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It is known that the CP violation in the minimal standard model is insufficient to explain
the observed baryon asymmetry of the Universe in the context of electroweak baryogenesis. In
this paper we consider the possibility that the additional CP violation required could originate in
- the mixing of the standard model quarks and heavy vector quark pairs. We consider the baryon
asymmetry iz the context of the spontaneous baryogenesis scenario. It is shown that, in general,
the CP-violating phase entering the mass matrix of the standard model and heavy vector quarks
must be space dependent in order to produce a baryon asymmetry, suggesting that the additional
CP violation must be spontaneous in nature. This is true for the case of the simplest models
which mix the standard model and heavy vector quarks. We derive a charge potential term for
the model by diagonalizing the quark mass matrix in the presence of the electroweak bubble wall,
which turns out to be quite different from the fermionic hypercharge potentials usually considered in
spontaneous baryogenesis models, and obtain the rate of baryon number generation within the wall.
We find, for the particular example where the standard model guarks mix with weak-isodoublet
heavy vector quarks via the expectation value of a gauge singlet scalar, that we can account for the
observed baryon asymmetry with conservative estimates for the uncertain parameters of electroweak
baryogenesis, provided that the heavy vecter quarks are not heavier than a few hundred GeV and
that the coupling of the standard model quarks to the heavy vector quarks and gauge singlet scalars
is not much smaller than order of 1, corresponding to a mixing angle of the heavy vector quarks and
standard model quarks not much smaller than order of 1072,
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I. INTRODUCTION

The possibility that the baryon asymmetry of the Uni-
verse (BAU) could be generated during the electroweak
phase transition has been extensively studied over the
past decade [1-20]. It has become apparent that the elec-
troweak standard model (SM) is unable to account for the
observed magnitude of the BAU for two separate reasons:
(i} there is not enough C'P violation from the Kobayashi-
Maskawa matrix to generate the B asymmetry, as it only
contributes to electroweak baryogenesis via a seven-loop
diagram [2] (finite-temperature effects do not alter this
conclusion [3]) and (ii) for phenomenologically accept-
able Higgs masses, the magnitude of the Higgs field at
the end of the phase transition is not large enough to en-
sure that the anomalous B+ L violation due to sphaleron
fluctuations is out of thermal equilibrium, resulting in
the washout of any B asymmetry generated during the
phase transition [2,10-12]. (We will refer to this as the
Higgs mass problem of electroweak baryogenesis.) Vari-
ous possible solutions, usually involving extensions of the
SM, have been suggested for both these problems. The
Higgs mass problem might be solved by extending the
Higgs sector of the SM [13,14], or even by nonperturba-
tive effects in the finite-temperature field theory describ-
ing the phase transition [15]. Additional CP violation
might be introduced by extending the Higgs sector [16],
by considering the supersymmetric (SUSY) extension of
the SM [17], or by adding additional fermions, such as
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right-handed neutrinos in a Majoron model [18]. The
possibility that spontaneous C'P violation could play a
role has been discussed for two-Higgs-doublet models [19]

‘and for a model with an additional gauge singlet scalar

[20).

In this paper we wish to consider the possibility that
the additional CP violation could originate in the mix-
ing of the SM quarks with heavy vector quark pairs—
anomaly-free pairs of heavy quarks transforming as rep-

_ resentations R+ R of the gauge group. The effect of the

mixing of the light SM quarks and heavy vector quarks
is to introduce a C'P-violating “charge potential” term
(5] on diagonalizing the quark mass matrix in the pres-
ence of the electroweak bubble wall. In the presence of
such a charge potential term the equilibrium asymmetry
is' nonzero as a result of the splitting of the energy of
the quarks and antiquarks by the charge potential term,
leading to the generation of a baryon asymmetry once B-
violating sphaleron fluctuations are taken into account.
In order to estimate the resulting baryon asymmetry we
will follow the spontaneous baryogenesis scenario [5,6],
in which the particle mean free paths are assumed small

- enough relative to the thickness of the electroweak bub-

ble wall to allow a local thermal equilibrium to be estab-
lished within the bubble wall. This appears to be con-
sistent with most estimates of the bubble wall thickness
and quark mean free path [8,9,12].

The paper is organized as follows. In Sec. Il we dis-
cuss the introduction of C'P violation via mixing of SM
quarks and heavy vector guarks and calculate the baryon
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asymmetry generation rate due to the resulting charge
potential within the electroweak bubble wall. In Sec. III
we give an explicit example of the generation of a baryon
asymmetry in which the C P-violating phase and the mix-
ing of the SM and vector quarks is due to the expectation
value of a complex gauge singlet scalar. In Sec. IV we
present our conclusions. Some details of the local ther-
mal equilibrium of interactions within the bubble wall
are discussed in the Appendix.

II. ADDITIONAL CP VIOLATION VIA MIXING
OF SM QUARKS AND HEAVY VECTOR
QUARKS

In this section we discuss the mixing of light SM quarks
and heavy vector quarks and the resulting rate of B gen-
eration within the electroweak bubble wall, applying the
results to a specific model of electroweak baryogenesis in
the next section.

