCte-\dolating space-
dependent phase in the top quark mass of order.10

PACS numbds): 12.15.Ji, 12.60.Jv

I. INTRODUCTION proportional to theV boson masdVl ;= (90— 160)M, [22].
The condition that th&/ mass jumps to a large enough value
Supersymmetry is an attractive candidate for the physicgluring the transition to avoid post-transition baryon number
of electroweak symmetry breaking, while electroweak baryowashout requires a light Higgs boson in the M§M8,23,24
genesis(EWB) [1] is an explanation of the origin of the (in lattice simulations, the transition appears too weakly first
cosmological asymmetry between matter and antimatter iorder unlessmy<M,, [25]). However, with a top quark
terms of experimentally accessible physics. It is therefore ofmass of 170—200 GeV, if the MSM is valid up to®1GeV
interest to understand whether EWB is feasible in supersymwe will only be in the MSM ground state today for a Higgs
metric models. The only previous estimatgs3] of the  boson mass heavier thanM,y [26].
baryon asymmetry produced in supersymmetric models ne- (2) The amount ofCP violation must be just right to
glected many effects which are now understood to be imporexplain the observed baryon to entropy ratig/s~ 10 1°.
tant, such as transpdr —6] and thermal scattering’—9]. The CP violation in the minimal standard model is only
Let us review the physics relevant for EWB. Anomalousphysical in processes which involve all the Cabbibo-
baryon violation in the weak interactions takes place via unKobayashi-MaskawéCKM) angles and in which all the like
observably slow tunneling processes at zero temperaturgharge quark mass differences play a role, which makes it
[10], but at temperatures above the critical temperature fogeema priori difficult for Kobayashi-Maskawd P violation
the weak phase transition, theoretical estimates give a rate generate sufficient baryon number during the weak transi-
I'= Kaﬁ,T, wherea,, is the weak fine structure constdfi], tion. An interesting attempt to find a large enhancement of
and « is a pure number of order ofeThus electroweak the CKM contribution to electroweak baryogenesis was
baryon number violation is fast enough in the early universenade by Farrar and ShaposhniK®7] but was later shown
to change the cosmological baryon number. In thermal equinot to work due to quantum decoherence eff¢9].
librium, unless some nonanomalous approximately con- In contract to the MSM case, in most extensions of the
served quantum number is nonzdrb4], anomalous pro- standard model there can be additional sourcesRfviola-
cesses will wash out any net baryon number; however, a firdton which appear in particle mass matrices. During a first
order electroweak phase transition can provide the departui@der electroweak phase transition, bubbles of the broken
from thermal equilibrium necessary to generate a nonzerphase nucleate and expand. Inside the bubble wall, particle
baryon number. Electroweak baryogenesis is only feasible inass matrices acquire nontrivial space-time dependence and
two conditions are met, which probably require new weakcannot be made real and diagonal at all points without intro-
scale physics beyond the minimal standard mdd4sM) ducing newC P-violating terms into the particle dispersion
[2,3,15-19. (For relatively recent reviews, s¢20].) relations. In a recent papdB] we introduced a general
(1) The transition must be strongly enough first order somethod for computing the effects of ti@P-violating mass
that after the transition the anomalous baryon number violaterms on particle distributions, which takes into account both
tion is too slow to wash out the baryons created during thehe effects of scattering from thermal particles and the terms
transition [21]. This rate is proportional to exp(M/T),  which lead toCP violation in particle propagation. It is now
whereMg, the energy of the sphaleron field configuration, isestablished that transport 6fP-violating quantum numbers
into the symmetric phase, where anomalous electroweak
baryon number violation is relatively rapid, plays a dominant
'An early estimate ok gavex=0.1[12] and a recent computa- role in electroweak baryogenesis for all bubble wall widths
tion claims a value ofc=1.09+0.04[13]. [4-6,15,16.
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The most well motivated viable theories for weak scale In the next section we discuss the dominant baryogenesis
baryogenesis are tw@r more Higgs modelg28] and mod- mechanisms in the SSM. In Sec. Il of this paper we write
els with weak scale supersymmetry. In the two Higgs modetlown the set of coupled differential equations which describe
the relevantCP violation is produced by a phase in the particle interactions and transport during the weak phase
Higgs potential, which leads t6 P-violating mass matrices transition, and make reasonable approximations which allow
for fermions and Higgs bosons, and produces especiallyS to find an analytic solution for the baryon asymmetry in
large C P-violating effects on the Higgs boson and axial top theé SSM. In Sec. IV we do the same for the two Higgs
number distributions. Experimental constraints on atomi¢nodel. We conclude with a summary of our results and their

and neutron dipole moments allow the relevant phase to bnplications in Sec. V.
as large as order[R9]. Also the two Higgs model can easily

simultaneously satisf_y the constrain_t; on I—_Iiggs particle Il. CP VIOLATION AND PARTICLE SOURCES

masses and the requirement of a sufficiently first order tran- IN THE SSM

sition [28,30,31. There are many possible supersymmetric

extensions of the MSM, with additionaC P-violating Following previous work[2—8,15-19 we compute the
phases. The minimal additional particle contghe minimal ~ baryon asymmetry using the following steps.
supersymmetric standard modéSSM)] includes super- (I) Compute theC P-violating perturbations of the plasma

partners for all particles and a second Higgs doublet. Théocally induced by the passage of the wélarticle source
supersymmetric terms in the Lagrangian do not introducderms”). In Ref.[8] we described all the sources in terms of
any additionalC P violation; however, supersymmetry must quantum mechanicaC P-violating reflection and transmis-
be broken by adding soft supersymmetry breaking operatorsjon from layers of the phase boundary, combined with re-
which in general ar€ P violating. If the newCP-violating  thermalization of the phase-space distributions. Unlike ear-
phases are of order one, the neutron and atomic electric diier calculations, whose applicability was restricted to either
pole moments are larger than the experimental bo(i8gs  a “thin wall” or a “thick wall,” referring to whether the wall
unless the superpartners are unnaturally hg®3j, hence thickness is larger or smaller than the relevant mean free
the usual assumption is that the soft supersymmetry-breakinggths, our approach provides a unified and consistent treat-
terms arise fronC P-conserving physics and have negligible ment for all values of the wall thickness. The proposed
phases. However, it has recently been argi@4] that in  method links the charge generation to microphysical
most grand unified supersymmetric theories, renormalizatio P-violating processes, and hence can be widely applied. It
of the soft operators between the Planck mass and the scajeneralizes the method developed in Réf.and so properly
of grand unification will induce phases of order 610" 2  incorporates decoherence effects which have been shown to
in the soft SUSY breaking operators, providing a new sourcéave a major negative impact on the generation of a
of CP violation into the low energy effective theory, which CP-violating observable in the MSN7,9].
is just beyond our current experimental reach. In this paper (Il) We approximate the solution to the Boltzmann equa-
we will assume that the supersymmetry breaking terms havéons for particle distribution functions by writing down and
CP-violating phases and see whether these phases can @&®lving a set of coupled differential equations for the local
count for sufficient baryogenesis without violating the elec-particle densities including the source terms, transport, De-
tric dipole moment boundg35]. In the MSSM, the require- bye screening39] of induced gauge chargésand particle
ment of a sufficiently first order phase transition places uppeRumber changing reactiori§]. The solution to these equa-
limits on the Higgs boson and top squark mag&&$ which  tions generally includes a net baryon number, which is pro-
are barely consistent with experimental constraints—ther@uced in the symmetric phase and is transported into the
are speculations that these bounds could be relaxed slightijubbles of broken phase, where it survives until the present
by higher order and nonperturbative effedd7].2 The provided that the phase transition is sufficiently first order.
MSSM may easily be extended by adding a gauge singlet In this section we focus on the first step in the calculation.
[38] which substantially removes these constraints. Here w€& P-violating particle source terms have been shown to result
will consider models both with and without a singlet, but we for a selected subset of species in the plasma which mix with
will only consider those sources of additio@P violation ~ One another via a mass matrix with complex phases which
which may be present in the MSSM, with a general set ofither(a) cannot be rotated away as the result of interactions
soft supersymmetry breaking terms consistent with experiwith the plasmg27] or (b) cannot be rotated away at two
mental bounds. Therefore we will not worry about the masgdjacent pointsx and x+dx, by the same set of unitary
upper bounds of Refl.36], and we will assume the Higgs transformations, that iSJX‘1UX+dX¢ 1.
potential isCP conserving’ We refer to the supersymmetric ~ When present, the second mechanism dominates over the
model either with or without additional gauge singlets as thdirst one, as the first mechanism generically involves addi-
supersymmetric standard model, or SSM. tional particles whose coupling to the plasma yields further
suppressions. It is the second mechanism which controls
baryon generation in the SSM as the neutralinos, charginos,
2Note that in supersymmetric models, the vacuum stability lowerand squarks have mass matrices wWilP-violating entries
bounds[26] on the Higgs boson mass do not apply.
%In some models with a singlet there can ®® violation in the
Higgs potential which can produ¢gP-violating effects very simi- “4In practice we simplify our equations by ignoring the effects of
lar to those in two Higgs models; however, in most models thescreening since the impact on baryogenesis turns out to be of order
Higgs potential automatically conserves. 1[40,41.
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and a nontrivial space dependence due to the Higgs vacuuoompletely the departure from thermal equilibrium resulting
expectations value&f. Sec. Il B. So is the case in the two from the passage of the wall. In this subset, there are charges
Higgs models with expliciC P violation in the Higgs poten- which are explicitly violated by the mass matrijaxial
tial which yields a space-dependent phase to the top quarharge ...) and charges which are exactly conserved
and Higgs boson masse&f. Sec. ). In contrast, in the (B—L, ...). In thelatter case, there is no net charge den-
minimal standard model, the quark mass matrix has only asity created but, instead, a net spatial current emerges: oppo-
overall dependence on the Higgs vacuum expectation valusite charges move in opposite directions. This spatial current
and can be diagonalized by space-independent unitary rotarises at high order in masses and the wall velogjfyand,
tions, hence, it can generate @P-violating observable in most of the cases we considered, yields a subleading con-
through mechanisr(a) rather than through mechanidim— tribution to the baryon asymmetry. We are mostly interested
i.e., through charge current interactions which correct theén the former charges, that is, those changes which are vio-
dispersion relation of the propagating quark in the plasmdated by the presence of the wall. In addition to a spatial
[27]. This mechanism, however, has been shown to be quiteurrent, those charges develop a net average density; the lat-
ineffective at generating a significant baryon asymmetry irter is linear in the wall velocity and arises at low order in the
the MSM[7,9]. mass expansion. We will focus our attention on those charges
The method introduced in Reff8] can account for both  which develop a net density. We alert the reader that there
mechanisms. However, as we are concerned with extensiomsay be situations in which conserved charges have to be
of the standard model for which the second mecharilgnis  equally considered.
dominant, we will review the general principles of the To be more quantitative, we introdude., the average
method for this specific situatich. current resulting from particles moving toward positive
(negative z betweenzy andzy,+ A, where

