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Resonant amplification of electroweak baryogenesis at preheating

J. M. Cornwall, D. Grigoriev,* and A. Kusenko†
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~Received 13 June 2001; published 27 November 2001!

We explore viable scenarios for parametric resonant amplification of electroweak~EW! gauge fields and the
Chern-Simons number during preheating, leading to baryogenesis at the EW scale. In this class of scenarios
time-dependent classical EW gauge fields, essentially spatially homogeneous on the horizon scales, carry the
Chern-Simons number which can be amplified by parametric resonance up to magnitudes at which unsup-
pressed topological transitions in the Higgs sector become possible. Baryon number nonconservation associ-
ated with the gauge sector and the highly non-equilibrium nature of preheating allow for efficient baryogenesis.
The requisite largeCP violation can arise either from the time dependence of a slowly varying Higgs field
~spontaneous baryogenesis! or from a resonant amplification ofCP violation induced in the gauge sector
through loops. We identify severalCP-violating operators in the standard model and its minimal extensions
that can facilitate efficient baryogenesis at preheating, and we show how to overcome would-be exponential
suppression of baryogenesis associated with tunneling barriers.
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I. INTRODUCTION

Parametric resonance coupling of the oscillating infla
to standard model fields@1# offers new dynamical mecha
nisms for various early-universe phenomena. One interes
scenario@2–4# adjusts inflaton parameters1 so that reheating
does not heat the universe to a temperature above the
troweak ~EW! crossover temperatureTc . This means that
sphaleron transitions are frozen out and thatB1L created
before reheating will not be washed out.

The early attempts@6,7# to createB1L solely through
standard model effects suffered from the fact that if the o
source of CP violation is in the Cabibbo-Kobayash
Maskawa~CKM! matrix, it would lead to far too small a
value ofB1L, and from the need for a first-order EW pha
transition to drive out-of-equilibrium effects. This first-ord
transition seems to be ruled out by current lower limits
the Higgs boson mass of around 110 GeV. So it might app
that EW baryogenesis is unattractive. However, with the s
gestion of EW preheating and the accompanying parame
resonances, it has become interesting to look at EW ba
genesis in a different way.

This was done in a recent paper@8#, where two of us
showed that EW parametric resonance, with the Higgs fi
oscillating because of its coupling to the oscillating inflato
could amplify CP-violating seed values of the EW gaug
potential in anansatzwhere this gauge potential was sp
tially homogeneous~out to the horizon! but time dependent

*On leave of absence from Institute for Nuclear Research of R
sian Academy of Sciences. Present address: Dept. of Mathema
Physics, National University of Ireland, Maynooth, Co. Kildar
Ireland.

†Also at RIKEN BNL Research Center, Brookhaven Nation
Laboratory, Upton, NY 11973.

1The consistency of low-scale inflation with primordial dens
perturbations has been shown by Germa´n et al. @5#.
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The CP violation was manifested as a homogeneous cla
cal ‘‘condensate’’ of the Chern-Simons number or equiv
lently of B1L ~through the EW anomaly!. The scenario of
@8# had several shortcomings.

~1! CP violation only occurred because ofCP-violating
initial values for the gauge potential, not because of a
explicit CP violation in the gauge equations of motion.

~2! The Higgs field oscillations were considered as give
so that no~classical! backreaction of the gauge fields on th
Higgs field was considered.

~3! No plausible scenario was suggested for the perm
nent conversion of Chern-Simons number to actual bary
and leptons; once parametric resonance driving ended
would be possible for the homogeneous Chern-Simons c
densate to dissipate. The actual formation of baryons
leptons requires the development of spatial inhomogenei
rather similar to sphalerons; one might term this proc
sphalerization.

In the present work we extend the considerations of@8# to
deal, at least partially, with these three shortcomings.

First, we introduce explicitCP violation2 in the EW
gauge plus Higgs equations of motion. ThisCP violation
comes from coupling ofCP-violating effects to the EW
gauge fields through loops, typically quark loops. We expl
two cases; in one, there is out-of-equilibrium strongCP vio-
lation as evidenced by anh8 field slowly ~on EW time
scales! rolling in a standard QCD potential with zerou angle
~so that there is no strongCP violation when theh8 field is
in equilibrium!. In the other, we invoke spontaneously br
ken CP in multi-Higgs models @10#, again, out of

s-
cal

l

2TheCP-violating terms used here are similar to those invoked
spontaneous baryogenesis but represent couplings to the gaug
tor; see@9# and references therein. We do not require a first-or
phase transition, as commonly invoked in spontaneous baryo
esis. For a version of spontaneous baryogenesis in the present
text, see Sec. II below.
©2001 The American Physical Society18-1
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equilibrium.3 Note that it is not easy to rule out th
CP-violating operators we use by present-day experime
results on CP violation, since in our scenario th
CP-violating effects are far from their equilibrium values.

Second, we study the combined gauge field–Higgs c
sical equations, extending the previousansatzto include a
spatially homogeneous time-dependent Higgs field. The c
sical backreaction of the gauge potential on the Higgs fi
can drive the Higgs field into oscillating through ze
vacuum expectation value~VEV! rather than staying near
broken-symmetry minimum. This is important for sphale
ization.

Third, in the final section of the paper we make som
remarks about the dynamics of sphalerization. This is a tr
difficult dynamical problem, requiring extensive numeric
investigation, and we barely scratch the surface here. A
from brute-force computation, not attempted here, there
several avenues to explore for guidance, including sim
effective-temperature arguments previously used in conn
tion with EW preheating@1,3,4#; numerical studies of the
(111)-dimensional Abelian Higgs model@3,4,11#; and ap-
proximate but useful tools for an analysis based on to
developed for understanding the possibility ofB1L viola-
tion in high-energy two-particle collisions~see, e.g.,@12#!. A
major obstacle to the analysis is that mere production of
Chern-Simons number is not enough to produce baryons
Chern-Simons number must be converted into bary
through the medium of formation of Higgs winding numb
Nwind . Using simple topological arguments, we construc
model for the energy profile of the system which illustra
the issues involved. With the simplification of using an e
fective temperature we estimate baryoproduction for an a
trary time dependence of the topological transition rate
show how wash-out—fermionic backreaction leading to d
sipation of the newly created baryons and leptons—can
taken into account. Finally we attempt an alternative
effective-temperature considerations by extending some
proximate techniques used long ago to examine the poss
ity of B1L violation in two-particle collisions.

The upshot of these considerations is that there are at
two possibilities for conversion of the Chern-Simons num
to baryons which do not suffer from the exponential suppr
sion of tunneling. In the first, various effects~such as gauge
backreaction on the Higgs field! may cause the Higgs VEV
v(t) to oscillate through zero during or immediately aft
preheating, allowing unsuppressed transitions~the sphaleron
massMS;v/g vanishes!. In the second, formation of spatia
structures on various scales may allow for baryon format
to proceed at energies above barrier heights even ifv is near
its usual broken-symmetry value. In this case, there is a
lation between the size of the structure, the energy of
structure, and the Chern-Simons density, which we exp
with a relatively crude but qualitatively satisfactory model

3These multi-Higgs models are not realistic forCP violation in

the K2K̄ system, but they could still play a central role in bary
genesis; note that in general our scenarios for baryogenesis inv
CP violation which is far from the equilibrium values seen toda
12351
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the topological charge barrier factor as a function of ene
and size. We argue that as various spatial scales arise
grow during preheating and the Chern-Simons conden
becomes inhomogeneous, it is possible to have conversio
the Chern-Simons number to actual baryons~and leptons,
which we ignore in this paper! which is not only unsup-
pressed with regard to topological charge tunneling, bu
also not exponentially suppressed by poor overlap betw
initial and final states. This is an important point. About
decade ago, it was suggested that EW collisions of two p
ticles yielding anN-particle final state at energiesE>MS

large enough to overcome the barrier height and withN
;4p/g2, could lead to unsuppressedB1L production~see,
e.g.,@12# for a contemporaneous collection of papers on
subject!. But others~including Bankset al. @12# and Corn-
wall @12,13#! pointed out that the poor overlap between t
initial and final states led to exponential suppression anyh
with a barrier which was a finite fraction of the canonical
Hooft barrier. The suppression mechanism had actually b
proposed earlier by Drukier and Nussinov@14# to show that
production of solitons such as the sphaleron in two-part
collisions was exponentially suppressed.