We focus throughout on the case of a pair of heavy
isodoublet vector quarks Vi, + Vg, where Vi and Vg have
the same transformation properties under the standard
model gauge group SU(3).xSU(2),,%xU(1)y, and where
Vi, transforms in the same way as a standard model quark
doublet (). Analogous results may be obtained by con-
sidering isosinglet vector quarks transforming as either
ug or dp. The mass terms of the model, in the pres-
ence of the space- and time-dependent Higgs field in the
bubble wall, are assumed to be given by

T‘fb(m)eie(m)VRQL +myVaVy + He. (2.1)

where () is & dependent within the electroweak bubble
wall. We are considering the case where the SM quark
mass within the wall is small compared with the mass
terms in (2.1), which is plausible as the magnitude of the
Higgs field within the wall at the electroweak phase tran-
sition is small compared with its T = 0 value [10]. In
general, one can have couplings of all three generations
of SM quarks to Vg, but since only one linear combina-
tion of these will actually mix with Vy, we can focus on
{2.1) with just one Q1. The first point to note is that it
is essential for the phase § to be = dependent, in order
for it to have any physical consequences. This i1s because
any constant explicit phase on {z) can simply be ro-
tated away by redefinitions of the phases of Vi, and Vg.
This suggests that the C P violation must be sponteneous,
with a space-dependent phase within the bubble wall re-
gion. ‘This is true of the simplest models which give rise
to a mass term of the form (2.1), as discussed in the next
section. It also means that no additional CP violation is
mtroduced in the T' = 0 theory, where @ is constant; the
additional CP violation is only active during the elec-
troweak phase transition when 6 is z dependent. |{This
is true of the case where one considers only the mass
terms (2.1); however, there can be T = 0 C'P violation
associated with the additional scalars which are needed
in order to produce a mass term of the form (2.1). We
will discuss this point in the context of an explicit model
given in the next section.] On diagonalizing the mass
terms, we obtain mass eigenstates Q and Vi, where

’ a
(%)=(5 @) (%) oo
with o = [1 + (%/mv)?]"Y2 and 8 = —(R/my)[1 +
(7/my)?|7*/2¢=%. There is a zero-mass eigenstate and
a massive eigenstate with mass Wiy = my/o. It is im-
portant to check that the field redefinition (2.2) does not
introduce any anomalous coupling to the gauge fields [5).
In fact, one can see that the redefinition (2.2) is anomaly-
free, since it is eguivalent to an anomaly-free rotation
Vi.p — €= Vy g, which removes the complex phase
from (2.1}, followed by a diagonalization of the now real
mass matrix, followed by a second anomaly-free rotation
of the heavy quark mass eigenstates V, p — e":"("”)Vﬁ; R

Uniike the case of a constant % (z)e*(®), diagonalizing
the mass terms with a spacetime-dependent m(x)e®(®
results in nondiagonal terms coming from the kinetic
terms,

QrLiv*8,QrL + VLiv*8,Vz

= QLin*8,QYL + Viin*d, Vi
+3(80,6" — F0,6)( @ Qs — Vi Vi)
+[i(A8,a — a8, B)QL VL + Hel .

The terms proportional to the time derivatives of « and
(3 cause a splitting in the energy of the particles and an-
tiparticles within the bubble wall, resulting locally in a
nonzero equilibrium baryon asymmetry [5,6]. To lead-
ing order, the spatial derivatives do not affect the local
equilibrium particle number asymmetry, but instead in-
troduce small corrections to the diffusion equations for
the particle asymmetries [8]. Thus, to discuss the baryon
asymmetry in the original spontanecus baryogenesis sce-
nario (in which diffusion is neglected), we need only con-
sider the time derivative terms from (2.3), which give a
“charge potential”-type term [5]

(2.3)

(800" ~ " 0uB) (@i = VEr*V3)

+[i (B8 — aBpB)QLy°VE + Hee] . (2.4)

In discussing the baryon number generated by this
charge potential term, a fundamental point is whether
or not the Yukawa coupling of the V{ quark to the top
quark and Higgs boson is in thermal equilibrium within
the bubble wall. On redefining the mass eigenstates, the
t quark Yukawa coupling becomes

MERHQL = AfnH(aQ), — BVL) . (2.5)

In the Appendix we discuss the question of the condi-

- tions under which the Yukawa couplings are in thermal

equilibrium within the wall. We find that for |3 < 0.3
the V] quark Yukawa coupling will be out of equilibrium
within the bubble wall. In this case the charge potential
(2.4) applies. If, on the other hand, |8] 2 0.3, then it is
necessary to redefine the phase of V] via an anomaly-free
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rotation (V}, Vg) — €@ (V! Vg) in order to remove the
- phase from the complex Yukawa coupling 8X;. We first
consider the case where (2.4) applies, |3] < 0.3. (We will
drop the primes on mass eigenstates from now on.)

A. Vi Yukawa coupling out of thermal equilibrium
within the bubble wall

We can use the fact that the phase € can be shifted by a
constant without any physical consequences to show that
the cross-term Qzy%Vy, in (2.4) will not contribute to the
CP-violating part of the free energy, the part responsible
for driving the generation of the baryon asymmetry. The
coefficient of the cross-term is

il ] . (26)

BB — aBpB) = iage“is [— — 180
my m

Since this is proportional to e~ in order to be inde-
pendent of a constant phase shift, any contribution of
the cross-term to the free energy must depend only on
the magnitude of (2.6} and so must be proportional to
[|Bor /1|2 + |Bo812]"/2, for some power n. (The e fac-
tor appears in the Lagrangian only in the coefficient of
the cross-term, since, as shown below, the coefficient of
the diagonal terms in the charge potential are real, and
the phase-dependent Vi, Yukawa coupling is out of equi-
librium within the bubble wall.) Since any CP-violating
contribution should vanish in the limit of constant 8, it
then follows that any such term must generally be zero.
Thus we can drop the cross-terms from the charge poten-
tial when discussing the baryon asymmetry, and consider
just the term

(B8 - B BNQur°Qu — Vi Ve).  (27)
The importance of this is that it allows for a simple chem-
ical potential analysis of the resulting baryon asymme-
try, which is not the case if the cross-terms contribute
to the C'P-violating part of the free energy. Introducing
B = —(m/my)[l + (f/my)%) "2~ (2.7) becomes

$(By°QL — Viv°Vy) , (2.8)

where
‘lSq = "lﬁ[zﬂ .