A. The method A=7v. (2.7

Let us consider a set of particles with mass makllikz)
and moving, in the rest frame of the wall, with energy mo-The currentd. receives contributions from either particles
mentumE,Kk. We wish to find theC P-violating asymmetry originating from the thermal ensemble at pozgt moving
in their distributions which results from their passage acrosavith a positive velocity and being transmitted zt+ A, or
the wall. We defing, to be their last scattering point, where from particles originating akz,+A, moving with velocity
they emerge from a thermal ensemble with a probability dis—v and being reflected back towardg+ A [Fig. 1(a)]. A
tribution represented by a density matpi. These particles ~similar definition exists for J_ [Fig. 1b)]. J. are
propagate freely during a mean free time then rescatter CP—\/_ioIating currents which are associated with each layer
and return to the local thermal ensemble in the planéf thicknessA moving along with the wall; they can be
zo+7v, v being the velocity perpendicular to the wall, cOmputed according to
k, /E. During the timer, these particles evolve according to - — =
a set of Klein-Gordon, Majorana, or Dirac equations coupled 3 ={Trp, [TTQT-T'QT]
through the mass matrik (z). (Some effects of interaction
with the plasma, which do not destroy quantum coherence,
can easily be included in these equatipns.the course of T
this evolutionCP violation affects the distribution of these +Trp,,+ A[R"QR—R'QR]}
particles. Atzy, the contribution of these particles to any
given charge cancel exactly the contribution of their antipar-
ticles since the charge 8P odd and we take the density R o
matrix to be CP even. However, after evolving a time J_={Trp, [R"QR-R'QR]
across theCP-violating space-dependent background, this
cancellation no longer takes place. At the subsequent scatter-
ing pointzy+ v, these charges assume a nonzero value, as T —
the evolution of the particles over the distanae can be +Trp, Al TTQT-T'QT]}
CP violating. Specifically, the probability for a particle emit-
ted atz, to be transmitted tay+ 7v can be different from —v
the transmission probability for it€ P conjugate. It is only R(R) and T(T) are reflection and transmission matrices
necessary to follow the contribution of a selected subset ojf particles(antiparticle produced at, with a probability
charges carried by these particles in order to characterizg irix Pay evolving toward positive (increasing mags R

andT are the corresponding quantities for particles produced
SAnother potentially relevant species in this model is tHepton, atzo+A with probabilities contained Pzo+a and evolving
and some have argued that its contribution dominates that of the tojpward negativez; v is the magnitude of the group velocity
quark and Higgs bosof81,42. We do not confirm the importance Perpendicular to the wall at poird, while v is the same
of the 7 lepton unless tah is very large. guantity but a distanc& away. Finally,Q is the operator
50ur method with mechanisit®), applied to the standard model, corresponding to the chosen charge and the trace is taken
would give results in agreement with the ones obtained in [Réf.  over all relevant degrees of freedom and averages over the
where similar techniques have been used. locationz, within a layer of thicknesa.

, (2.2)

St O O P



53 ELECTROWEAK BARYOGENESIS IN SUPERSYMMETRIC MODELS 4581

+
N M,t (a)
M,
(a) +
— -MJ
Myt
M,
M,
zZ, Z,+A
z, Z+A
M, (b)
(b) .
z, ZAA
FIG. 1. (a) Amplitudes contributing td. . (b) Amplitudes con-
tributing toJ_ .
Z Z+A

Formulas(2.2) provide a concise method of computing
the C P-violating charge current3.. , which results from the
propagation and the mixing of particles within the layer of
thicknessA at pointzy. After a boost to the plasma frame,
these currents constitute the fundamentP-violating
building blocks that we need to construct the source terms crbitrary timet, the current density accumulated by their
the system of rate equations introduced in Sec. lll, whichmechanism i§
ultimately will convert them through diffusion and relaxation
mechanisms into a net baryon asymmetry. 1 R )

For our purpose, we construct the source terms as follows. st= f —dt[I (X)) +I (X)) Jhasma (2.3
Consider a small volume element in the plasma. As the wall t-r7
crosses it, it deposits into it the current density
(34 +3-) iasma €VErY time intervalr; the subscript yasma  Here, 7y is a typical relaxation time. From this, we infer the
refers to the quantity boosted to the plasma frame. At amet rate of change of chargg per unit volume to be

FIG. 2. (a) Contributions, to order.¢Z/T)*, to the transmission
amplitudeT of the neutralinos and the chargingls) Corresponding
contributions, to order.¢Z/T)3, to the reflection amplitud®.

’}/Q()_(),t) = (9#8”

1 N N 1 R R t 1
=—[34 (%) + -0 Jpiasma —[ 3+ (X,t=7R) +I (Xt = 7R) Ipiasma™ ft ~0(Je+I N sma (24

-7R

"We 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 with u;=M,(z,T)cos8(2) andu,=M(z,T)sinB(2). Finally,
starting point for our analysis of the SSM and of the twoin the basid, , g,
Higgs model. In practice, we simplify Eq2.4) by making
an expansion in spatial derivatives, allowing us to neglect the
third term, and we takey large, so that we can neglect the ~ 5 > im
second term, whose effect is accounted for as an independent ///~:< m_awe ) _ 27
relaxation term in our rate equatiofaf. Sec. Il)). T la%eie Mg ! :
One particular advantage of the method above is that it
does not require any assumption about the relative magni- _ _ _
tude of the mean free paths and the thickness of the walhere, we define@?e'*=\2(\,/g) (A€ *av,+ ue'#8v ).
Hence, in contrast with earlier methods, it unifies all elec- With these conventions, the charge operator for the Higgs

troweak baryogenesis scenarios. number takes the form
B. The SSM
In the SSM, we are interested in the generation of charges Qg: Diag(0, 0, 1-1), (2.9

which (a) are approximately conserved in the unbroken

phase so that they can diffuse a long way in front of the

bubble wall, where anomalous baryon violation is fast, andVhile for the axial top squark number, the charge operator is

(b) are nonorthogonal to baryon number, so that their relaxd€fined to be

ation energetically favors a nonzero baryon charge. Candi-
dates of choice are Higgs number and axial top humber. The

generation of these charges results from the mixing of the ~ 1 1

charginos, neutralinos, and the mixing of top squarks, re- Qz=Diag E’_E)' (2.9
spectively. The chargino mass matrix is, in the basfs,

W_, h_, h’,

We can now compute sources for those charges. We
. choose to perform an expansion in powers of mass. This
0 m; —v2 0 expansion, introduced ifv] and further developed i8], is
My 0 0 v, ad_equate to demo_nstrate th_e qqantum-mechanical ph)_/sics re-
_ v | (2.5 quired for generating & P-violating observable. In particu-
v2 O ‘ 0 e u lar, it generates polynomials iz whose imaginary part of
0 —v, €'Yy 0 the trace yields an expansion in terms GfP-violating
invariants® We will discuss the validity of this approxima-
with v1=2M (2 T)cogB(2) andv,=2My(2,T)sinB(2);  tion later on in this section.
Mw(z,T) is the temperature-dependeWwt mass defined at
each pointz in the wall. The neutralinos mass matrix is, in
the basisW,, B, hg, h{,

M=

1. Charginos and neutralinos

In order to compute the sourcg;(i,t) for the Higgsino
number, we begin by computing the corresponding current

m, 0 u,cosd,, —u,cos, sources). as given in Eqs(2.2). Their determination re-
quires the knowledge of transmission and reflection ampli-