In the present case, the initial state for baryogenesis is
a two-particle plane-wave state, but a Chern-Simons cond
sate which is largely homogeneous and on which vari
spatial ripples are growing, as suggested in@8#; when the
gauge potential grows to be of orderm/g, the spatial growth
rate is of orderm. We show that this sort of condensate c
have good overlap with baryonic final states~as connected
via the EW anomaly! at certain spatial scales under the sa
circumstances~generally high enough energy! where the to-
pological barrier is gone. These spatial scales, to no o
surprise, are aroundm21 at energies near the sphalero
mass. Of course, if the Higgs VEVv is rather small, the
corresponding spatial scale grows larger and the energy s
grows smaller. We show that if this second mechanism
avoid suppression is to work whenm is near its vacuum
value, the original spatially homogeneous Chern-Simo
condensate must have a density of order 102221023 units of
topological charge in a volumem23. Such values are indee
reached in numerical simulations~this paper and Ref.@8#!.

We cannot, with these crude approaches, begin to quan
the number of baryons produced. All we can say is that
number of baryons is essentially linear in the strength of
CP-violating operators we discuss, and that we are
aware of any experimental limits which would lead
strengths too small to produce the observed number of b
ons, provided that the baryogenesis process is not expo
tially suppressed and that further baryon washout at reh
ing is not strong. Given the results of this paper, t
unexplored rate-limiting step for baryogenesis is the grow
of perturbations at various spatial scales.

For some simple versions of the models we study it
possible to do some approximate analysis of growth of
Chern-Simons number in the spatially homogeneous ph
Generally we find that adding explicitCP violation to the
gauge equations of motion leads, as expected, to secular~that
is, not oscillating with the inflaton or Higgs boson!

lve
8-2
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CP-violating terms in the gauge potential and Chern-Simo
density. If the explicitCP violation is correlated on super
Hubble scales, as might be expected following inflation a
which we will assume for this paper, the secular average
also be correlated on super-Hubble scales even though in
values of the gauge potentials might be random from
Hubble domain to the next. Without explicitCP violation in
the equations of motion,CP violation can only come from
CP-violating initial values of the EW gauge fields; if~as
mentioned in@8#! these are random from one Hubble volum
to the next and on the averageCP-symmetric, the baryon
number averaged over the whole universe will be zero
fluctuations will be too small by the usual factor of 1/AN,
where N is the number of Hubble volumes.~Of course,
CP-violating effects before preheating can be correlated
super-Hubble scales, so that there can be a secular ave
with no explicit CP violation in the equations of motion.!
We offer one model, somewhat resembling a Brown
ratchet@15#, in which the secular Chern-Simons average
pends not only on the sign of the explicitCP violation ~as-
sumed to have super-Hubble correlations! but also on the
sign of initial conditions, which we could assume as rand
and uncorrelated. Nonetheless, this model leads to a so
secular Chern-Simons average, since resonant growth
occur only for one sign of initial-condition parameters; ot
erwise, there is damping. In this model, however, the sec
average itself wanders slowly on a long time scale and c
sequently is somewhat inefficient. We also offer other m
els in which the secular Chern-Simons sign depends only
the sign of the explicitCP-violating term in the equation o
motion; these lead to a Chern-Simons condensate of un
sign across the universe.

We will give a few examples of numerical simulation
making no attempt to cover the possible range of initial c
ditions and models. The examples are chosen to illust
strong resonance and hence strong amplification ofCP vio-
lation; in effect, this means that the EW gauge potent
become of order the vacuum Higgs VEVv and the Chern-
Simons density grows to orderm3/8p2. In strong resonance
these final values are essentially independent of the in
values; only the time needed to reach the final val
changes with initial conditions. With no resonance there
little or no amplification, and~in our scenarios! far too few
baryons would be produced. We are in no position to
what ‘‘final’’ values of the Chern-Simons condensate a
needed to produce today’sB1L values, since our under
standing of the conversion of the Chern-Simons numbe
B1L in this very non-equilibrium process is still quit
primitive.

Our general conclusions are that while there are still m
unknowns, involving both parameters ofCP-violating phys-
ics and unsolved dynamics, we know of nothing whi
would rule out generation of the observed number of bary
in the universe today in this EW preheating scenario.

Other points of view@1–3,16# have been expressed co
cerning the mechanisms at work during EW preheating,
cluding the invocation of approximate thermalization
long-wavelength gauge boson modes at an effective temp
ture much larger than the eventual reheat temperature, so
12351
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EW symmetry is effectively restored, and more or less ge
ine thermalization of shorter wavelengths. Without furth
numerical simulations it is impossible for us to say how su
ideas compare to what we suggest here, which is base
ultimate conversion of a spatially homogeneous Che
Simons condensate@8# to a condensate more resemblin
sphalerons.

There is one numerical lattice simulation@17# of the full
d5311 Higgs-gauge system which does not show a
secular growth of the Chern-Simons number, which inste
decays to near zero. For technical reasons these author
not includeCP-violating terms in the gauge equations
motion. As we show here, such terms are important to es
lish a long-term Chern-Simons condensate, which may
dergo sphalerization and conversion to baryons.

II. SPONTANEOUS BARYOGENESIS AT PREHEATING

Biasing the baryon asymmetry through an effecti
chemical potential can be achieved in a model with t
Higgs doublets in what is known asspontaneous
baryogenesis.4 Cohen, Kaplan, and Nelson@7,9# proposed
that the effective T-reversal asymmetry may come from
time dependence in the solution for the Higgs field. Th
scenario used the variation of the Higgs field inside a wal
a bubble formed in a first-order phase transition. A simi
effect can occur at preheating uniformly in space, on
horizon scales. We will discuss this scenario on an exam
of a two-doublet model.

The Higgs potential in a general model with two double
H1 andH2, has a form

V~H1 ,H2!5l1~H1
†H12v1

2!21l2~H2
†H22v2

2!21l3@~H1
†H1

2v1
2!1~H2

†H22v2
2!#21l4@~H1

†H1!~H2
†H2!

2~H1
†H2!~H2

†H1!#1l5@Re~H1
†H2!

2v1v2 cosj#21l6@ Im~H1
†H2!2v1v2 sinj#2.

~1!

At finite temperature, alllk and v i receive thermal correc
tions and depend on the temperature.

During preheating the Higgs fields move along some cl
sical trajectory

Hi5r i~ t !eiu i (t) ~2!

that satisfies the equations of motion

ü i13hu̇ i1
ṙ i

r i
1r i

21 ]V

]u i
50,

r̈ i13hṙ i2 u̇ i
2r i1

]V

]r i
50, ~3!

4For numerical simulations of baryogenesis in two Higgs mod
see@18#.
8-3
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whereh is the Hubble constant. The term (]V/]u i) is non-
vanishing as long as there is a mixing between the Hi
bosons; this term is periodic inu i .

In the course of reheating, fermions are created an
thermal equilibrium is achieved at some temperatureTR
,100 GeV, low enough to prevent any sphaleron tran
tions. The Higgs fields change from their zero-temperat
values at the end of inflation to some temperature-depen
VEV,

at T50, r i5v i ; ~4!

at T5TR , r i5v i~TR!. ~5!