We next consider the effect of this charge potential
on B-violating processes within the electroweak bubble
wall. To discuss this, we first consider the original spon-
taneous baryogenesis scenario [5,6], neglecting diffusion
effects [8,9]. Later we will comment on how diffusion may
alter the baryon asymmetry thus obtained.

We will consider throughout the case where my 2 T
at the electroweak phase transition. This is likely to be
necessary phenomenologically, since T is typically around
100 GeV for Higgs masses less than or of the order of 100
GeV [10]. Such small Higgs masses are probably nec-
" essary in electroweak baryogenesis models in order that
the baryon asymmetry is not washed out once the phase

(2.9)

transition is complete [2,10-12]. Within the region of
the bubble wall where baryon asymmetry generation is
occurring at a significant rate, the sphaleron fluctuations
are not Boltzmann suppressed, having energy < T [6].
Therefore, in the case where my 2 T, the sphaleron
fluctuations cannot produce V quark pairs.

Let n; and p; be the number density and chemical
potential within the electroweak bubble wall of a particle
species i, taken to be in thermal equilibrium within the
bubble wall. The rate at which a particle species 4;
reaches thermal equilibrium, via interactions of the form
S oA 3 0, is given by [21]

dn; r

— £q .. |
--d-;- —_ “?6?&; —_ Ea_?#j a‘l H) (2'10)

where 67 is small compared with T'. T'e¢q is the equilib-
rium rate for the interaction at temperature T and §F is
the change in free energy density in each such interaction.

The sphaleron process for the SM with Ng generations
introduces an effective 4NG fermion interaction of the
form [1,2,6]

Ng

[[(@eqrLy,

i=l

(2.11)

where 7 is a generation index. For each generation, the
{B 4 L)-violating processes are of the form [1,6]

(i) uudl <0 (2.12a)

" and

(ii) uddy <> 0 (2.12b)
where color indices are suppressed. Suppose that there
are N total separate possible processes, with N/2 cor-
responding to (i) and N/2 corresponding to (ii). Then
the rate for each separate process is I'sp /N. Thus, if we
consider the rate of change of the asymmetry in vz, and
dy, quarks of generation ¢ and a given color, we obtain
from processes (i) and (ii), respectively,

dﬁw = =22, + b, + #i,) ;T (2.132)

dZ%L =~ + 20, +pi,) ;T (2.13b)
and

% == (2, +pa, + qu)Jl;"; , (2.14a)

dZEL ~2(pl, + 2p«dL + ppy) 11:,";, (2.14b)

where we have used the fact that the chemical potentials
of quarks differing only in color will be the same and
have dropped the color indices on the quark chemical
potentials. Then summing over all N/2 processes for
both (i) and (ii), and with the baryon number density
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given by np = 3 Y, (Nu, + N4, ), Where the sum is over
all generations and colors, we obtain

dnB

Tsp
i —Z Bprus + 3pa + s +!—‘uL)

=2 . (2.15)

=1

[We could include V' quarks in the definition of ng, but
since we are considering the case where they are not pro-
duced in sphaleron processes this does not alter (2.15).]

In order to discuss the rate of baryon number genera-
tion inside the bubble wall, we need to consider what are
the conserved quantities inside the bubble wall and then
obtain the u; via a standard chemical potential analysis
(5]. For simplicity, we will ignore the small Higgs expecta-
tion value within the bubble wall region when discussing
the chemical potential analysis and work in the unbro-
ken SU(2},, xU(1)y phase. This is reasonable, since the
Higgs expectation value within the bubble wall during
the electroweak phase transition will be small compared
with the thermal average value of the Higgs field due to

thermal fluctuations (hz)}/ 2, and so will add only small
corrections to the free energy [22]. Since the chemi-
cal potentials of all gauge bosons are zero, the chemi-
cal potentials of all particles differing only by a color or
SU(Z)w index will be the same. Therefore we can write

= Mg = pgi, and Py = gy = ppi. Within the
buf)ble wall only the ¢ quarf( Yukawa coupling will come
into thermal equilibrium, the mean free path of the other
Yukawa couplings being too long relative to the thickness
of the electroweak bubble wall to allow them to achieve
equilibrium within the wall [5]. (We discuss the question
of local thermal equilibrium of the Yukawa interactions
within the bubble wall in the Appendix.) Thus the only
perturbative interaction which is in equilibrium within
the bubble wall and which relates different chemical po-
tentials is the ¢ quark-Higgs Yukawa interaction. This
interaction implies that

e = Hos + pH (2.16)

where pg is the chemical potential for the Higgs doublet.
We see that we have as independent chemical potentials
within the bubble wall BQis Bl (£=1,2), BLi s Baiy s B,
(i=1,2,3), pgs, g, Bvy, and py,. We can then obtain
the value of these chemical potentials by fixing the value
of the conserved charges within the wall, which for the
case of unbroken SU(2),,xU(1)y may be taken to be B
and V.