0 m — U,sing u,siné _ _ ; ;
M= ! 2w T ' " |, tudes which are obtained by solving a set of coupled Majo-
UpCosd,,  —UpSinfy 0 —etu rana equations with the chargino and neutralino mass
—u,cos,,  U;Sing,, —el%ey 0 matrices given if2.5 and(2.6). We obtain up to an overall

(2.6 phase, at leading order inf; 5,

A z . A z A z .
T=1—f dzlf 1d22_//52/g*1<e'2w<21—22>+f dzlj 1dzzf ngf 3dz4(//64.,//’;/’32/%2(///é’1‘e'2w<zl‘22+23‘z4>+.~~,
0 0 0 0 2, 0
(2.10

~ A . A A Z3 .
R= f dzy. 7,7 129+ f dz, f dzg f A2y Mg 15 M2 "2 2720 4 (2.1
0 0 2z, 0

8There are als€ P-violating self-energy corrections, which are the main sourdgBfviolation in the absence of the one considered here.
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and similar expressions faf, R. The quantityw stands for v« —v. In these expressiond|(E,v) is the Fermi-Dirac
the magnitude of the energy of motion transverse to the walldistribution ny of a species of mas#, boosted to the wall
and.#; is short for. 7 7)(z)). The leadingC P-violating frame:
contributions arise at ordéd((.~/T)*). Contributing paths
are depicted in Fig. 2.
In order to use Eq(2.2) to computeJ.., we need the
density matricep,, andp, 4, describing the distribution Nm=(eX y(E—vyk,)]+1) 7% (213
of particles in phase and flavor spaces at their production
pointz, andzy+ A. We choose the density matrices describ-Some motivations for our choice of density matrix are as
ing equilibrium distributions of mass eigenstates in the unfollows. In a regime of large masses,, u=T, it is obvi-
broken phase ously sensible to assume thats diagonal in the mass eigen-
state basis; in a regime of small masses], particles are
produced as interaction eigenstates which differ from mass
PQO=Diag(%z(Eyﬁ),nrhl(E,l?),nM(E,l?),n (E,0)), eigenstates py a unitary rotationg ignoring this rogation
amounts to ignoring small corrections of order4/T)-.
(2.12 Furthermore, the choice of a thermal distribution is reason-
able as the nonequilibrium component of the distributions is
:Diag(nﬁ]z(E,{)),nﬁqz(E,z?),nM(E,ﬁ),nM(E,ﬁ)). of orderv,,, that is, it amounts to ignoring terms of order
vZ=<1[24,43. Inserting Eqs(2.10 and(2.11) in Eq. (2.2
with the substitution yields

We construct p3". y  from  p3"

A z A z N
J+=(1,0,05){+4 f dz f "dz, f dz, f d2Sin20(2y— 25+ 2y~ 20)IM THl py 3 Mg 15 24 Qi)
0 0 2 0

_4J dzlf dZZJ d23f dZ4$In2w(Z4 Z3+22 Zl)lm Tr[ ///1Pz + A~ //2//62/%465] (214)

and

A A z A .
J:(l,0,0,—v)[ —4f dzlJ' dzzf 2dz3f dz,sin2w(z,— 23+ 2,—z7)Im Tr[pZO+A.,//Z’1‘.//Zz.//é’;,///@Qg]
0 zy 0 Z3

+4f dzlf dzzf szJ' dz,sin2w(z4—23+2,—2z;)Im Tr[///lpZ //éz,,%’g.%465] . (2.15

In order to proceed with analytic expressions, we simplifythicknessw. We will discuss the validity of our approxima-
further by performing a derivative expansion: tions in the last section. This simplification allows us to per-
(2) = (20) + (2— 20) 05 7/(Z0) + O((7/W)?) and form the trace in flavor space and in phase space indepen-
v=0+0((7/w)?). This expansion is only justified in a re- dently and yields after summing the contributions from
gion of the parameter space for which the mean free tinse  charginos and neutralinos, in first order in the wall velocity
smaller than the scale of variation of the masses, i.e., the wadl,, ,

(3. +J3)*=0, (2.19

o d°k f(wiA) ef'TE
(J4+3.)%= YWUWE ﬁf( (:)5 (Zvi)(l_’_eEi/T)ZT,
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with (&) defined as

f(&)=(écost—sing)? (2.17

and the summation is over the mass eigenstates with eigen-

valuesm; in the unbroken phase, witl?', a corresponding
CP-violating invariant. For the charginos, there are two
mass eigenstates with masses and m,, whose
CP-violating invariants are

Ten= ;Z:E: —SingguMy(v 2,01~ v1d,0,)/ T

=2um,M3(T,2)singgd,BIT®, (2.19

ANN E. NELSON

20 30 40

while, for the neutralinos, there are four eigenstates with

massesu, u, M;, andm, and with, correspondingly,
Th= (T 73012,

— SiNgg M SIMP 0, (Upd, Uy — Uy doUn) T2

7 n

= uMM3(T,2)sir?6,,singgd,BI T°, (2.19

/{7”‘2__
7 2=
Z'n

= uM,M3(T,2)cog 6,,Singgd, B T°.

SiNgguM,COS 6, (Upd,Uy — Uy d,Uy)/ TS

We can now construct the local source densityx,t) for
the Higgs number by inserting EQ.16) in formula (2.4);
we obtain

- T4 ’ L
yFI(Xit) = 7WUWW(«%h'7ﬁM+z%:ﬁ*¢;2+ 2,}/2#7:{

+;ZT1,¢:1+//T2-7;2)+O(U@ (71w)?).
(2.20

The factor.f?E1 contains information on the phase space a

form is

- * ey
A= 0y e

/§2+§m77)
yT
sz> 5. (2.20)

A

f
Tly?—(miT)2)ly (

J!

It is a simple exercise to show that the factﬁﬁm vanishes
rapidly with r, as

.721@ ™ (7—0). (2.22

%ime,
well as on effects due to plasma interactions. Its analytic

()

mn
2 T

FIG. 3. (a) The factor.7} plotted versus'T. 7% contains kine-
matic information on the propagation of the neutralinos and chargi-
nos in the plasmalb) Its dependence on the mass eigenvatue
The dots are the result from numerical integration and the solid
lines are the fi{(2.24).

mixing of light quarks in the MSM. For larger coherence
7:1 scales approximately as

, 1
7g]<xﬁ (17— ). (2.23

This falloff with increasingr 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 £ P asymmetry. This falloff takes place in the
thick wall regime,7<w, the situation for which our deriva-
tive expansion applies; it persists unti=w, which defines
the thin wall regime. The two behaviof8.22) and(2.23 are
easily identified in Fig. 3.

For the case of interest, the damping rate is essentially
dominated by weak interaction processegs:- «,,T. A crude

estimate for the coherence timg, ~ yﬁl, yields the range

This steep dependence ersimply reflects the high suppres- 20/T< 7;;<30/T, which lies comfortably in the asymptotic
sion resulting from decoherence due to incoherent scatteringtomain described by2.23.

in the plasma whose frequency increases as This sup- In summary, an analytic form which fits well the source
pression has the same origin as the one forbidding elederm for the Higgsino number in the domain of interest is Eq.
troweak baryogenesis witi P violation originating from the  (2.20 with
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22 1 emT (T

5/2
~—_ — SIS .
5 TTF] (1+em7T)2 m) y 20/T Th 30/T

(2.24)

(€)) +

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

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

(1) Results(2.21)—(2.23 are not to be trusted in the limits
7>w where our derivative expansion does not apply. In-
stead, in this limit, one expects to observe the dependence on
T to weaken asr—w, and to vanish asg>w; that is, one
expects to observe the factor;' to saturate at a value
7~Ww, to become a function of the mass only.

(2) The coherence time; given above is an estimate
based on our knowledge on the damping rate which, so far,
has only been studied in the low momentum lif@itf]; this
value can only be arudeestimate.

(3) Finally, we turn to the important question of the va-
lidity of the mass expansion we used to derive formulas )
(2.20—(2.23. A careful study of this expansion shows that
its expansion parameter is eith@a in the limit wA<1 or
m/w in the limit wA=1. In both limits, the expansion pa-
rameter is less than one because of the relation M?
m<w= \/kf +m?. Let us give the physical interpretation of
those statementsin a typical scattering off a diffracting
medium characterized by a step potential of helghteflec- ~
tion and transmission amplitudes result from the constructive
and destructive interference of various diffracted waves gen-
erated everywhere inside the bulk of the medium. Transmis-
sion and reflection amplitudes will be comparaBlé the
incoming wave penetratepherentlythe diffracting medium
over at least a distance of ordeM1/and has few oscillations z z, +A
over that distance. Suppression of the reflection amplitude
arises if the coherence length of the incoming wave is
smaller than M or if its energyw is larger thanV. In the FIG. 4. (a) Selected contributions, to order4/T)*, to the
case whereA<1/V, only a layerA of the medium effec- transmission amplitud€ of the squarks(b) Leading contributions,
tively contributes to the coherent reconstruction of the reflecto order (#/T)?, to their reflection amplitud&.
tion and transmission amplitudes; this is the phenomenon of
decoherence, which suppresses the reflection amplitude with mA//1+ w?A?, which corroborates the analysis above.
powers ofAV. In the case wher¥ < w, fast oscillations of
the propagating wave inside the medium tend to attenuate the 2. Squarks
reconstruction of the reflected amplitude with powers of