At the same time, the phaseu also changes

u~0![u1~0!2u2~0!5j, ~6!

u~TR![u1~TR!2u2~TR!5j~TR!. ~7!

The time derivative ofu serves as a chemical potential f
the baryon number@9,19# because of an effective coupling

~]0u! j
Y

0 ~8!

that appears in the Lagrangian after the time-depend
phase is eliminated from the Yukawa couplings. Herej

Y

m

5mtc̄gmc1 . . . is the fermionic current.
If the gauge fields grow in resonance as described in R

@8#, but the Higgs fields are out of resonance, theṙ/r term in
Eq. ~3! can be neglected. The equation allows for a slow
varying solutionū(t) that interpolates betweenu5j and u
5j(TR). Since the Chern-Simon number violating proces
in the gauge sector are very rapid on the time scale of t
malization, the fermions produced during reheating will ha
time to equilibrate to the minimum of free energy when
thermal distribution is ultimately achieved. The effecti
chemical potentialmB is proportional tou̇, and the equilib-
rium value of baryon asymmetry is

nB;^u̇&S ytv~TR!

TR
D 2

TR
2;

j

tR
S ytv~TR!

TR
D 2

TR
2

;10210TR
3 S 1025tH

tR
D , ~9!

wheretR is the time of reheating andtH is the Hubble time at
the electroweak scale,yt is the top Yukawa coupling, and
v(T) is the Higgs VEV. ForTR<70 GeV, there is no wash
out of the baryon number by thermal sphalerons. The
quired baryon asymmetry, 10210, can be achieved in this
scenario if the reheat time is 1025 the Hubble time. The
reheat time is usually much shorter than the Hubble tim
and the requisite ratio 1025 can be achieved in a realisti
model.

The difference with the scenario proposed by Cohen,
plan and Nelson~CKN! @9# is that in our caseCP violation
occurs homogeneously in space, as opposed to in a bu
wall. In addition, the final prediction for baryon asymmet
12351
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in the CKN scenario was very far from the equilibrium valu
~9! because the sphaleron rate was slow on the time sc
associated with the growth of the bubble. In our caseu
changes slowly in time while the baryon number no
conservation is rapid. This allows a slow adiabatic adju
ment of the baryon number to that which minimizes the fr
energy.

III. CP-VIOLATING OPERATORS AND COUPLING
TO THE EW GAUGE FIELDS

In this section we describe some models of paramet
resonance-enhancedCP and B1L violation which are~at
least immediately following inflation! spatially homogeneous
over each Hubble volume, but not fully correlated ov
super-horizon regions. These models evade, in various w
the usual problem thatB1L generation in any one Hubbl
volume is completely uncorrelated to neighboring Hubb
volumes. In these models there is one or more feature wh
is totally correlated~because of inflation!, typically the infla-
ton VEV or the time-dependent part of Higgs VEVs
driven by coupling to the inflaton. But other features, such
initial values of other fields, may be totally uncorrelate
from one Hubble volume to the next. Unlike the earlier stu
@8# explicit CP violation is built in to the gauge-field equa
tions of motion rather than just into initial values; thisCP
bias can overcome randomness due to initial values an
stochastic behavior of the solutions to the equations of m
tion.

The CP-violating terms come from various highe
dimensional operators which can be generated from str
CP violation or from multi-Higgs models showing sponta
neousCP violation @10#. The coupling strengths of suc
CP-violating operators need not be small, since in the ea
universe strongCP violation can be very much out of equ
librium. Generally the higher-dimension operators com
from fermion loops; in the kinematic situation of the prese
paper, there is no way for a purely bosonic system of ga
fields, inflaton, and Higgs bosons to lead toCP-violating
terms in the gauge equations of motion. We will only co
siderlocal CP-violating terms, which would be appropriat
at the beginning of pre-heating when the universe is v
cold; in principle, modifications of locality can occur whe
the time dependence of various quantities begins to probe
fermion loops carrying theCP violation. We will not con-
sider that case here.

There are two genericCP-violating operators which we
will consider. The first is of the form

kF Tr GmnG̃mn ~10!

whereG̃ is the dual field strength for the EWSU(2) group,5

F(x) is a ~possibly composite! gauge-singlet field andk a
coupling strength with dimensions of mass to some nega

5We ignore hypercharge couplings in this paper. A factor of
gauge couplingg is included in our definition of EW potential an
field strength.
8-4
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RESONANT AMPLIFICATION OF ELECTROWEAK . . . PHYSICAL REVIEW D64 123518
power ~depending onF). As usual, integration by parts o
Eq. ~10! shows that the action can contribute to the gau
field equations of motion only ifF has a non-trivial depen
dence onx; we will seek for this dependence in out-o
equilibrium oscillations of the inflaton or other fields. W
note that coupling of the form~10! as a source for topologi
cal number density has been considered in a model wi
cosmological pseudoscalar field coupled to hypercharge@20#.

Another possibility is

k8F Tr GmnGnaG̃am . ~11!

In this case, it is not required that there be any extra fi
F(x), since the operator in Eq.~11! is not a total divergence
Nonetheless we include it, since there are terms in the ga
field part of Eq.~11! which are total divergences and whic
could be important.

When the action constructed from operators of the ty
~10! and~11! is added to the EW gauge action and the Hig
equation of motion is added, the dynamics studied in@8# are
modified. We discuss the new equations of motion followi
some brief remarks on the physics behind the operator
Eq. ~10!. As for the higher-dimension operator in Eq.~11!, it
is to be expected at some level whenever the low
dimension operator in Eq.~10! appears.

IV. CP-VIOLATING PHYSICS

The CP-violating physics we are concerned with ma
come from out-of-equilibrium strongCP violation, fromCP
violation in the Higgs sector~with two or more Higgs fields!,
or from other causes.~Note that CKM phase effects are n
strong enough to driveCP violation in the standard model.!
We will discuss the first two explicitly.

A. A model with strong CP violation

Consider theCP-violating operator of Eq.~10!, which has
a typical axionic form, although we do not associate the fi
F with an axion. We assume that previous physics associ
with earlier times has left a universe which has substan
strong CP violation in the QCD sector. As a prototypica
example, consider theh8 field, which is coupled to the QCD
quark anomaly and to the gluonic topological charge dens
This coupling to quarks is of the usual form

Mqq̄ expF ig5h8

Fh8
Gq ~12!

~with suitable but irrelevant normalization ofFh8), showing
thath8/Fh8 is an angle with period 2p. The potential energy
of the h8 field comes from Eq.~12! and from coupling to
gluons; the latter must reflect the Witten-Veneziano@21# re-
lation and other requirements related to theu-angle depen-
dence of QCD. The result is the standard form

V~h8!5minj«QCDcosF 1

Nc
~u12p j 1h8/Fh8!G ~13!
12351
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where j 50,1,2, Nc53 is the number of colors,u is the
usual QCD vacuum angle,«QCD is the QCD gluonic vacuum
energy density («QCD.gs

2^Tr Gs
2& in terms of the strong cou

pling gs and field strengthGs ; note that«QCD,0 with our
conventions using anti-Hermitian gauge fields!. To be spe-
cific, let us suppose that the vacuum angle is zero and
h8/Fh8 is small enough so that we need consider only
j 50 sector explicitly. Now suppose that through the ope
tion of some early-universe physics the fieldh8 deviates sub-
stantially from its equilibrium value of zero. Furthermor
this deviation, because of inflation, is~roughly! the same
across the entire universe. Just as the inflaton does, thh8
field will begin to roll toward its equilibrium value~at which
point strongCP violation is absent or small! on a QCD time
scale;GeV21, a time scale long compared to all other tim
scales in the problem. Theh8 field couples to the EW fields
Gmn through, e.g., quark loops, yielding an effective co
pling

kQCDh8
1

32p2
Tr GmnG̃mn. ~14!