In general, the charge potential term modifies the SM
Lagrangian according to

Lsm — Loy — nidhs (2.17)

where n; = f;v°f;, for each fermion . In order to find
the rate of baryon number production from {2.15) we
need to find the chemical potential of the particles in the
presence of this charge potential. It is useful to define the
chemical potentials in the absence of the charge potential
by 0, where

8%,
Hio = Bni

(2.18)

and F = Fy + ny¢;, where Fy is the free energy density
without the charge potential, and p; = 8F/8n; is the

" chemical potential in the presence of the charge potential.

This is useful because we can use the relation between p;0
and the number density of fermion species #, as given by
the Fermi-Dirac distribution [23]

g =
n=o 3 E(E? - pfp)l/sz

mi

. 1 1 .
X [(1 -+ e(E_.U-io)/T) - (1 + e(E"}‘P:‘O)/T)] (219)
which for po; /T < 1 becomes

;i T?
= 80T (2.20)

where

6 [
f1:=';r“2"

T

33(332 - :L' )1/2mdm

(2.21)
with z,,, = m;/T. g; gives the number of degrees of
freedom of the fermion of species i (g; = 4 for Dirac
fermions). f; = 1 for m;/T < 1. We give some values for
fi in Table L.

If we have a conserved cha.rge density @, then we can
write

Q = gPn; < g gipuiofi (2.22)

where q? is the charge of particle ¢ with respect to. Q.
Then with F = Fo + nyp; we find

8F
Hi = (9’!11 = pio + & (2'23)
and so
Q o< g gi(ui — i) fi -

(2.24)

In the case of the electroweak bubble walls, we are for
now interested in the original spontaneous baryogenesis
scenario [5], where the baryon density is initially zero
and can only increase due to sphaleron processes, with
the transport of charges into the bubble wall [8,9] being

TABLE 1. Values of the Boltzmann s.uppression factor f;.

Tm; fi
0.1 0.998
0.5 0.963
1.0 0.863
1.5 0.725
2.0 : 0.578
2.5 _ 0.442
3.0 0.328

" 5.0 T 0.080

10.0 0.001




neglected. The number density of all quarks and leptons
except Q% and tg is effectively conserved within the bub-
ble wall, due to the lack of Yukawa interactions in ther-
mal equilibrium. [The Vi and Vi quarks are conserved
separately, since, as discussed in the Appendix, V7, & Vg
transitions are out of equilibrium within the bubble wall.]
Thus setting these number densities to zero (correspond-
ing to the lack of an asymmetry outside the bubble wall)
implies, from (2.24), that p; = ¢; for these particles. To
fix the remaining chemical potentials gs and iy, we

impose the conditions B = 0 and Y = 0 inside the wall.
From (2.24) these imply that

Bocdugs + 2, ~ (ddge +26,) =0 (2.25)
and '
Y o 6pe, — (260 + 46in +26m) =0.  (2.26)
Therefore we find
| fer = L(dgs + 26u, + 1) (2.272)
and
e = §(5'bee + Férn - 2¢m) . (2.27b)

This specifies all the chemical potentials inside the bubble
wall. Thus, for a given set of ¢;, we can obtain from
(2.15) the rate of B generation within the bubble wall.

For the charge potential (2.8), only ¢¢ is nonzero. For
simplicity, let us assume that @ in (2.8) corresponds to
@3, although in general it would correspond to a linear
- combination of all three generations of SM qua.rk dou-~
blets. From (2.27b) we then obtain

po = 31070 (228)
and so from (2.15)
TR =S RIAR (229)

The B asymmetry resulting from the passage of the bub-
ble wall is then simply obtained by integrating (2.29) un-
til the time when the Higgs field is large enough to put
the sphaleron processes out of thermal equilibrium [5,6].
We will illustrate this by considering an explicit model
for light-heavy quark mixing in the next section. Before
doing so, we first comment on the case where the V3
quark Yukawa coupling is in thermal equilibrium within
the bubble wall,

B. Vi Yukawa coupling in thermal equilibrium
within the bubble wall

In this case, we cannot use the charge potential term
(2.4) coming from simply diagonalizing the mass term
(2.1) in the presence of the bubble wall. This is be-
cause the Yukawa coupling of the Vi mass eigenstate
is given by —@MIrHVy, where 8 is complex. Thus
we must perform an additional anomaly-free redefinition

* tor. In this case we see that, since there is no overall e~
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(Vi,Vr) = e¥(Vy,Vg) in order to remove this phase,

which gives a new charge potential term,

—32808(QL7"Qr — Viy®Vi) — 808(Vry°Vi, + Vry°Vi)

 +{[(B80cx — aBoff) — aBBB)Q17°Vz + Hac}
(2.30)

where the fields correspond to the redefined fields and 3
here corresponds to 3 in (2.2) without the e~ phase fag:;
2

phase factor for the coefficient of the cross-term, we can-
not use the constant phase shift argument to show that
the cross-term does not contribute to the CP-violating
part of the free energy. However, there is a second ar-

gument which suggests that the cross-terms may be ne-

glected when calculating the free energy.