V/w. In the present case, the “diffracting medium” is the i K ber. The t K tix is o )
wall and its heighv/ is the massn of the scattering particle; Op squark number. The top squark Mass matrix 1S given in

hence, suppression factors are controlledA or m/w, (-7 and the top axial charge operaQg is given in(2.9).
whichever is smaller. An alternative method of computationS for the Higgsino number, we proceed in computing the
of the currents).. consists of computin® andT by solving ~ current source.. in the wall frame using Eqd2.2), which
Majorana equations including the imaginary part of the therVe& then input into formula2.4) to construct the source
mal self-energy. This method automatically accounts for bothyz(X,t).
effects occurring herf7]. In particular, use of the mass ex-  This time, the amplitudes are computed in solving a set of
pansion in this context suggests an expansion parametépupled Klein-Gordon equations. We obtain up to an overall
phase, at leading order in?,

2

M,

Z Z, +A

We now turn to the calculation of the source for the axial

SFor a more detailed discussion see R@. A . W2 2
10 . . ige . . . 1 O ACq -~
In order to obtain significan€ P-violating asymmetries, both T=|1+.-- _f dzlf dz, ——gl2e(z1-2) | 4 ...
reflection and transmission amplitudes are to be significantly differ- 0 0 20 20
ent from zero; otherwise, as eithi@| or |T| goes to zero, the other (2.29
one goes to one from unitarity, and botfR|?—|R|> and
|T|2—|T|? vanish correspondingly. and
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nb(E,f;) now refers to the Bose-Einstein distributiog
dz g i2ozy .. (2.26 o
1 2 : boosted to the wall frame:

We only displayed the contributions whose interferences

contribute to aCP asymmetry inJ, . These specific paths

are depicted in Fig. 4. As we did earlier, we assume the N2 = (ex yw(E—vwk, )]—-1) "% (2.29
squark density matriceﬁZO and Pzy+a 1O describe thermal

distributions in the unbroken phase

=Diag(nt~’m (E,+5),nbﬁ] (E,+70)), The soft supersymmetry breaking masses are kef.Ri)
- R as, for large values, they yield an exponential suppression of
. ) b b (2.27) the baryon asymmetry produced.
Pz,+2=Diagng, (E,—v),nz (E,—v)). From (2.25, we obtain, for the current sources,

Sin2w(z,—z N
=(1,0,05) % J dz f w( Sin2w(2, 2,), Im T p,, Qs #5373
SInZw(Zl Z,)
j dzlJ’ ——5 7 IMTrpy s VA4 QS 72] (2.29
|
and . T4 . ;
VD =y uNe g2 X X (75 + 7%
J_:J+(PZO<—>PZO+A,I~)<—>_U). (2.30

+0(3,,(11w)?), (2.34

Performing an expansion in the wall velocity,, we find,  whereN, is the number of colors=3. The function77" is
in first order inv,,,

given by
J4+J3)*=0, 1 fw eY
VT Y ey
(Jy+J- ) = YwOwX FeX 2 24 m*7
i=m_,mg TIy2— 2 g & _T
Ty2—(miT)2]ly y
N f dé 752 - (2.39
d°k g(wA) BT 0 ey’
(277)3 4(1)5 ( Ui)(l—eEi/T)z ?' y T
(2.3)
. . It is simple to show that the factd?g‘ vanishes rapidly with
whereg(€) is defined as .
g(§é)=1—cos2— &sin2é (2.32 ]21“ 2 (r—0), (2.36
and 7z is a newC P-violating invariant given by as, in this limit, incoherent plasma scatterings become over-
whelming. This behavior, already noted in the Higgsino case,
Ji=— 0,024 TS is a universal property which can be traced to the quantum
7S z

nature ofCP violation, conflicting with the classical nature

A2 _ 5 of the plasma physics. For larger coherence timg, be-
=4;AMSIH( ¢~ PAMW(T.2)3,8.  (2.33  naves approximately &s

After a few simple manipulations, we derive the follow-  1irhis pehavior is cut off at a value~L; at this value, 7! is
ing expression for the top squark axial souregx,t): expected to saturate to its “thin wall” value.
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T (72). (2.37) o

Both behaviorg2.36) and (2.37 are evident on Fig. 5. Un- . mys (@
like the case of the Higgsinos, the squark plasma physics is ’ H .
dominated by strong interactions, and so is the damping rate; : .
hence we estimate;, «(2a<T) !, to be about 5. From o1 * .,
this estimate, we infer that the regime of relevance is neither : .
the decoherence regime nor the semiclassical regime but  o.05f ¢ m_;
rather an intermediate regime corresponding to the peak
shown on Fig. 5. This is a situation already encountered in - SRS LN S
Ref.[8], in the case of the top quark in the two Higgs model 5 10 15 20
(cf. Sec. V.

In summary, and with the above value fay, an analytic
expression which provides a reliable fit to the source

_.I

yg()?,t) for the axial top squark number, in the range I
0.5<m/T, is*?
0.2
- N.T* E T 0.175
~ ~ —X J/~>< J—
Ys(X,t) ')’vazooﬂ_z T e M 0.15
0.125
em/T 0.1
Xm with 7z=5/T. (2.38 o.075

0.05
This expression has been derived under the same assump- ; ¢2s
tions as the ones made to derive the corresponding analytic

m
form (2.24 for the source for the Higgsino number, 0 0.5 1 1.5 2 T
¥i(X,t). These assumptions have been evaluated in the dis-
cussion following Eq(2.24. FIG. 5. (a) The factor.75' plotted versusrT. This factor con-
tains kinematic information on the propagation of the squarks in the
l1l. DIFFUSION EQUATIONS IN THE SSM SSM and on the propagation of the Higgs particles in two Higgs

models.(b) Its dependence on the mass eigenvaiuerhe dots are
Only those particle species which participate in particlethe result from numerical integration and the solid line is the fit
number changing transitions which are fast compared with2.38.
the relevant timescales, but which carry some charge which
is approximately conserved in the symmetric phase, can have
significant nonzero densities in the symmetric phase during we can now write down a set of coupled differential equa-
the transition. If the system is near thermal equilibrium andjons which include the effects of diffusion, particle number
the particles interact weakly, the particle densitiesatisfy  changing reactions, an€P-violating source terms, and
solve them to find the various particle densities in the SSM.
ni=kiu;T?/6, (3.1 Anticipating a small departure from equilibrium, we incor-

) ) ) ) ~ porate particle number changing reactions and sources as two
where ; is a local chemical potential for particle species gistinct terms. Diffusion is described by a standard diffusion
i, andk; is a statistical factor defined by E(.1). For light,  term without a provision to account for the potentially fast
weakly interacting particlels; ~ 2(boson degrees of freeddm  rejative motion of the sources in respect to the plasma. Itis a
+1(fermion degrees of freedomwhile for particles much good description in the regime of a wall velocity, small
heavier thanT it is exponentially small. If we consider a compared to the speed of sound in the plasga 11/3.
reaction which changes the particle number of particle Sperhjs condition, which is likely to be fulfilled in the minimal
ciesi by A;, near thermal equilibrium the difference be- standard model24,43, may or may not be fulfilled in more
tween the rates for the reaction and its inverse will satisfy general theories such as the ones considered here. To find out

would require a complete calculation of the phase transition,
T ZEiAi“i T :EiniAiSF /T3 3.2 which is beyond the scope of the present work. Further sim-
net— o fluett fluct™ % ' lifications of these equations take place when we neglect all
i p q p g

couplings except for gauge interactions, and the top quark

wherel'y, is the total rate for the reaction and its inverse Yukawa coupling. We include the effects of strong sphale-
per unit volume. For convenience we will henceforth definerons[45,46, but neglect the weak sphalerons until near the
particle number changing rates to be THI g, 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
2\e emphasize that this @nly a fit. computing Higgs and quark densities. We also neglect the
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effects of hypercharge gauge forces and screening, which can Ko, =Ko, =2ks =2kp =2k, =2kc_ =2kg. (3.9

be shown to affect the baryon number produced by a factor oo R R R R

of at most order on¢41]. The particle densities we need \we include scattering processes involving the top quark
include g=(t_+b,), the right-handed top quat=ts, the  yykawa coupling, with ratd’,, and in the phase boundary
Higgs particlesh=(h~+h%+h’'*+h’%), and their super- and broken phase we have Higgs-violating processes at a rate
partnersq,t,h. The individual particle numbers of these spe-T', and axial top humber violation at a rakg,. Following

cies can change through the top quark Yukawa interactiorRef.[5], particle transport is treated by including a diffusion
the top quark mass, the Higgs self-interactions, and anomaerm. We take all the quarks and squarks to have the same
lous weak interactions, and the supergauge interactions. Wiffusion constanD, and the Higgs and Higgsinos to have
will find that baryogenesis in the minimal model is only diffusion constanDy,.

feasible if some of the superpartners of the gauge and Higgs The rates of change of the various densities are now de-
bosons are light, so that we may take the supergauge integcribed by the coupled equations:

actions to be in thermal equilibrium g(k,=a/kj, .

t/ke=1/k;, h/kn=h/k), and describe the system by densi- Q=DoV2Q—T',[Q/kq—H/ky—T/ke] =T u[ Q/kq—T/ky]
tiesQ=q+q, T=t+t, andH=h+h. As shown in Sec. Il,
CP-violating interactions with the phase boundary produce ~ 61 2Qlkg = Tlkr +9(Q+T)/ kg ]+ 72,
source termsy;, for the Higgsinos andy; for the §—t den-