It is straightforward to check thatkQCD
21 is of order a QCD

massM of 1 GeV or so. The coupling to the EW potentialf
requires an integration by parts, yielding a term in the act
;kQCDḣ8f3, where f is a constituent of the EW gaug
potential@see Eq.~21!#.

It might also happen that the fieldF coupled to the topo-
logical charge density oscillates at the inflaton rate, beca
of Higgs couplings to the inflaton. For example, with th
notationH for an electroweak Higgs field doublet, some u
specified physics may lead to an action of the type of E
~10!

k
g2

16p2E d4xH†H Tr GmnG̃mn ~15!

where the fieldF5H†H oscillates at inflaton rate scales b
cause the Higgs field is coupled to the inflaton.

B. CP violation in a multi-Higgs sector

Since we are in no position to be very specific aboutCP
violation in the early universe, we will illustrate the conce
by using a model~Lee in @10#! which cannot account for al
CP violation observed in theK2K̄ system, but which can
nevertheless represent an additional source ofCP violation
in the early universe. In this model there are two Higgs do
bletsH1 ,H2, and the potential is chosen so that even thou
all couplings are real, theH2 VEV is complex and of the
form

^H2&5S 0

v2eiuD ~16!

with real positivev2. The phase angleu arises from terms in
the Higgs potential of the form
8-5



g
e

es
p

th
n
ng
a

is

gi-
ons

n-

-

tial
-

r the
at
cy

on
the
EW
king

ch
y-

us-
me

ould

J. M. CORNWALL, D. GRIGORIEV, AND A. KUSENKO PHYSICAL REVIEW D64 123518
V5H1
†H2~DH1

†H21EH1
†H1!1H.c.1 . . . ~17!

which can be rewritten to show terms involving cosu

V52Dv1
2v2

2S cosu1
Ev1

4Dv2
D 2

1 . . . . ~18!

Recall that the essence of the EW-scale pre-heatin
coupling of the inflaton to the EW Higgs fields. In this cas
we invoke ~for no deep physics reasons! a coupling of the
form

Gs2H1
†H21H.c.;v1v2s2 cosu, ~19!

assuming for simplicity that the couplingG is real. Once
pre-heating sets in and the inflatons(t) begins oscillating,
the angleu also begins to oscillate.

The CP violation is coupled throughSU(2) fermions to
the EW gauge fields, and one readily checks that the low
order fermion loop graph gives rise to a coupling of the ty
in Eq. ~10! which is proportional6 to v1v2 sinu. The oscilla-
tions of u then give rise to a non-trivial coupling to the EW
gauge fieldf.

V. CP-VIOLATING EQUATIONS OF MOTION

There are several possibilities forCP-violating terms in
the equations of motion, depending, for example, on whe
the fieldF(x) in Eq. ~10! oscillates at the inflaton oscillatio
frequency or at a much lower frequency. Before writi
down these terms we set the notation by giving the stand
model action for the gauge and Higgs fields, including
coupling of the Higgs field to the inflaton fields ~but not
writing other inflaton terms!:

S5E d4xF 1

2g2
Tr GmnGmn1DmH†DmH2lS H†H2

1

2
v2D 2

2G2s2H†HG . ~20!

We use, as before@8#, the followingansatzfor the EW gauge
potential, which isg times the canonical potential and
written in anti-Hermitian matrix form~so that Dm5]m
1Am):

A050; Aj5S t j

2i Df~ t !, ~21!

with corresponding electric and magnetic fields

Ej[G0 j5S t j

2i D ḟ, Bj[
1

2
e jklGkl5S t j

2i Df2. ~22!

6The Higgs fields change left fermions to right, so bothH1 andH2

must act.
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For the Higgs fieldH we use the standard model form7

^H&5S 0

v~ t !/A2
D . ~23!

Evidently the topological charge density goes likeḟf2,
which is, as it must be, a total time derivative. The topolo
cal charge density is the time derivative of the Chern-Sim
densityn

CS

n
CS

5
f3

8p2
. ~24!

The gauge and Higgs equations will be written in no
dimensional form, where the time variable is replaced bymt,
the gauge fieldf is replaced byf/m, and the Higgs fieldv
is replaced byv/v0. Herem5v0g/2 is the vacuumW-boson
mass in terms of the standard Higgs VEVv0. The resulting8

equations are

f̈12f31v2f1@CP2violating term#50 ~25!

and

v̈1
3

4
f2v1S MH

2

2m2D v~v221!1S G2s2

m2 D v50 ~26!

whereMH5v0A2l is the Higgs mass. An important prop
erty of Eq. ~26! is that if large~order one! values off are
reached by resonant amplification, the Higgs boson poten
is strongly modified andv can approach the symmetry
restoring value of zero.

There are, as discussed above, several possibilities fo
CP-violating term. In these equations we will assume th
the inflaton is oscillating sinusoidally at a physical frequen
v, corresponding to a dimensionless frequencyr /2,

s5s0 cosS rt

2 D , v5
rm

2
. ~27!

Previously instead of using the Higgs equation of moti
~26! the Higgs boson potential was set to zero, on
grounds that inflation stops, preheating starts, and the
sector begins to undergo spontaneous symmetry brea
when the inflaton field reaches the critical valuesc

sc5
MH

GA2
. ~28!

7The form of Eq.~23! does not contain Goldstone modes, whi
contain vital topological information during actual creation of bar
ons; we will discuss these effects in a later section.

8In these equations we ignore Hubble damping, which is min
cule, and damping by decay into fermions, which may have so
importance at long time scales where other effects we ignore c
also be important.
8-6
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This led to

v25112e12e cosrt , e[
2s0

2

4sc
2

. ~29!

Under the assumption thate is small,9 so that it can be ig-
nored compared to unity in the constant term in Eq.~29!, the
gauge equation of motion became@8#

f̈12f31~11e cosrt !f50. ~30!

Note that there is noCP violation in Eq. ~30!, since for
any solutionf(t) there is another solution2f(t). CP vio-
lation can only come from initial values which favor on
sign or the other of theCP-odd field f. The modifications
we address in Sec. V A add terms even inf to the equations
of motion, which therefore will have a built-inCP bias. And
when we come to numerical analysis in Sec. V, we will u
Eqs. ~25! and ~26! instead of the simplified form 1
1e cosrt in Eq. ~30!.

A. CP violation at the inflaton oscillation rate

Before studying the complications of the combin
Higgs-gauge equations~25! and ~26! which can really only
be handled numerically, we will look at addingCP-violating
terms to the simplified gauge dynamics of Eq.~30!. This
allows a certain amount of approximate analysis, similar
that used in the Mathieu equation, to be done.

Using the Higgs boson dependence on time as show
Eq. ~29! and integrating by parts in the action of Eq.~15!
gives rise to an action of the form*f3 sinvt. We add the
appropriate contribution to Eq.~30! leading to the modified
~and explicitlyCP-violating! equation:

f̈12f31df2 sinrt 1~11e cosrt !f50. ~31!

In this equation the parameterd is proportional tokevv0
2.

Note that iff(t) is the solution to Eq.~31!, then2f(t) is
the solution to this equation whend is changed in sign.