The free energy F' can be written in terms of the ther-
mal expectation value of the energy E = (H)r according
to the standard relation [21]

F=1 j dBE+ K,
B
where # = 1/T and K is a T-independent constant. The

contribution of the charge potential term to the thermal
average energy is then

- fdsx(ﬁcp>T

where {L.p)7 denotes the thermal average of the charge
potential contribution to the Lagrangmn density, with
Lep given by (2.30). With Qv = QLVL, we see that
the contribution of the Qry°Qr term to the free energy
is proportional to (Q 1 @1y, whereas the contribution of

(2.31)

(2.32)

-the Qry°Vy term is proportional to (QLVL)T. In the

absence of interactions between the Qp and Vp gquarks,
since the Q@ and Vi, fields will be uncorrelated, (QLVL)T
is zero, unlike (QLQL)T or (VEVL)T. The charge poten-
tial term (2.30) will itself correspond to an imteraction
between (Jr and Vy, quarks, but, since we will be consid-
ering the case where the coeflicients of the charge poten-
tial terms are small compared with T, this will lead to a
contribution from (QLVL)T to the free energy of higher
order in the small coefficients and so negligible compared
with that from the “diagonal” terms in the charge poten-
tial. Thus by this argument the important terms in the

" charge potential from the point of view of the free energy

are
—B%38Q17°Qr — 88(a? VvV, + Vay"Vr) .

The effect of the Vz quark Yukawa coupling being in
thermal equilibrium is to impose the relation p;, = py, +
p#, which implies, from (2.16), that py, = ugs. Then,
following a chemical equilibrium analysis analogous to
that given above, we obtain the following relations for
B =Y =0 inside the bubble wall:

(4¢’Q3 + 4f¢)VL) =0
(2.34)

(2.33)

B o dpgs + 2pe, +4fpv, —
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and
Y x 2p,Q3 + dpps, + quVL

+2pg — (2dgs +2fdv,) =0, (2.35)
where ¢gs = ¢ = 320 and ¢y, = (e?/B%)dg. f cor-
responds to the Boltzmann suppression factor (2.21) for
the case of the ¥ quark. Solving these for pgs then gives

o
o=t () - oW
Thus from (2.15} we obtain for the rate of baryon gener-
ation within the wall in this case

2

dngz_ 15 ¢q(1+g“f)'l'1s;p

dt (6+5f) B* )] T

We see that for f — 0, corresponding to V' quarks much

heavier than T, we recover the rate of B generation for

the case where the V' quark Yukawa coupling is out of

equilibrium. In general, the rates in the two cases are not

much different. For simplicity, we will focus on the case

with |8| < 0.3 when discussing the baryon asymmetry in
the next section.

(2.37)

II. AN EXPLICIT EXAMPLE: SPONTANEOUS
CP VIOLATION FROM A GAUGE SINGLET
SCALAR SECTOR

We have shown in the previous section that it is essen-
tial that the mass mixing term in the case of heavy-light
quark mixing has a spacetime-dependent phase. To be
dependent on z within the bubble wall, the C P-violating
phase must depend on the Higgs field. To give a sim-
ple example where this is realized, consider a complex
scalar field S, with a tree-level scalar potential given by
V =V, + V3 + V3, where

(3.1&)

Vi = —u%St8 + AsySTSHTH + As5(515)?
Vo = (m% 5% + Hee) + (AS* + Heel) (3.1b)
and
Vo= —pL HYH + Mg (HIH)? . (3.1c)

One can also consider other couplings (such as §H tH),
but for now we will only consider the terms in (3.1), which
are the important ones for electroweak baryogenesis. The
scalar potential is assumed to have a discrete symmetry,
which corresponds to the product of a C P transformation
Zep 1 8 & St (this implies that all the couplings in (3.1)
are real; we also take them to be positive in the following)
and a Z; symmetry Zg: 5 & —S.
The coupling of the S scalar to the vector quarks and
Q3 is given by
M, SVRQYL + He (3.2)
The phase of the 5 field is then responsible for the C'P-
violating phase; thus the C'P violation in this model is

necessarily spontaneous in nature. We will concentrate
on the third generation (¢ = 3) in the following, which
is the most important for electroweak baryogenesis. One
could also consider terms such as #gH V], {where Jig

¢4 H¥*) or dgHVy. However, for simplicity we will not
include these terms. If one extends the discrete symmetry

. &g tothe V quarks, then the V' quarks must be odd under

Zg, which will eliminate these additional terms.

We should note that similar models have been sug-
gested in the past as a way of accounting for low-energy
(' P-violating phenomenoclogy. In particular, essentially
the same model as we are considering here was studied
with respect to low-energy C'P violation in Ref. [24]. {In
addition, flavor mixing and CP violation due to vector
pairs of charge —3 quarks and gauge singlet scalars were
also features of E(6) based “superstring inspired” mod-
els [25], while the possible significance of spontaneous
C P violation and vector quark pairs as a solution to the
strong CP problem was earlier pointed out by Nelson
and Barr |26].] As we have noted in the previous section,
there is no T = 0 C'P violation due to a constant phase
in the mass term (2.1). In the case of the above model,
however, this phase comes from the expectation value of
the S scalar. Although at T' = 0 we can rotate away the
constant phase from the mass term mixing the light and
heavy quarks, this rotation will have the effect of intro-
ducing a phase on the Yukawa coupling coming from (3.2)
between the physical scalar associated with § (57, where
8§ = {8) + §'} and the light and heavy quark doublets.
According to the discussion of Ref. [24], this can result in
a CP-violating phase in the Kobayashi-Maskawa matrix
as well as giving significant contributions to the neufron
electric dipole moment. However, this T = 0 C'P vio-
lation, which is due to the constant phase at T = 0, is
not directly related to the CP violation responsible for
the baryon asymmetry, which is due to the spatial de-
pendence of this phase in the vicinity of the electroweak
bubble wall.