_ 2T _ —
sities, which tend to pull the system away from equilibrium. T=DoV T—I'y[~Qlkg+H/ky+T/kr]

When we include strong sphalerofisith a ratel'sg), we —T [ — Q/kg+ T/kq]
will generate a right-handed bottom quark density,
B=bg+bg, as well as first and second family quarks +3Isd 2Q/ko—T/kr +9(Q+T)/kg]— vz, (3.9

Q21+ Ur, Cr, Sg, Dgr. However, since strong sphale-

rons are the only processes which generate significant numH =D, V2H —I'y[ = Q/kg+ T/kr+H/ky]—T'yH/ky+ v .
bers of first and second family quarks, and all quarks have

nearly the same diffusion constant, we can constrain thesgeveral simplifications of Eq$3.5 can be made. First we

densities algebraically in terms &f to satisfy ignore the curvature of the bubble wall, andlsg, I';,, and
o _ _ _ ys; are only functions ofz=|r+uv,t|, wherev,, is the

Qu= Q= ~2Ur=—2Dg=~25%= ~2Cr bubble wall velocity. We will assume that the density pertur-
=-2B=2(Q+T). (3.3 bations of interest are only functions af the coordinate

normal to the wall surface.
For simplicity we will also assume all squark partners of the With these assumptions we arrive at the equations for
light quarks are degenerate and take Q(2), T(2), andH(z) in the rest frame of the bubble wall:

0=—0,Q' +D4Q"—T,[Q/kg— H/ky— T/kq]—T [ Q/ko— T/k]— 6T (L 2Q/Ko— T/kr+9(Q+T)/Kg] + 72,

0=—0,, T/ + D T"+ =T, [ — Qlkg+ H/ky+ T/kq] =T [ — QK+ T/ky]+ 3T od 2Q/Kkg— T/ky+9(Q+T)/ kgl — ¥,
(3.6)

0=—-vyH +D H"=T'|[ - Q/kg+ T/ks+H/ky]— T H/ky+ v
We now assume that the rates’y, and I'ssc are fast, and so Q/kg—H/ky—T/kr=0(1T}),
2Q/kg—T/kr+9(Q+T)/kg=0O(1M'sg). We will check later whether this assumption is self-consistent. We then take the
linear combination of Eq¥3.6) which is independent df ;¢,I"y, and substitute

Q=H Kol Okr—ks) +O(UT 1T,
~ \ku(kg+ Ko+ 9ky) seTy R
3.7
kr(2kg+9ko)
T=- ( (ko + Ok + 9K7) +O(1lsx1IT ).
We then find that the Higgs density satisfies
0=—v,H'+DH"~TH+y+O(1M ¢, 1IT), (3.9

whereD is an effective diffusion constanf is an effective decay constant, ands an effective source term, given by
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D T Gkoky— 2Kk — 2Kgky + Kn(9Kq+ Oy +kg)

ki (9ko+ 9kr+Kkg)
y=(vs+ vn) 2

, (3.9

9ko+ 9k +Kp

In these equationsy is the sum of the rate of generation

. . te ( oy —ouFID
of axial quark number and Higgs number inside the wall as %*(’I:) (1—e~2WVID)
given in(2.34) and(2.20), while I is the total rate of relax-
ation for those charges. We estimate the latter to be vzt ¥ B
~ky| | (1-e 2w\F/D) (3.19
mTly
AMY(T,2) MZ/(T,2)
(Fp+Th)~ 29T A{Sin? B+ 3597 (310 From the form of(3.13, we see that th€ P-violating den-

sities are nonzero for a time=D/v2,, and so the assump-
tions about which rates are fast which were used to derive

. . 2 2>
trary shape of the source and decay ternf”; however, in E?; (/3'? are \éa“: prowdgd DTss/vi, DdFy/UW>1i(
order to qualitatively understand how the baryon numbeP WS_UW<1’ and the scattering processes due to Yukawa
produced depends on the various parameters we will ag=CUPlings other than top are slow.

be comparable to the diffusion constant for left-handed lep-

tons, which was estimated in the MSM in R§#7] to be

110/T and takeD from [47] to be 61T. (These numbers will
(3.1) decrease slightly due to the supersymmetric particle content
y=0, z>w, z<0, of the plasma—we ignore this effect as being small com-
pared with other uncertainties in our calculatiofror the
ki’'s we assume that all the supersymmetric particles are
heavy compared withT except for the neutralinos and
charginos and so

Equation (3.8) is easily solved numerically for an arbi-

Y=y, w>z>0,

while for the decay terms we take

F_:f, z>0,
r=0, z<o. , e , .
We then find the effective diffusion constant defined in Eq.
(3.9 is large,
The effective diffusion constant is also spatially varying
since the statistical factors, depend on spatially varying D~ 100/T. (3.17)

particle masses and since the weak interaction cross sections

depend on the Higgs vacuum expectation valQéBV's);  Tha |arge effective diffusion constant indicates that most of
however, we will make the reasonable approximation thaj,e transport ofc P-violating quantum numbers is done by

D is constant. An analytic solution to E(3.8), which satis-  \eakly interacting particles, i.e., the Higgs and Higgsinos;
fies the boundary conditionsi(+)=0 is now readily gnd since Yukawa interactions readily convert Higgs number

found; forz<0 (the symmetric phasehis is into axial top number, transport of axial top number is sur-
prisingly efficient.
H= /Zeszfp (3.13 For the scattering rate due to the top quark Yukawa cou-
- ' pling we estimate
with Iy~ ad {(3)/m?]°T (3.18
45,5(1_6—[(UW+\/4Dr+vvzv>(5>]) and solSFy/v\fﬁZ/va and the assumption that this rate is
A= > (3.14  fast is self-consistent. The next largest Yukawa coupling is
(vw+ V4DT +v3) the bottom quark’s. Including scattering from this Yukawa

coupling would give corrections to our results of order

We will see thaﬁf‘>ufv and so a good approximation to Eq. _
(3.19 is ~D(EN2ad L(3)Im2T)IvE,. (3.19
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We assume that the ratio {@rof Higgs expectation values is wheren, is the total number density of left-handed weak
not unnaturally large, and so scattering due to the bottom andoublet fermionspg=3 is the number of families, and we
other Yukawa couplings may consistently be neglected fohave assumed that anomalous baryon number creation takes

v=102. place only forz<0 (the symmetric phageEquation(3.23
For the anomalous fermion-number-violating rates wehas solution
take
_ 3lys (O _ _ 3r
4 8, pe(z)=— UWSJ n (z)dz— UWS
Iyws=6ka,T, I'ss=6k §asT, (3.20 woJ o w
E =
wherek, «' are unknown parameters usually assumed to be X deZ’(_Z’)“L(Z')(l_evw(z_Z /Pa),
of order one. Thus the weak sphaleron rate may safely be
taken to be slow provided (3.29
klvi=10* (3.2)  which is a constant for>0 and vanishes as— —«. Thus,
) ] up to corrections of ordeF,,D/vZ, the baryon density in-
and the strong sphaleron rate is fast if side the bubbles of broken phase is simply proportional to
K’/U@ZS. (3.22 the integral ofn, in the symmetric phase.

We now return to Eq(3.6), in order to computa, . As
In our computation of the baryon asymmetry we will ap- Pointed out by Giudice and ShaposhniK@é], if we use Eq.

proximate the strong sphaleron rate as fast and the wedd-16 we will find the answer is zero in the limitss—, so
sphaleron rate as slow. we need to compute th®(1/M'sy) corrections to particle

4ind3 ; /
What we set out to compute was not the Higgs density irflensities.® We will assumel’y>T's, («'<7) and take
the symmetric phase but the total baryon number density left

inside the bubble. We now turn the weak sphaleron rate on, Q= ( Ko(9kr—Ks) )+ So+O(1T,)
assuming it has a negligible effect on particle densities. kp(kg+9Ko+9ky) )| 72 -

(3.2)) is valid]; however, it provides the only source for net (3.29
baryon number. We thus talg , the baryon number density, B kr(2kg+9Kq) kg 5 O(LT

to be a function of satisfying - ki(kg+ 9Kkg+ 9Kr) + k_Q ot O@Ly).