Without the df2 term the equation of motion is esse
tially a Laméequation, as discussed in@8#. But with this term
added we know of no way of reducing the equation of m
tion to an explicitly soluble form. The major feature of th
modified equation can be found by a standard Mathieu-
analysis, assuming thatf has the form

f~ t !5a~ t !cos~rt /2!1b~ t !sin~rt /2!1c~ t ! ~32!

and assuming thata,b,c vary slowly on the time scale o
oscillations. The new feature here is the presence of the s
lar termc, which is unnecessary when thedf2 term is miss-
ing in Eq. ~31!. By ignoring all terms oscillating faster tha
the half-frequencyr /2 one then finds

9It is useful for approximate analysis to take the parametere to be
small, but it can be of order unity in actuality.
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4
1

e

2
212

3

2
~a21b2!G2dac,

052rḃ1aF r 2

4
2

e

2
212

3

2
~a21b2!G2dbc,

~33!

c5
2dab

113~a21b2!
.

Note that since bothd and c are proportional to the
parametric-resonance parametere, the new@last terms on the
right-hand side of Eq.~33!# contributions are of ordere2.
The formal analysis is done in powers ofe, which we there-
fore assume to be small. Then in Eq.~33! the equations fora
andb are, to ordere, the same as without thed term, and the
secular termc is driven by the unperturbed values ofa,b.
These show standard Mathieu behavior of the form expmt
with

m56
1

2r
@e22~r 224!#1/2 ~34!

~where we ignore temporarily non-linearities in the equ
tions!. Sincee is small, the value ofr must be nearly two for
m to be real and resonant amplification to take place, wh
is to say thatm scales linearly withe.

In studying the original equation with nod term but re-
taining the cubic non-linearity@8#, it was shown that the
quantity a21b2 obeyed a certain equation which reveal
the conditions under which growth rather than damp
~negativem) occurred. With thed term added, this equation
is

d

dt
~a21b2!5

22eab

r
2

2d2ab~a22b2!

113~a21b2!
. ~35!

The second term on the right of Eq.~35! is of higher order
and can be neglected, and then the conclusion is the sam
before: Growth is only possible ifab is positive~for negative
e); otherwise there is damping.@When a,b are small, their
growth leads to growth of the secular termc, at twice the rate
of growth of a or b; see Eq.~33!.#

Writing

a5A cosC, b52A sinC ~36!

with positive amplitudeA, Ref. @8# showed from Eq.~35!
that

A5A0 expE
0

t

dt8
e

2r
sin 2C~ t8! ~37!

with an accompanying equation for the angleC showing that
it varied on thee rate scale, that is, slowly. EventuallyC
becomes large enough so that the productab changes sign
and growth turns into damping, or vice versa.
8-7
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What is happening to the Chern-Simons number in t
model? The Chern-Simons number density is justf3/8p2,
and in the case where theCP-violating term proportional to
d is absent, as is the secular termc, this quantity is purely
oscillatory and has no appreciable long-term average or
ferred sign. But things are different withdÞ0; the secular
average of the Chern-Simons density is

K f3

8p2L 5
3

16p2
cA2. ~38!

Note that the sign of the Chern-Simons density is contro
by the sign of the secular termc. Under the usual assumptio
that the inflaton~and therefore the Higgs! field is correlated
across the entire universe, because of inflation, the signd
is also correlated across the universe and by Eq.~33! the sign
of c depends on the sign of the productab, which may differ
in each Hubble volume. But by Eq.~35! growth only occurs
when this product is positive~since e is negative!, even
thougha,b may separately be random in each Hubble v
ume. Of course, only those Hubble volumes where gro
actually takes place have appreciable Chern-Simons de
and in each of these volumes the sign of the Chern-Sim
density is the same. There are Hubble volumes with Che
Simons density of the opposite sign, but in them there is
growth and this density is small. The result is that at least
a while the entire universe has an average Chern-Sim
density of fixed sign, the same in each Hubble volume, e
though the initial values of gauge potentials may be rand
in each Hubble volume.

Numerical simulations discussed below show that on ti
scales of ordere21 the secular average can change si
since on such time scales the productab can also change
sign. This may lead to relatively small Chern-Simons co
densate values even in strong resonance.

We cannot yet say how small or large this condens
value must be, in order to reproduce the observed valu
B1L, or of the baryon-photon ratio. The smallness of t
baryon-photon ratio must come, in our models, from a co
bination of the smallness ofCP-violating parameters~such
as occur in Higgs potentials!, dynamical effects during pre
heating such as mentioned above, and sphaleron was
after pre-heating.

B. Equations of motion with strong CP violation

Since theh8 field potential in Eq.~13! is determined by
QCD parameters it is rolling very slowly on EW time scal
and we can replace the time derivative ofh8 by a term of
orderMh8, whereM is a typical QCD mass, and ultimatel
~after rescaling time and the EW potentialf as before! come
to anotherCP-violating f equation of the form

f̈12f31d8f21~11e cosrt !f50. ~39!

Here the parameterd8 is of orderM /m, the ratio of QCD and
EW scales, or perhaps 1022.

As before, we must add a secular termc to the usual
Mathieuansatzof Eq. ~32!. Equations~33! are changed; the
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equations of motion fora,b are the same as with noCP
violation @that is, setd50 in the first two equations of~33!#
while the equation forc becomes

c5
2d8~a21b2!

2@113~a21b2!#
. ~40!

Provided that~as we have already assumed! d8 is roughly the
same in all Hubble volumes, so is the sign ofc, and so the
Chern-Simons numbers in all Hubble volumes add with
same sign.

C. Higher-derivative CP violation

We briefly consider here the consequences of adding
higher-derivativeCP violation of Eq. ~11!. It is readily
checked that this term yields actions;*F(ḟ3) and
;Ff4ḟ; the latter is integrated by parts to;Ḣf5. So to the
original equations of motion we must add terms of the fo

Ḟf4; 23~ Ḟḟ212Fḟf̈ !. ~41!

These can, as discussed in connection with the nume
studies reported below, have dramatic effects because o
appearance of derivatives off.

VI. NUMERICAL STUDIES

The range of parameter space is vast, and cannot be
ered in depth here. We give several examples illustrat
most of the effects discussed above. In these examples
will use the following values of parameters unless otherw
specified:

~1! Gauge initial values:f(0)50.01; ḟ(0)50.01.
~2! Higgs initial values:v(0)50.5; v̇(0)50.5.
~3! Epsilon parameter10 e50.5.
~4! MH

2 /2m251.5 ~corresponding to a Higgs boson ma
of about 140 GeV!.

~5! Resonance parameterr 52.2.
Other parameters will be specified as needed. Note

for this standard set of parameters the Higgs field is far fr
equilibrium; below we give numerics for initial values star
ing rather close to equilibrium.

A. Sinusoidal CP violation with gauge backreaction

Gauge backreaction is described by Eqs.~25! and~26!, to
which we will add appropriateCP-violating terms. One of
the most important features of this gauge backreaction is
it can help facilitate rapid Higgs transition throughv50,
which removes the sphaleron barrier and makes bary
from the Chern-Simons number. The equations to be stud
numerically here are Eq.~26! plus a gauge equation with
sinusoidalCP-violating term:

10We choosee positive for the simulations; this makes no diffe
ence to the ultimate interpretation of the numbers.
8-8
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FIG. 1. These figures show the behavior of the dimensionless gauge potentialf, Higgs VEV v, Chern-Simons densityn[n
CS

, and the
running average of the Chern-Simons density^n&[^n

CS
& for the conditions of Sec. VI A.
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f̈12f31v2f1df2 sinrt 50. ~42!

The initial conditions are as given at the beginning of t
section, except thatḟ(0)520.01; also,d50.51. This value
of d is not necessarily realistic, but in generalCP-violating
quantities scale linearly ind. The change of sign is done i
order to get on the positive-e growth curve of the parametric
resonance instability of the simplified version of the gau
equation of motion, given in Eq.~31!. Figure 1 shows the
results forf, v, Chern-Simons densityn

CS
, and the running

averagê n
CS

& of the Chern-Simons density, defined as

^n
CS

&5
1

t E0

t

dt8n
CS

~ t8!. ~43!