On introducing the S expectation value (S) =
(p/+/2)e®, we find that m(z)e®®®) = (A,/v2)pe®. pand
# are dependent on the Higgs field within the bubble wall
via the coupling Agy. On introducing the Higgs expec-
tation value {H) = h/+/2 and minimizing with respect to
p and 8 for a given h, we obtain

z_ 2 _ 2
p—A%(% zh) (3.3)
and
cos 20 = _ e (3.4)
T 22 '

where (3.4) is true so long as on the right-hand side
[mZ. /2Aap%| < 1; otherwise cos260 = —1. We see that
p® is h{z) dependent, and so @ is @ dependent also, pro-
vided that | cos 28| < 1.

The baryon asymmetry generated during the elec-
troweak phase transition (in the absence of diffusion ef-
fects) then follows from the now standard spontaneous
baryogenesis analysis [5,6]. From the discussion of the

- last section, for the case where |3| < 0.3, the rate of B
generation in the wall is given by
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dnB -

dt

We can roughly approximate the rate of sphaleron tran-
sitions by [5,6,8] (we use the term “sphaleron transition®
to denote any transition between gauge vacua of different

topology, even when the sphaleron barrier disappears at
high T)

TP (3.5)

Ly = K(awT), mw(k) < cawT , (3.6a)

Fsp = 0, mw(h) Z JawT . (3.6b)
where aw = ¢?/4r = 3.4 x 1072, and ¢ and K are
numerical factors reflecting the uncertainty in the esti-
mates of the transition rates between vacua of different
B + L; K has been estimated numerically to be between
0.1 and 1 [27], while o is estimated to be between 2
and 7 {6,7,28]. (This estimate of K has been recently
questioned (7], and K has even been estimated to be as
large as 20 or more [4,8].) mw (k) is the W mass as a

- function of the Higgs field, mw = gh/2. The form of
(3.6) originates from the fact that for mw < awT the
weak-coupling calculation of the sphaleron transition rate
breaks down and thermal fluctuations between vacua of
different B+ L become dominated by field configurations
other than the sphaleron (the temperature being greater
than or of the order of the energy of the sphaleron barrier
Esp = 3mw/aw). As mw(h) increases the sphaleron
barrier becomes important and the transition rate is ex-
ponentially suppressed and contributes negligibly to the
baryon asymmetry for h greater than a critical value

- he = 200wT/g, with the uncertainty in the value of

he, due to the lack of an analytic weak-coupling expres-

sion for the rate at small & [4], being parametrized by

o. We then integrate (3.5) over the time when sphaleron

processes are rapid, which gives

np = ~2 Koy T?|B%80. , (3.7
where 0. is the change in 8 as h goes from 0 to k.. With
the entropy density given by s = 2r2g(T)/45T% [where

g(T) is the number of relativistic degrees of freedom in

thermal equilibrium [23]], we obtain for the baryon num-

ber to entropy ratio :
ng 225

28 - Kok |82 )

For example, with g(T) ~s 100 for the standard model at

the electroweak phase transition, in order to account for

the observed baryon asymmetry (nB/8)obs = (0.4-1) x
10~ we require _

K|BI?|66.| 2 5.3 x 107% (3.9)

For K in the range 0.1 to 1, this can be satisfied so long
as |B| and |§0.] are not much smaller than 0.1. We note
that the largest possible change in the right-hand side
of (3.4) for which |c0s268] < 1 is still valid corresponds
to |60,f = w/4 ~ 0.8, Thus, in general, we require that

|8 2 0.026/K/2 if we are to account for the observed
baryon asymmetry. '

For the case of the gauge singlet scalar model, for
m2,/2Xgp? small compared with 1, we can write cos26 =
~26' sin 26, where 0 = 6y + ¢, 265 = n7/2 (n odd), and
6’ is small compared with 1. Thus from (3.4) we obtain

Asih?
56, s L4, Sn2sH e

3.10

where s, = sinnn/2, and we have assumed that p,g is
large compared with (Asz/2)}hZ, so that the fractional
charge in p due to the Higgs field of the bubble wall is
small, as one would expect for the small Higgs expecta-
tion value within the wall. We have written 86, in terms
of Ag = mgn/2Agp} (where pi = p%/Ass), which has
been assumed to be small compared to 1 in order that
(3.4) is valid, so allowing @ to vary within the bubble
wall. |8|? for the gauge singlet scalar model is given by

Ay u3

3.11
2/\55 m%, ( )

B =

Thus from (3.8) we obtain for the baryon asymmetry
resulting from the passage of the wall past a point in
space

ng _ 45
s 16x%g(T) 2

- In general, in the absence of an explicit CP-violating
phase in the 5 potential, there will be as many regions
in the observed Universe with a negative B asymmetry
as with a positive asymmetry, resulting in a net asymme-
try far below that which could account for the observed
asymmetry. (Since at the electroweak phase transition
there are around 103 horizon volumes in the volume
corresponding to the presently observable Universe, the
largest possible net baryon asymmetry that could be gen-
erated would only be ~ 107 times the baryon asymme-
try generated in a single domain.) However, it can be
shown that an extremely small explicit phase can elim-
inate the domains of negative baryon number [29]. For
example, for S scalars of mass scale 100 GeV to 1 TeV,
an explicit phase on the m%, term as small as 10716 can
eliminate all negative baryon number domains prior to
the electroweak phase transition [29].