0=Dgpg—vwpe—O(—2)NelywsN(2), (323 sybstituting these values into E.6), we find

2
0=Dq(Q"+T”)+v(Q’+T’)—3Fss( @_T,%0+D

ko Kkt Kg
—Kg(Kg+ 2Kr) ) , kg +9Kkg+9ky
_(kH(9kQ+9kT+kB) (D"~ 0uH") =3 s = 8+ O(LTso 11T
DH"—vwH'| [ —kiko(kg+2Kkr) )
zaQ_( - )(3kH(9kQ+9kT+kB)2 +O(1TZ,1T,). (3.26
|
DqH"—vWH'
We now solve algebraically fon, =Q+Q;, +Q,, using NL=70=-1/56 —F —|. (3.28
Egs. (3.3, (3.25, and(3.26), and find ss
n =5Q+4T
Bko+ 4Ky 9k ks — 8kgkr— 5kgko B3in this limit, one should also include the contribution of sources
=( K Q ( Key(Kg+ 9kg + 9K7) H. for conserved charge€3—L, ---. Local densities of conserved

Q HATB T ERQ T ERT charges are also generated by the scattering of particles on the mov-
(3.27 ing wall through charge separation. As discussed in Sec. Il A, these

sources are subleading; however, they do not suffer from the strong
If we use Eq.(3.16 we find sphaleron suppression.
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so the baryon density is proportionallfq,s/I"ss, and is only The ./ factor becomes, using general expressions for the
sensitive to the ratio of«/«’, provided Egs.(3.21) and source terms given if2.20), (2.21) and(2.39), (2.39, and
(3.22 are satisfied. This reduces the uncertainty in theour expressions for the relaxation ralég andI’}, in (3.10,
baryon asymmetry since estimates for betand«’ vary by

several orders of magnitude but we expect the ratio to be

approximately one. The result that and the baryon density

are suppressed by a factor ofl'l{ does not hold if one P~5.5X 10*?»& %Sin(JSBAﬂ/‘/?SirFB_Fl

considers modifications to Ed3.16) due to higher order TT

correctiong46] or due to the contributions of nondegenerate M1 . - q

squarks. The cancellation which makes the first term of Eq. x{ T 1+ — — |+ 7724 7™ Isingg

(3.27 dominate the second term no longer occurs when non- m; 10 h h 10

degenerate masses are considered. However, examination of . . A

Egs.(3.26) and (3.27) shows that corrections from this lack + [,?gl‘-i-.??R]lOm— sin( g — ¢A)]. (3.3)
2

of cancellation are negligible unless eithnef/u\f\,zlo'S or

some squarks are not much heavier tHarNote that there

can be significant enhancement of the baryon density if, for

example, only the top squark is light in the symmetric phasethe charginos and neutralinos while the second term repre-

as we will discuss at the end of this section. With all squarksSents the contribution of the top squarks

heavy, our final answer for the baryon to entropy ratio in the To trv thi . .y -
S y this formula, we use light neutralinos and chargi-

broken phase, combining Eq&.13 (3.19, (3.24, (3.2, . n=m,=2m;=50 GeV, relatively heavy squarks;

and(3.27), is m_ =150 GeV, and také=50 GeV. We need to know the
ratio of these masses over the transition temperaturéhe

) latter has its value completely determined by the parameters

The first term, in brackets, represents the contribution of

-
S 565 5 D of the theory; in our analysis, however, it is a free parameter.

As an indicative value, we choose 60 GE\For these val-
K _— p 5 _
~—3.5X 10_5’ywvw(7).</; (329  ues, we f|nd.7’~;:.j~;2~5.5><10 2, .7;1~3.5>< 10 2, and
JPR~2.4x10"%. The . factor becomes

pe (3,/FW>< D

with
S~ E)ZA—B[o.osz sinpg+5%x10 3
_ (Otyw (11— o L+ 7sitB
S T T yeoa T2\ W (330 X SN g — hp) ]5.5% 1073
~[1.8X10 * singg+ 6.6x 107 ° sin(pg— da) ]AB.
We have taken the entropy s to be (3.32

s=(2m%g,/45)T3=55.1T° (g,=1253/4) and we have , _
made explicit the dependence on the veloaity and the It is clear from the above equation that the squark contribu-

thickness of the wallwv. tion is only significant in the limitp4> ¢g or in the limit the
The factor is a dimensionless number, a function of the Charginos and neutralinos are heavy. _
supersymmetric parameters, singg, M;,, A, Sinda Gathering all the above information, we find the follow-

tan3, andA B, the total variation of3 in the wall, as well as ing results. The largest contribution arises from light chargi-
a function of the known gauge and top Yukawa couplings"©S and/or neutralinos, in which case, the asymmetry can be

andW andZ masses. In short/” is a concise representation 25 large as
of the dependence of the baryon asymmetry produced on the
yet unknown supersymmetric parameters of the SSM.

To compute the baryon asymmetry, we need to compute P K
the factor in parentheses in E(.30. This factor has its ?~—ywvw( 7)3in¢BAB 6.5x10°°. (3.33
origin in the mechanism which transports t8é>-violating
asymmetries in front of the wall. If this transport is efficient
the answer should become independent of the wall thickn
w. Indeed, using our estimates, 100for D given in(3.17)
and our estimates fol” in (3.9 and (3.10, we find
2\I/D=5x10"37 sifp+1T, a value fairly insensitive to  47ypical estimates fowT range between 10 and 100.
the supersymmetric parameters. Hence, unless the wall thick15Generically, one expects the temperature to be below the one in
nessw is anomalously larg&} we find the factor in paren- the SM (~80-100 GeV, as, in the MSM, the superpartners con-
theses to be equal t0>510 3\7 sirf3+1 and, at leading tribute to the effective potential in a manner which decreases the
order, independent of the wall thickness. critical temperature.

e’The measured baryon asymmetry4s-7)x 101, So, elec-
Yroweak baryogenesis is significant provided that
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K _ . charginos, and squarks heavy is likely to be incompatible
o | YavwSingsA B|=7.5x10 (3.349  with constraints from electric dipole moments. We will dis-
cuss bound$3.35 and(3.36) along with their uncertainties

and is negative in sign. Let us discuss the magnitude of eadp the last section. . .

term separatelyx and x’ are two not well-known param- These conclusions are altered considerably if, say, the
eters characterizing the strength of the electroweak antgft-handed bottom squark and left- and right-handed top
strong anomalous processes, respectively; however, their rgguark masses squared are rather light, but the other squark
tio is expected to be of order one. In the minimal standardnasses are heavyThis mass pattern could be a result of
model, the wall velocity,y,,v,,, is no smaller than 0.0¥, renormalization due to the large top Yukawa coupling near
and is more likely” of order 0.1 or largef24,43; although ~ the Planck scalg.Then the factor multiplyingH in Eqg.

no calculation has been done for SSM, it is reasonable t63-27 does not vanish. If we take

assume similar values. Finall,g is the overall variation of . _ _ _

the ratio of the two Higgs expectation valuesandv . As ko=18, k=9, k=3, ky~12, (339
we argue in Sec. V, its presence is an artefact of working afye have

fourth order in the mass; it can be removed at the cost of

introducing additional mass suppressions. From these con- 27
siderations, we infer an optimal bound on t@é-violating nL_g_gH' (3.38
phasegg: _
D~T72IT, (3.39
|singhg|=0.025. (339 2and -
Only with this bound satisfied, is electroweak baryogenesis Pe_ _ —8]‘ _ DZFWS), (3.40
achievable in SSM with light charginos and/or neutralinos s 82,8

and heavy and degenerate squarks.

In the case of neutralinos and charginos which are heavi
than T or ¢,>pB~0, only top squarks contribute to the
asymmetry. If all squarks are degenerate, they must all b
heavier than~150 GeV, in which case, the requirement be-
comes

é're., pg is enhanced by a factor oFlSDFSS/va over the
case with no light squarks and fast strong sphalerons, and is
gensitive to the weak sphaleron rate rather than the ratio of
weak and strong sphaleron rates. After a few substitutions,
we obtain

p_SB~—1.5>< 10 47Tv,, (3.41)

|AB sin(pa— #p)|=0.65, (3.36 ] . .

_ _ o where we have made use of the€ factor defined in(3.30
which leads to experimentally ruled out electric dipole mo-and(3.31). To obtain a numerical estimate, let us assume the
ments. Also, unlike the charginos/neutralinos cdsg,must  valuesA=u=m,=2m;=50 GeV, andm_g=T=60 GeV.
be ryonz.ero and its presence is not an artefact of our approxk, . factors in (3.31) are now Ao M By 10°2,
mations;A B can be significantly smaller than one. Clearly, . . h h
electroweak baryogenesis in SSM with all neutralinos,.fi';%3.5>< 1072, and.?isnL’R%O.Ols. The¥ factor becomes

(5)2 AB . . ~
S~| =] ———=—===[0.032 sinpg+0.093 siffpg— h»)]5.5x 102

6/ J1+7sirtg

~[1.8X10"* singg+5X% 10 * sin( g — ) JAB. (3.42

This time the contribution of the top squarks, the second term in parenthesis, is potentially as significant as the one of the light
charginos or neutralinos. Combining this result wigw1), we find

6This lower bound corresponds to the situation of maximal damping of the motion of the wall in the plasma; that is, it corresponds to the
thin wall situation where mean free paths are larger than the thickness of thewvalis lower bound is a decreasing function of the Higgs
boson and top quark masses; the specific value 0.02 has been computed followifftRef. the valueam,;~65 GeV andn,~ 175 GeV.

"This larger value accounts for thermal scattering within the wall as, in the MSM, the wall thicknissiypically larger than the mean
free paths of the\V's and Z's, 7,,, and of the top quarkss. Large uncertainties arise from our imprecise knowledge of the ratios
Tw,s/W.
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PB K : -8 ; -8
== E[Aﬁ Sing2.5X 10 8+ AB sin(¢pg— ¢a)7.5x 107 8]. (3.43

This is a significant contribution to the baryon-to-entropy ratio provided that
v
|AB singg+3A8 sin(¢B—qu)|>7W1.9>< 103 (3.44

and is negative in sign.
If we use the range 0.1-0.3 for the wall velocity and the range 0.1-1 far, and take masses for the superpartners which
are optimal for baryogenesis, we obtain the following constraint on the magnitude of the ghaaed ¢g:

light-charginos—neutralinos—top-squark$A 8 singg|=2x104—6x 103, (3.4

light-top-squarks—charged-Higgs-bosomA 8 sin(¢g— ¢p)|=7Xx10"°—2x 10 2.