There is no particular physical significance to the runn
average, but it is more convenient to display than the tim
integrated Chern-Simons number, which covers too larg
range to be displayed legibly. More to the point is a sim
time integral ofn

CS
such as emerges from the dynamics, as

Eq. ~60! below; this is 600 times the running average at
end of the time period simulated.

One notes that in the present model the running aver
^n

CS
& itself changes sign from time to time on a long tim

scale, as would be expected from the analysis of Sec. V
So this model is not a particularly efficient way of generati
B1L even in strong resonance. On the other hand, just h
large a long-term Chern-Simons condensate needs to b
generate the observedB1L is not known, so this may o
may not be a drawback.
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B. Constant CP violation with gauge backreaction

In the present example we modify Eq.~25! by adding a
quadraticCP-violating term with constant coefficient, as dis
cussed in Sec. V B

f̈12f31v2f1wf250. ~44!

We will take w50.5 for the numerical example. This is un
realistically large, but it makes it easier to see what is h
pening. Generally speaking, the long-term average Ch
Simons density is proportional tow; for example, as in the
simplified analysis~with no gauge back-reaction! leading to
Eqs.~38! and ~40! which gives

^n
CS

&52
1

16p2 w^f2& ~45!

or ^n
CS

&;20.0008 for Figs. 2 and 3.

Figure 2 shows the time history off, v, the Chern-
Simons densityn

CS
, and the running average^n

CS
& for initial

Higgs boson values which are far from equilibrium. The i
tegrated Chern-Simons number is of order 0.1 for
CP-violating strength of order unity, and so might be
order 1024 for more realisticCP-violating amplitudesw of
order 1023. This leaves room for inefficiencies in generatin
B1L from the Chern-Simons number, washout ofB1L, and
other dynamical effects to reduce the baryon number to
actual level of perhaps 10210. And, of course, there is no
reason to believe that the numerical parameters we use
apply to the real early universe. Experience with runni
many simulations of the type in Fig. 2 shows that the init
8-9
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FIG. 2. These figures show the behavior off, v, n
CS

, and^n
CS

& for the conditions of Sec. VI B withv(0)5 v̇(0)50.5.
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Fig.
r a
values of Higgs and gauge fields are not so important,
that final values of the running Chern-Simons average
unit-strengthCP violation range from about 1023 ~some-
what smaller than the maximum expected, which is of or
1/8p2), to the non-resonant value off(0)3/8p2 which is of
order 1028 for our initial conditions. Of course, these valu
would be reduced further by the strength of theCP-violating
term, which is not small in our simulations.
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In the examples so far, the Higgs field has been far fr
equilibrium initially and so it swings through the origin fre
quently. The next example, also for a constantCP-violating
term, shows the importance of gauge backreaction in cau
the Higgs field to oscillate through zero. For this example
choose Higgs initial valuesv(0)51.06, v̇(0)50.1 with all
other parameters as for Fig. 2. The results are shown in
3. Because the Higgs field is near equilibrium, it stays fo
FIG. 3. These figures show the behavior off, v, n
CS

, and^n
CS

& for the conditions of Sec. VI B, withv(0)51.06, v̇(0)50.1.
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FIG. 4. These figures showf, v, n
CS

, and^n
CS

& for the conditions of Sec. VI C.
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while near unity, and the gauge field appears to be trivia
small. Actually f is slowly growing and finally become
large around a time of 200. Fast growth off towards order
unity values begins to send the Higgs field into wild oscil
tion, accompanied by growth of the Chern-Simons aver
value. We will see later that having the Higgs field g
through the origin may be important for creating baryo
from the Chern-Simons condensate.

C. Higher-derivative CP violation

Adding terms such as those in Eq.~41! can and some-
times does lead to singularities in finite time because of
higher derivatives. We show one case where the singula
does not develop before dimensionless time 600. The e
tions to be solved numerically are the Higgs equation~26!
and

f̈12f31v2f1w~aḟ21ḟf̈ !50. ~46!

The coefficientsw,a are 20.2 and 0.1, respectively. Ifw
gets even a little larger in magnitude~say, w520.21) a
singularity seems to develop, although we have not explo
this phenomenon in any detail. Figure 4 shows the resu
The ḟ2 term in Eq.~46! is always of one sign and leads
secularCP violation; if only the ḟf̈ term were kept, the
running-averageCP violation slowly wanders from one sig
to the other.

VII. FROM CHERN-SIMONS NUMBER TO BARYONS

In this section we comment on some very difficult que
tions: How is the homogeneous condensate of the Ch
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Simons number,11 equivalent to aB1L condensate, turned
into actual baryons and leptons, which are localized sta
What fraction of the condensate is turned into baryons
leptons? How does the winding number of the Higgs fie
enter in? We are in no position to give definitive answers;
these questions are still under active investigation.

Let us begin with a comment concerning washout of ba
ons and leptons after reheating. The attractive feature of
preheating is that the temperature after full reheating is ra
smaller than the EW crossover temperatureTc , so that bary-
ons and leptons created during preheating are not comple
washed out@the sphaleron transition rate;exp(2MS/T) is
very small because the sphaleron massMS is large compared
to the temperature#. We will assume that this mechanism
protects baryons, once produced, from washout during
heating. Nonetheless, there can be washout during preh
ing, and we will have to discuss that.

Our discussion will invoke insights derived from nume
cal and analytical work on these issues in t
(111)-dimensional Abelian Higgs model; from simple a
guments based on effective temperature; and on approx
tions to an analysis based on modifications of earlier work
B1L violation in two-particle collisions~whereB1L viola-
tion is still extremely small because of the poor overlap

11Throughout this section we will make a distinction between
total Chern-Simons numberN

CS
or the Higgs winding numberNwind

in a fixed volumeV of space~or lengthL in 111 dimensions! and
their densitiesn

CS
, nwind , and similarly between the total energyE

in V and its density«. Note thatE/V is a function ofn
CS

, nwind but
not of V; nonetheless, it is appropriate to discuss the dependenc
E on the total topological numbersN

CS
, Nwind at fixedV.
8-11
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states, even though there may be no tunneling barrier!.
A real baryon is a spatially localized state, so the tra

formation to baryons requires quasi-localized states res
bling ~but not necessarily identical to! sphalerons; these
states involve not only the gauge fields but also Higgs fie
which carry a winding numberNwind of their own. In the
ansatzwe have used so far the Higgs field has no wind
number.

Presumably a major influence on the dynamics of spa
localization is the instability of the gauge-Higgs equations
growth of spatial ripples, as alluded to in@8#. We will not
discuss this mechanism here, which is non-linear and ti
dependent~so it may be amplified by parametric resonanc!.

A. Dependence of energy on topological quantum numbers

In the presence of a Chern-Simons condensate it is e
getically favorable to shift the winding number of the Hig
field Nwind in the direction of the Chern-Simons number. O
way to see this is to note that the energyE5*d3x« depends
on bothN

CS
andNwind . In the homogeneousansatzused so

far the energy, with terms inf2 and f4, grows monotoni-
cally with n

CS
since n

CS
;f3. The Higgs winding number

Nwind is zero@see Eq.~23!#. Now the energy of a state with
finite values ofNwind , N

CS
is, under a large gauge transfo

mation with Chern-Simons number2Nwind , equivalent to
one with zero Higgs winding:

E~N
CS

,Nwind!5E~N
CS

2Nwind ,Nwind50!. ~47!

By the above remarks the energy withNwind50 has its mini-
mum atN

CS
2Nwind50.