In order to estimate the magnitude of the baryon asym-
metry which can be generated in this model, we will

M Asu T
Ass mi

ssanr awdg (3.12)

- consider a particular example. Consider the case where

my = 2T (and where s, = ~1). Then with ¢g(T') =~ 100
for the SM, we obtain

2 )Y -
B _54x 10*11(K02A0)M :

3.13
oo (3.13)

For the estimated range of possible values for K (0.1-1)
and o (2-7), Ko? can have values in the range 0.4-50.
With the relatively conservative assumptions K 0.3
and o & 2, we obtain

58

T8 ~6.4x 107114, (3.14)
&
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Comparing with the observed baryon to entropy ratio,
(ng/8)obs = (0.4-1) x 107*°, we see that Ay and A,
cannot be much smaller than 1 and Agg/Ags should not
be too small if we are to account for the observed baryon
asymmetry. The V quark mass should also not be too
much heavier than T, which is typically around 160 GeV
for Higgs masses less than or of the order of 100 GeV [10].
It is interesting to note from (3.10) and (3.11} that the
value of |3|? can be decreased and the value of |36,| can
be increased by decreasing the value u%, without altering
the value of ng/s.
- Of course, there are, at present, considerable uncer-
tainties in the calculation, particularly in the estimates of
K and o; for example, if K was equal to 20 or more [4,7],
then we could consider Ay or order 0.1 rather than order
1. However, given the relatively conservative nature of
our assumptions regarding the uncertain parameters of
the calculation, it seems reasonable to conclude that the
observed baryon asymmetry probably can be accounted
for by adding to the standard model vector quark pairs
of mass not much heavier than a few hundred GeV.

The calculation we have given is for the case of the
“old” spontaneous baryogenesis scenario, which assumes
that the baryon number inside the wall is initially zero
and increases towards the equilibrium density only via
sphaleron processes [5,6]. It has been subsequently
peinted out that the B asymmetry inside the bubble wall
could also move towards the local equilibrium density by
diffusion of quarks into the wall region, thus requiring a
new analysis in order fo obtain the B asymmetry gener-
ated [8,9]. For the case of a fermionic hypercharge charge
potential, the inclusion of diffusion effects was found to
result in a large enhancement of the B asymmetry [8].
However, the fermionic hypercharge case is a special case,
in that one has suppression factors associated with strong
sphalerons [22] and with the fact that, in the case where
it is the phase of an isodoublet Higgs field which is re-
sponsible for the C'P violation in the wall region, the B
asymmetry depends on the magnitude of the hypercharge
breaking Higgs field within the wall (Dine-Thomas sup-
pression [7]). These suppression factors are reduced once
diffusion is taken into account, resulting in a large en-
hancement of the B asymmetry in the fermionic hyper-
charge case [8]. In the case of the charge potential (2.8),
there are no such suppression effects in the “old” sponta-
neous baryogenesis scenario. By a straightforward chem-
ical potential analysis similar to that in the last section,
one can show that the effect of strong sphalerons (which
bring the br quarks into thermal equilibrium within the
bubble wall region via chirality changing transitions of
the form uzdy ¢+ urdg L22]) is to reduce the B asymme-
try by a factor of only ;, while the C'P-violating phase
in this case is from the S expectation value, and so no
Dine-Thomas suppression occurs. In this case, the only
change in the B asymmetry will be due directly to diffu-
sion and not due to the elimination of suppression factors.
‘We have recently estimated the direct effect of including
diffusion, and find that typically the order of magnitude
of the resulting B asymmetry is the same as in the “cld”
spontaneous baryogenesis scenario, with little enhance-
ment due to diffusion [30}. In general, however, the “old”

spontaneous baryogenesis calculation will at least give a
useful lower bound on the baryon asymmetry generated.

IV, CONCLUSIONS

We have considered the possibility that the additional
C'P violation required in order to account for the baryon

‘asymmetry of the Universe originates in the mixing of

standard model quarks with heavy vector quarks. In or-
der that the CP-violating phase in the mass matrix of
the standard model quarks and heavy vector quarks re-
sults in a charge potential term leading to electroweak
baryogenesis, it is necessary that the phase be space de-
pendent within the bubble wall. This suggests that the
CP violation driving electroweak baryogenesis is spon-
taneous in nature, as is true in the case of the simplest
models of light-heavy quark mixing, where the mixing is
due to the expectation value of a complex scalar. We
have considered the B asymmetry generated in the “old”
spontaneous baryogenesis scenario (without diffusion ef-
fects). For the case of a model based on having a complex
gauge singlet scalar as the source of spontaneous C'P vio-
lation, we find that it is possible to generate a sufficiently

- large B asymmetry in order to be able to account for

the observed B asymmetry, even with quite conservative
assumptions regarding the uncertain parameters in the
calculation. In order to do so, our calculation suggests
that the couplings of the third-generation standard model
quarks and vector quarks to the S scalar responsible for
light-heavy quark mixing must be of order 1, and that the
mass of the heavy quarks should not be larger than a few
hundred GeV [say (2-3)T, where typically T =~ 100 GeV
at the electroweak phase transition]. In general, the mix-
ing angle of the SM quarks and vector quarks should not
be much smaller than order 10~1, Since there is no sig-
nificant strong sphaleron or other such suppression of the
B asymmetry in this case (unlike the case of a fermionic
hypercharge potential), including the effect of diffusion
will probably not alter the B asymmetry much from the
old spontaneous baryogenesis value, which in any case
gives at least a useful lower bound on the baryon asym-
metry. A more complete analysis including the effects of
diffusion is beyond the scope of the present paper; we
hope to return to this question in the future.