We emphasize that in the term contributed by the charginoground of the wall. The space-dependent mass matrix is, in
and neutralinosj B8 will not be present at higher order in the the basisH,, HY, H,, andH3,

mass expansion. By taking the top squarks to be light we

obtain a possible two-order-of-magnitude enhancement in mile—if?u mgle—iozl

pg/s over the situation with all squarks degenerate and

2 6 B 2 g

heavier tharT [cf. (3.34—(3.36)]. y= M€ T mj,€e "12 _
We also obtain qualitatively similar results to E§.40) if S mie %2 ... mie %

strong sphalerons are slow, i.e., E£8.22) does not hold. Our mZ,el o m2 el 022

formulas are also radically modified if weak sphalerons are
sufficiently fast and/or if the wall velocities are so slow that
Eq.(3.2)) is violated. Then most of our simplifications of the

rate equations, such as the neglect of leptons, are invalid. %ey are the ones which control the charge generation as

then expect the final answer fpg to be insensitive to the Higgs particles flow across the wall. The Higgs number
sphaleron rates, being determined by near-equilibrium physéharge operator takes the form '
ics.

4.9

e only displayed entries which violate Higgs number as

IV. BARYON DENSITY IN THE TWO HIGGS MODEL Qu=Diag1,~1,1~1). .5
We can now easily solve for the baryon density in the twoThe analysis follows the steps of the one of the top squark

Higgs model since the particle transport equations are vergxial charge generation; in particular, E48.29 and(2.30

similar to those in the SSM. EquatidB.6) is unchanged, if ~are directly transposable. We obtain

we take the squark and Higgsino contributions to be zero,

s to be the source for axial top number due to the top quark, - L miom, my om,
yq and we substitutey , the source for Higgs number due to YHOGD = Yuws 7 X (ZRT5+ 78780
the Higgs particles, fowy,. Finally, in the case of twgone ) )
light Higgs, the statistical factors become +O0(vy, (7/w)?), (4.6)
ko~6, kr~kg~3, ky~8(4), 4.2 with
and the effective diffusion constant, frof8.9), : 731:2 J, 011’“‘11'1/1' +4, 021m‘2"1/T +a, 012m‘11 JT,
5 96/ 88 42 (4.7
CT\T) (4.2 y’gz=2&2622m32/T+a2021m‘211/T+¢92612m‘112/T.
In Ref. [8] we computedy, to be The function.7,}' is identical to the one computed for the
R N, squark,.73' in Eq. (2.35. The damping rate is set by weak
Yq(X,t)=— ﬁvaWT|mt|2a20+ 02, (11w)?), interactions; our estimate is,~25/T. We choose for the

4.3 on-shell masses; andm, of the propagating Higgs bosons
' the zero-momentum contributions that the Higgs particles
wherem,(z), =|my(2)|€'%?, is the space-dependent mass offeceive from plasma interactions in both phases:
the top quark expressed in the wall frame. To fipg, we M1~ Mp~T/3[36].
need to track the evolution of the Higgs number carried by ~With these values7,j~0.25 and, within our approxima-
the Higgs bosondi; and H, as they evolve in the back- tions,
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V. OUTLOOK

)Z,t =y Vw3 .
PHOGD = Y W4g? A. Accuracy of present computations

4 4 of the baryon asymmetry
X {92011y T+ 3,020M5) T L
We now look back on the many approximations and un-

+ 0,020M5)/ T+ d,01,mi/ T} (4.8 certainties present in our analysis.
Combining Eqgs(3.13, (3.15, (3.24), (3.26, and(3.27), 1. Approximations
the baryon-to-entropy ratio (1) For the purpose of solving Majorana, Dirac, and
Klein-Gordon equations, we performed an expansion in
pe_ [3A2Tys Dy powers of Z(x,t). The benefit was to work analytically and
s |56/ D to express the answer as a sumQ@-violating invariants.

The convergence of this expansion has been discussed and
4.9 established in the discussion following Eg.24). We have
further approximated the density matrices describing particle
distributions with Bose-Einstein and Fermi-Dirac distribu-
with most of the parameter dependence contained injthe tions for on-mass shell particles in the unbroken phase. In
factor ignoring the nonequilibrium component of the distribution,
we are ignoring corrections of ordeﬁ, [cf. discussion fol-
lowing Eq. (2.13]. In assuming on-mass shell particles in
)_ (4.10  the unbroken phase, we are ignoring corrections of order
(m/T)2 and (@u/T)?. Some particles, such as the squarks,

K
~—2.4X 105'ywvw< 7) H

=

(Y Y)W (ke‘“ﬁ
T+ 1) Yo wT? wT

o are expected to have $2)XxU(1) symmetric contributions
From (3.9, we computel'’=0.11,,+I'y). We estimate to their masses which may be larger than the critical tem-
T'm=\2T/21 and we parametrizE,~\2T/140 with \, an  perature T.~50-100 GeY. However, as discussed in Sec.
undefined parameter function of the Higgs quartic couplingsV B, heavy particles do not contribute significantly to baryo-
As in the SSM, charges diffuse a long distance in front of thegenesis. So, at best, we expect that accounting for the full
wall D>T and the term in parentheses in E@.10 is mass dependence yields numerical corrections of order one.
largely independent of the wall thickness We find 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 proportionalXA@—the change

T = (Ya+ YW 7%10°3. (4.17  during the transition in the angle specifying the ratio of the
VIt T Ty, T2 Higgs VEV’s. There is no reason to expect this suppression

factor to persist at higher orders in a mass expansion.

Without going into a difficult study of the vast parameter ~(2) We defined our sourceg,, in a layer of a sizer, the
space of the two Higgs models, we can obtain a fair estimatgoherence time. To postpone recourse to numerical methods,
of the above quantity by neglecting the Higgs contributionsV& assumed to be smaller than the wall thickness and

to the source and to the rate, for the following reasons. Thignored corrections of orderr(w)?. This is a very good
sourceyy , written in (4.8), is a linear combination of terms @pproximation for strongly interacting particles but not nec-
of the form mﬁ/Tﬁzé’ij . These terms all violate Higgs num- essarily for weakly interacting particles for whiefis in the

ber; hence, they are proportional to the quartic self-coupling§2nde (20-30/T while the wall thicknessv can span the
~X\2(A 6, /w)T* and are smaller than the contribution from interval (10-100/T. Only a precise calculation of these two
the top quark~A2(AA 0, /w)T#, unless the Higgs sector is guantities can decide the quality of this approximation. The

2 . . .
strongly coupled. Similarly, we expekEt,>T",,. Under these Iyargest f/w) . corrfact|0ns are contained in_the facto_r N
assumptions, Jhs. As explained in Sec. I, we expect these factors, which

at most increase linearly with, to “saturate” for 7>w, at
about their values at=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
and equations describing particle transport and number changing
processes. First, we assumed that deviations from thermal
equilibrium were sufficiently small to allow us to describe
A§25x10". (413 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 the
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
AG=7X 104 (4.14 e?(pansion i, /cs Wher_ec§= 13. Our_ c_hoice _of the mag-
nitude of the wall velocity is such that it is a fair approxima-

H~—10"°A6 (4.12

PB K
?% Ywlw 7

Choosing the illustrative valueg,v,,~0.3, this baryon per
entropy ratio is significant provided that

K
rg
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tion. Should the wall velocity approach or be larger than the Finally we come to the main uncertainty, which is our
speed of sound, diffusion is not a good approximation tdack of knowledge of the correct model of weak symmetry
transport and our computations are invalid. An improved calbreaking and of the many new parameters introduced by any
culation which covers large wall velocities has yet to be de-extension of the MSM. It is our hope that computation of the
veloped. We made a severe approximation by simplifying thdaryon asymmetry can provide a useful constraint on the
wall shapgEgs.(3.11) and(3.12)], which we expect to give weak symmetry breaking sector and @i violation.
an order 1 estimate of the true solution. We also made as- Because of the above uncertainties and also because of
sumptions about the approximate rates of strong and weake approximations that we described earlier, we believe that
sphalerons and the wall velocifigs.(3.21) and(3.22], and  the computability of the baryon asymmetry produced is reli-
simplified our equations by assuming that the interactionsible to an order of magnitude. It is with this caveat that we
proportional to the top Yukawa coupling were in thermal now present our conclusions.
equilibrium. The size of corrections from these assumptions
depends on how well the inequaliti¢3.21) and (3.22 are
satisfied. We also assumed similar diffusion constants for all B. Can the baryon asymmetry be produced in the SSM?
quarks, an error of ordex3/a2~10%. In fact this approxi-
mation for the quark diffusion constants is of very small Previous work on baryogenesis in supersymmetric models
numerical significance since diffusion is actually dominatedneglected the enhancing effects of transport, and concluded
by the weakly interacting Higgs boson which provides a lo-that sufficientCP violation for baryogenesis in supersym-
cal source for axial top number far from the bubble wall. Wemetric models could be marginally consistent with electric
also gave approximate estimates for the statistical fadtors dipole moment constraints if one made optimistic assump-
defined by Eq(3.1)—here we expect corrections of order a tions about baryon-number-violating rates in the phase
few percent for light particles. The corrections to the quarkboundary[2,3], and if chargino and neutralino masses were
statistical factors are important i'/v2=10? since from not too heavy. Our work shows that with reasonable assump-
Egs.(3.24), (3.27, and(3.28 we see that they give the only tions about the rates of anomalous processes, sufficient
contribution to the baryon asymmetry which is not sup-Paryon —asymmetry can be produced with small
pressed by the strong sphaleron rate. CP-violating phases of order 1¢?~4), provided that the top