More explicitly, once the system has become a conden
of more or less localized objects, these are described b
large gauge transformation at spatial infinity:

Am→U]mU21, ~48!

H~x!→ 1

A2
US 0

v0
D . ~49!

The same gauge transformationU appears in both the gaug
potential and in the Higgs field in order that the Higgs co
tribution * uDfu2 to the action be finite in infinite volume.12

Evidently these localized states have lower energy tha
homogeneous condensate which, so to speak, fills in the
ume between the localized states.

The vacuum states withN
CS

5Nwind are minima on the

energy landscape, soE(N
CS

,Nwind) is zero along the line

N
CS

5Nwind . Any transitions proceeding toward this line a
energetically favorable. For example, beginning from the
mogeneousansatz state with large positiveN

CS
but zero

Nwind , it is favorable todecrease N
CS

andincrease Nwind . Of

12The gauge transformationU has the usual properties of larg
gauge transformations, including compactness on the sphere a
finity; a typical example is given in Eq.~65! below.
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course, it is also energetically favorable to decreaseN
CS

to-

ward zero with no change inNwind , but then no baryons will
be produced;B1L will rise and fall in lockstep withN

CS
,

according to the usual anomaly relation, yielding no baryo
at the end. So among the changes which decreaseN

CS
there

is a competition between those which increaseNwind and
those which do not changeNwind .

We illustrate these statements in Figs. 5, 6, 7, and 8. F
ure 5 is drawn assuming that the gauge boson mass~and a
posteriori the sphaleron mass! are somewhere near their con
ventional values, so that there is a sphaleron barrier hin
ing topological charge change as indicated by the corru
tions on the figure. However, as we have seen in
numerical studies, it is possible for this barrier to vanish
the Higgs VEV passes through zero. Figure 6 is a view fr

in-

FIG. 5. The static system energyE as a function of the Chern
Simons numberN

CS
and the winding numberNwind . Note that

E(N
CS

, Nwind) is minimal along the vacuum lineN
CS

5Nwind and
increases withuN

CS
2Nwindu.

FIG. 6. Possible paths of topological transitions are shown
theN

CS
–Nwind diagram, viewed from above. PathAB represents the

simplest non-sphaleronic topological transition in the Higgs sec
See the text for explanation of the notations.
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above of the energy profile plot of Fig. 5. In Fig. 6 the fille
circles along theN

CS
5Nwind line indicate states of zero en

ergy ~with Nwind an integer!, and the open circles on th
dashed lines indicate non-vacuum states of positive ene
constant along each dashed line. A conventional sphale
transition from the point A moves along such a line w
equal probability in either direction. This is not the case
topological transitions along other possible paths, such as
maximal energy gradient path~on Fig. 6, this path is or-
thogonal to the conventional sphaleron-transition path!. Fig-
ure 7, showing two cross-sections of the energy profile

FIG. 7. A cross section of the energy profile at constantNwind .
The lack of any barriers makes the downward evolution ofN

CS

completely unsuppressed. StatesA and B correspond to the sam
states in Fig. 6. At non-zeroN

CS
the transitions which decreas

uN
CS

2Nwindu become energetically favorable; a simple case d
cussed in the text corresponds to the pathAB with N

CS
held con-

stant.

FIG. 8. Energy profileE(N
CS

,Nwind) along theNwind axis for
several values ofN

CS
. Note thatNwind is integer forany field con-

figuration; the curve profile at non-integerNwind reflects the pres-
ence of sphaleron-like energy barriers separating the states
DNwind561. These barriers disappear at sufficiently hi
uN

CS
2Nwindu.
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Nwind50,1, illustrates some possible transitions whi
change the topological numbers and the associated cha
in energy. Figure 8 shows the energy profile at constantN

CS
,

with the corrugations corresponding to tunneling barriers
The energy profileE(N

CS
, Nwind50) can be estimated in

the case of static or slowly-changing spatially homogene
fields @see Eq.~21!#. For the 111 Abelian Higgs model@22#
one has

E~n
CS

!/L5
1

2
v2~gA1!25

3

2
p2

Esph

MH
n

CS

2 ~50!

and for the present 311 case

E~n
CS

!/V5
m4

2g2 @~8p2n
CS

!4/31~8p2n
CS

!2/3#. ~51!

This profile is repeated along theNwind axis with a corre-
sponding shift alongN

CS
axis so that the minimumE50 is

always on theN
CS

5Nwind line ~see Figs. 5 and 6!.
As mentioned before, there is no energy barrier for mo

ment along theN
CS

axis, so this movement is complete
unsuppressed and controlled by the dynamics of the ga
field condensatef according to Eq.~51!. This lack of sup-
pression means that any~potentially large! number of bary-
ons produced by variations inN

CS
would instantly disappea

immediately afterN
CS

returned to the energetically favorab

valueN
CS

5Nwind , provided there were no transitions in th

Higgs sector (Nwind remained unchanged!. In other words,
even though the fermions are coupled through the anom
to the Chern-Simons number, long-living fermionic stat
appear only due to transitions in Higgs sector which mod
the energy profile alongN

CS
axis by moving the center~mini-

mal energy! value ofN
CS

around which it oscillates.

As opposed to the absence of barriers for variations inN
CS

only, transitions along theNwind axis require passing ove
sphaleron-like barriers~for simplicity, the barriers are shown
at half-integer values in Fig. 5!. Precisely how high this bar
rier is depends on several circumstances, to be discu
below, notably the Higgs VEV and the spatial scales of
gauge and Higgs fields. In 311 dimensions spatially homo
geneous fields have a high barrier~provided the Higgs VEV
is not zero!, by an argument similar to that given earlier:
would be energetically favorable to separate regions w
nontrivial gauge and Higgs fields in sphaleron configu
tion!. In other words, the sphaleron, of size;m21, corre-
sponds to theminimumbarrier height and the barrier heigh
is greater for all other spatial scales. However, in the 111
Abelian Higgs model the barrier at anyN

CS
, Nwind is the

same as the sphaleron barrier, as can be shown by mak
large gauge transformation that eliminates the backgro
gauge field and taking into account that the gauge field co
ponent of the (111)-dimensional sphaleron@23# is inversely
proportional to the spatial volume. So the contribution of t
gauge field to the~static! energy vanishes at infinite volume

-

ith
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while the Higgs field contribution is identical to that of th
sphaleron. The (311)-dimensional case will be discusse
below.

In the homogeneous case discussed in previous sect
when the dimensionless gauge potentialf is of order one
there is both a large Chern-Simons number and a large
ergy, but zero Higgs winding numberNwind . It is possible
that the energy in a volume containing one unit of Che
Simons number can exceed the usual sphaleron energy
~as we show in the next section! this does mean that trans
tions which change the Higgs winding number become
suppressed. Note also that literal sphaleron transitions, w
changeN

CS
andNwind equally, on average do not change t

Higgs winding number, which is what is required to produ
baryons. These do not changeE(N

CS
2Nwind) and so their

rate is not affected by the presence of a nonzeroN
CS

density.

At any N
CS

, the rates of transitions withDN
CS

511 and

DN
CS

521 equal each other and the contribution of norm
topological transitions to total baryoproduction is zero.

B. Effective-temperature estimates of transition rates

Here we give some simple estimates of transition ra
based on a commonly used approximation, in which the
rate of baryon production is evaluated from a first-order
pansion of the rate in powers of an energy difference, lead
to a form in which the rate is evaluated as a zeroth-or
sphaleron-like part times a certain energy difference. In or
that this be useful, one requires explicit knowledge of t
energy dependence. A further simplification, used here, i
assume a Boltzmann dependence with an effective temp
ture. In Sec. VII E we give an approximate study of t
sphaleron-like part of the rate, looking for conditions und
which the tunneling barrier to baryoproduction can vanis

To evaluate the transition rate in the Higgs sector, assu
that the transition from zero winding toNwind51 proceeds
alongNwind axis on the pathAB ~see Fig. 6!. Then the barrier
heightE1 along this path can be estimated as

E15Esph2@E~N
CS

!2E~N
CS

21/2!#. ~52!