We have only addressed the-C P problem of electroweak
baryogenesis in this paper. In order to have a complete
and phenomenologically consistent model, we also need
to consider the Higgs mass problem, as well as the T =0
phenomenoclogy of the model, in particular light-heavy
quark mixing. Depending on the details of the elec-
troweak phase transition and the evolution of (S} with T,
it is possible the Higgs mass problem could be solved by
the modification of the phase transition in the presence of
a nonzero {S). (A similar possibility in the context of sin-
glet Majoron models has previously been analyzed [31].)

- It is also possible that one could have (S} = 0as T — 0,

which ‘would eliminate or suppress any phenomenological
effects due to light-heavy quark mixing. All of these is-
sues require a detailed analysis of the finite-temperature
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effective potential and electroweak phase transition in the
model, as well as a study of its low-energy phenomenol-
ogy.

Although we have focused on the case where the heavy
vector quarks transform as weak isodoublets, we expect
that essentially the same analysis and results will hold
for the case of isosinglet vector quarks, transforming as
either ug or dp with respect to the standard model gauge
group. ‘

In conclusion, the possibility that the additional CP
violation neeéded for electroweak baryogenesis could be
accounted for by the mixing of standard model quarks
with heavy vector quark pairs provides us with an in-
teresting motivation for “beyond-the-standard-model”
physics, suggesting spontaneous CP violation and new
scalars, and fermions not much heavier than a few hun-
dred GeV. Such models should be testable at the Large
Hadron Collider (LHC). Further study of the details of
the electroweak phase transition and of the low-energy
phenomenology of the model is necessary in order to es-
tablish whether such a scheme could provide a complete
and phenomenologically consistent basis for explaining
the origin of the baryon asymmetry of the Universe.
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APPENDIX: LOCAL EQUILIBRIUM WITHIN
THE BUBBLE WALL

In this Appendix we estimate the conditions under
which the interactions and mass terms involving light and
heavy guarks can be considered to be locally in equilib-
Tium within the bubble wall.

The width of the electroweak bubble wall d,, has been
estimated by various groups, with values ranging from
10/T to 40/T [8,12]. We will make the assumption of
a thick wall of width 40/T in our discussion, which is
the most appropriate for the spontaneous baryogenesis
scenario. The mean free path of the quarks, l;, due to
elastic scattering via gluon exchange, has been estimated
to be 3/T to 15/T [8,9,12]. We will use the value 5/T in
our discussion. The rate of chirality changing processes,
due to scattering with Higgs scalars or Higgs exchange,
is estimated to be [9]

Ty % 0.205A2T (A1)
where ag = g%/4m is the QCD fine-structure constant
and A, is the quark Yukawa coupling. We first estimate
the condition for the ¢z, + tg + k Yukawa interaction to
be in equilibrium within the bubble wall. Due to elastic
scattering within the bubble wall, the quarks will perform
a random walk. The average time for the quarks to cross

a distance d,, via a random walk is

dz
= —w A2
*» = 2D, (42)
where D, is the diffusion constant for the quarks, given
by Dy = 1,/3 for relativistic quarks. Thus the average
total path length of the quarks within the bubble wall
will be ‘ '

leﬁlq .

(A3)
With our assumed values for dy, and I, this gives [, ~
480/T'. If the mean free path for the Yukawa interaction
is smaller than this, then we can consider the Yukawa

interaction to be in equilibrium within the wall. This
will be true if ' < 480/T, which implies that

1/2
A > ,.......,._1—
? (480(0.2as)) '

With as =~ 0.1, this gives Ay > 0.32. With a top quark
mass of 170 GeV and a single Higgs doublet, we have
A = 1.0, so this is well satisfied for the ¢ quark. If we
consider the case of a heavy V' quark, with a Yukawa cou-
pling from mixing with the ¢ guark given by GAs, then
this will be out of equilibrium within the bubble wall if
|8} < 0.3. For the case of a massive V quark with a Dirac
mass term, the Vy < Vg transitions are primarily due to
the one-loop color magnetic moment of the quark. We
can roughly compare the rate of these chirality chang-
ing scatterings with the rate of the usual gluon exchange
quark scatterings, which determine the quark mean free
path I,, by using the ratio of the gluon exchange cross
section for ete™ — grqz and ete™ — Gryrg (where the
additional gluon is required by angular momentum con-
servation). This has been given, for example, in Ref. {32],

(A4)

2

Tatg , %o K23

_ 2
Tyg T 18mq

(45)

where k & a,/7 is the anomalous color magnetic mo-
ment of the quark, and s is the center-of-mass energy
squared. All other scattering and annihilation processes
will involve roughly the same ratic of quark-gluon vertex
to the color magnetic moment vertex, up to factors of
order 1. In our case we expect s = (3T + 37T)2, where
we have used the average thermal energy of the fermions
in the plasma, & 37. Thus we expect that the ratio
of the mean free path for Vi « Vg transitions to the
mean free path of the V quarks will be roughly given
by 045/0q4s = (7/ee}’m¥ /36T? =~ 860mi /T2, where
we have used «, =~ 0.1. Multiplying by the quark mean
free path 5/7, and noting that we are interested in the
case where my > T, we see that the mean free path for
Vi + Vg transitions will be greater than about 4000/T,
and so will be out of equilibrium within the bubble wall.
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