(4) In most cases, ouE P-violating particle sources are squarks and either the neutralinos or the charginos are light
dominated by the largE€ P violation in the transmission of compared with the transition temperature. If only the top
low momentum particles over a distande whose wave- squarks are light, it is also required that the ratio of Higgs
length is comparable ta. For these particles, kinetic theory VEV'S is not fixed during the transition, while when tieos
starts to break down, giving corrections of order 1 to ourare light, the lowest order contribution m/T is suppressed
treatment. unless the ratio of Higgs VEV’s changes during the transi-

(5) We have neg'ected the effects Of |0ng range gaugéion. The Iatter requirement Implles that the eﬁ:ective theOI’y
fields, which in general have an order 1 effect on the baryorluring the transition has more than one light Higgs boson,
density[39—41. which in turn means that at zero temperature the pseudosca-

(6) We have not included the contributions of the trans-lar and charged Higgs boson masses are not extremely heavy
port of conserved chargesuch asB—L) to the baryon compared with the lightest Higgs mass. A light charged
asymmetry. Such effects are higher order in wall velocity and1i9gs boson makes a potentially ruled out contribution to
masses, but may not suffer from the strong sphaleron suf— Sy [48] unless partially canceled by a contribution from

pression. We express inclusion of such effects to change od loop containing light charginos and stop squarks. We con-
results by at most order 1. clude that as far as sufficie@P asymmetry is concerned,

the SSM with some light superpartners {00 GeV is a
good candidate for baryogenesis. With light superpartners
and with CP-violating phases of order I¢*~%, neutron
Uncertainties in our estimate of the baryon asymmetryand atomic electric dipole moments will be below the cur-
reflect not only the approximations above but also, andentexperimental bound$3,35. Furthermore, a large frac-
dominantly, our poor knowledge of certain parameterstion of the relevant range of masses for the superpartners
Those are the coherence times; and 7, 4, the diffusion  coincides with the range to be probed by the CE&Ne™
constantsD, the reaction rate$'y , ,, and the parameters collider LEP II.
x andk’ measuring the strength of the anomalous processes. In a calculation assuming only one light Higgs boson, the
Fortunately in the most interesting situations, the latter occuMSSM, with minimal superpartner content, has been shown
in ratio which significantly decreases the uncertainty in theto produce a phase transition sufficiently strongly first order
baryon asymmetry. Also, for large the baryon asymmetry to preserve the baryon asymmetry only when the lightest
becomes insensitive to. Much work is needed to refine the Higgs boson mass is less than 70 GeV and when at least
determination of these parameters. Only, andx’ require  some of top squarks are lighter than 110 G&8]. We do
understanding new physics; the determination of the othenot expect these bounds to be weakened significantly when
parameters faces only technical challenges. The parametelse full parameter space for the Higgs masses is considered.
v,, andw describing the phase transition are also left free,Thus the baryon number washout constraint on the MSSM
both because they are parameter dependent and becauseseéms more powerful than the constraint of suffici€rit
the lack of accurate computations for the models under corwiolation. It is, however, subject to the uncertainties in the
sideration. perturbative calculations of phase transition parameters.

2. Uncertainties
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C. Conclusions about the baryon asymmetry in the two Higgs  thermal particle distributions, which is asymmetric between
model, and comparison with other calculations particles and theiCP conjugates, and which are described
in terms of chemical potentials. The latter are, in turn, in-
To summarize Sec. IV, sufficient baryon asymmetry mayserted in a rate equation to compute a baryon asymmetry. It
easily be produced in a general model with two Higgs dous not clear to us how to generalize this method to cover the
blets and softCP violation in the scalar potential, with case where several species mix, as occurs with the neutrali-
CP-violating phase as small as7x 10" [Eq. (4.14]. This  nos and Higgsinos in the SSM. In any case this method is
result allows for a much smaller phase than most earlier caksemiclassical in nature and only describes the regime of
culations in the two nggs model. Here we eXplain how OUrmuch |arger than partide Wa\/e|ength’§7@ 1) In this re-
calculation differs the earlier ones. gime our calculations also produce a semiclassical falloff of
The baryogenesis mechanism of axially asymmetric tORheCP-vioIating sourcedcf. Fig. 3 and Fig. 5 in qualita-
quark reflection from the bubble wal[46] also allowed a e agreement with the analysis of RE§1].1 This calcula-

small phase of order 10 in the two Higgs model, but only o, i appropriate for weakly interacting particles such as
for the fine-tuned case where the bubble walls were thin, o he  lepton in the two Higgs model, but not for strongly
order the inverse top mass. Referent#8,31) concluded interacting particles whose mean free paths are not much

that yvherl the walls are thick, a 'completely ne.g“g'blelonger than their wavelengths and for which decoherence
CP-violating asymmetry is produced in the symmetric phase

from top quark reflection. However, in those papers severa?ﬁecf{s are alre_ady perceptible. . .
significant effects are neglected, such as thermal scatterin .It. IS how evident that trgnsport proces.ses_,.omltted in the
within the phase boundary which is especially important foronidinal thick wall calculationg2,17,19, significantly en-
thick walls. Thermal scattering processes tend to interfer@@nce the baryon asymmetry produced during the weak tran-
with baryogenesis by destroying the quantum coherence neéition. In fact it has been suggested that thiepton plays a
essary forCP violation [7,9], but also can in some cases l€ading role in baryogenesis due to its large diffusion con-
enhancethe baryon asymmetry produced. The enhancemerfitant[42,31. However, axial top quark number is also effi-
comes about becausgP-violating charge expectation val- ciently transported, because the large top Yukawa coupling
ues within the bubble wall can be converted toallows axial top nhumber to convert to Higgs number, which
CP-violating thermal particle distributions inside the wall by is transported by weakly interacting Higgs particles. Another
incoherent thermal scattering processes, and theswrgument in favor of the-lepton contribution to baryogen-
CP-violating thermal particle distributions can then diffuse esis dominating that of the top quark is that the axial top
into the symmetric phase, where they bias the relativelynumber tends to be washed out by strong sphaleron pro-
rapid anomalous weak processes towards producing neksses. In fact we find that this suppression factor is only
baryon number. We therefore find that the huge suppressiogbout ~1/50 for «’ of order one and wall velocities

of the top quark contribution to baryogenesis, found in Refs;,  ~0.3. Furthermore, even for arbitrarily fast strong sphale-
[16,31 when the bubble walls are thick, is absent when theryon rate, the strong sphaleron suppression will never be more
mal scattering and transport processes are considered. lfran about 10°, due to the nondegenerate thermal masses of
stead, we find that the baryon asymmetry is not very sensinhe quarkg46]. Despite the suppression factors for the top
tive to the width of the boundary. quark contribution, we believe theis likely to be less im-

Let us now compare our method of computation to twopgrtant than the top for baryogenesis in two Higgs models,
alternative methods which have appeared in the literaturyecause the source for axianumber is suppressed relative
For the case of thick boundaries an alternative method of, the axial top source by a factor 8/A2, which is about
calculation of the particle dlstr|but|on's in the wall, yvhu;h 104 unless tag is large. In the SSM, it is only possible to
should be about as accurate as the thick wall approximationg,iq having sphalerons wash out the baryon number if

we made, would be to use the method of linear responsg, s is relatively small[36], and so there is no significant
[18,49, i.e., to compute the charge current density producedtact from ther or scalarr.

from an initial CP-symmetric thermal particle distribution
when space-time-depender@ P-violating terms in the
Hamiltonian are turned on for a time equal to the thermali-
zation time 7, and then dividing byr to get the rate for
production of aCP-violating charge in the phase boundary. This work was supported in part by the DOE under
Such a calculation can be done diagrammatically, e.g., bZontract No. DE-FG06-91-ER40614. The work of A.N.
computing the diagrams considered in RES0] (which, was supported in part by the Sloan Foundation. We grate-
however, does not contain a linear response calculation, as fally acknowledge useful conversations and correspondence
that work the effects of a finite are neglected If one con-  with G. Bonini, M. B. Gavela, M. Joyce, and M. E. Shaposh-
siders times longer than in the linear response, including nikov.

the damping terms in the quark propagators which are gen-

erated by gluon exchange is essential. Another method of —

calculation has been developed in RE1]. It consists of ¥These authors coined the word “classical baryogenesis” to de-
writing a Boltzmann equation for a one-particle distribution scribe their analysis. However, their “classical force” is not com-
function which incorporates & P-violating force term aris- pletely classical. That is, the spin-depend€mR-violating term in

ing from the CP-violating space-dependent background.their one particle Hamiltonian is# 9,6, where# is the argument of
This equation is then solved for the resulting departure fromnhe top quark mass.
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