Similarly, the height of the barrier in the opposite direction
E25Esph1@E(N

CS
21/2)2E(N

CS
21)#. If one could further

assume a Boltzmann distribution with an effective tempe
tureTeff , one would obtain different ratesG6 for transitions
in the two directions, with a net rate@24#

Ḃ/V5Ṅwind /V5G12G2.
Gsph

2

1

Teff

]E

]N
CS

~53!

whereGsph is the sphaleron rate at zero energy change. T
with the help of Eqs.~50! and~51!, the winding number rate
of change in 111 dimensions is

Ṅwind /L53p2Gsph

Esph

Teff

n
CS

MH
~54!

and in (311) dimensions
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Ṅwind /V5
Gsph

Teff

n
CS

un
CS

u
2p

3aW
@2~8p2n

CS
!1/31MW

2 ~8p2n
CS

!21/3#

~55!

~here we assume the barrier height atNwind50 equalsEsph,
and note that the total rate isGsph5G11G2!.

It is worth noting that the expression~55! becomes infi-
nitely large at smalln

CS
. This divergence appears because

(311) dimensions the homogeneousansatz~20!–~23! used
throughout the present paper is inadequate for field confi
rations with small topological charge densities, simply b
cause gauge field configurations with the unit Chern-Sim
number are localized in space@this is not the case in (1
11) dimensions#.

Strictly speaking, it is unclear whether the topologic
transitions in Higgs sector proceed along theNwind axis or
along the maximal gradient direction orthogonal to t
Nwind5N

CS
line. However, the energy gainsE62Esph in the

latter case are larger only by factor of 2, which makes
qualitative difference in our analysis.

With the increase inN
CS

2Nwind the energy gain obtained

by transitions withNwind561 also increases, so at ver
large values ofN

CS
2Nwind transitions along theNwind axis

also become unsuppressed because the energy gain~52! be-
comes equal to or greater than the barrier height, i.e.,
energy of a sphaleron-like Higgs configuration. The critic
values can be estimated by puttingE250 in Eq. ~52! and
using Eqs.~50! and ~51!

n
CS

crit;
2

3p2 MH5
2

3p2 Lsph
21. ~56!

In proper dimensionless units@22# Eq. ~56! becomesn
CS

crit

;1/10 orA1;1/2) in (111) dimensions and

n
CS

crit;
1

2p2 m3 ~57!

in (311) dimensions, which is about 1/(2p2) per sphaleron
volume. Equation~57! is equivalent tof*1, comparable to
the maximum amplitudes off seen in the numerical simu
lations.

C. Baryoproduction

Let us give some simple estimates of baryon product
in the (111) Abelian Higgs model.13 Taking into account
that the number of long-living fermionic states is equal to t
net shift of Higgs winding number, and using Eq.~54!, one
obtains

Ḃ53p2
Esph

MH

Gsph

Teff
n

CS
L ~58!

13The estimates in Secs. VII C and VII D can be straightforward
generalized to the (311)-dimensional case using Eq.~55!, which
should be applicable at least for largen

CS
.
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and

DB53p2
Esph

MH
E dt

Gsph

Teff
n

CS
L ~59!

whereDB is the total number of generated baryons.
Although the detailed discussion ofGsph and Teff time

dependence goes beyond the scope of this paper, there a
reasons to expect any qualitative difference from previ
studies @3,4,11#. There it was argued thatGsph/Teff is a
smooth function of time with a sharp increase at the beg
ning of preheating and a slow decrease in the course of t
malization to the final reheating temperature. The exact t
ing depends on initial conditions. However, Eq.~59!
provides a simple way to check how efficient the baryop
duction is foranyreasonable time evolution ofGsphandTeff .
As long as the frequency ofN

CS
oscillations is much large

the inverse thermalization time, we may substituteGsph/Teff
by 1 in the right-hand side of Eq.~59! which turns into the
integrated average of the Chern-Simons number density

^n
CS

~ t !&5E
0

t

dt n
CS

~ t !. ~60!

Time intervals when̂ n
CS

(t)& remains constant give zer

baryoproduction; an increase or decrease in^n
CS

(t)& corre-

sponds to a nonzero secular average ofN
CS

and thus to posi-
tive or negative baryoproduction@provided the transition rate
Gsph(t) is nonzero#. The simplest way to get a nonzeroN

CS

secular average is to introduce a bias or tilt inE(N
CS

)

throughCP-violating terms either directly coupled toN
CS

in
the bosonic Lagrangian, as in Eq.~10!, or coupled to the
fermion density operator of Eq.~8! which modifiesE(N

CS
)

through the anomaly. It is also possible to shift the tim
average ofN

CS
in other ways through dynamical effects a

ready described in Sec. V.

D. Washout from fermion backreaction

Washout is one of the most prominent forms of fermion
backreaction. As long as the topological transitions keep
ing, newly created baryons tend to disappear through
same anomaly mechanism that created them, to the ex
that the decrease of fermionic density reduces the sys
energy. Washout~in 111 dimensions! can be accounted fo
by adding a dissipative term to Eq.~58!:

Ḃ53p2
Esph

MH

Gsph

Teff
n

CS
L2GBB ~61!

where the dissipation rateGB is generally proportional to the
sphaleron rateGsph. In (311) dimensions@3#,

GB5
39

2

Gsph

Teff
3 . ~62!

The solution of Eq.~61! can be found in the form@compare
to Eq. ~59!#
12351
no
s
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r-
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m

DB53p2
Esph

MH
e2g(t)E

0

t

dt eg(t)
Gsph~t!

Teff~t!
n

CS
~t!L ~63!

@hereg(t)5*0
t dt GB(t)#. Direct use of Eqs.~61! and ~63!

appears to be problematic in our simulations for two reaso
First, explicit time dependences of the rateGsph and the ef-
fective temperatureTeff are controlled by dynamics in th
inflaton and Higgs sector which are beyond the scope of
present paper. Second, Eq.~61! assumes the fermions to b
thermalized, which obviously is not the case if Cher
Simons number oscillates with frequency of order ofm.

However, it is easy to see that solution~63! decays expo-
nentially with time if n

CS
50 and GBÞ0. Therefore, it is

desirable to keep baryoproduction going until the topologi
transitions end~e.g., because of freeze-out during therma
zation to a low reheating temperature!. Otherwise, if baryo-
production ends before the sphaleron transition rate
proaches zero, washout could crucially affect the fin
density of baryons.

Again, the time dependence of then
CS

running average
~60! provides important information about the baryoprodu
tion period and allows one to estimate acceptable therm
zation times. For example, short-term baryoproduction f
lowed by stabilization of̂n

CS
(t)& at a certain value~see Fig.

2! would seldom survive the washout, while steady bary
production~such as is shown in Fig. 3! leaves ample time for
the sphaleron transitions to freeze.

E. Dependence of tunneling barriers onf and scale sizes

Our purpose here is to find approximately the conditio
under which the tunneling barrier in the sphaleron rateGsph
5G11G2 @see Eq.~53!# can vanish. It will not be necessar
to use an effective-temperature approximation. The te
niques used here, based on the work of a decade or more
@24–27,12# on topological charge-changing transitions, a
qualitative but useful. They go beyond ’t Hooft’s origina
work, whose famous tunneling factor of exp@28p2/g2# holds
only at zero energy and, at that energy, is~classically! inde-
pendent of scale size. We give an approximate barrier-fa
formula with explicit dependences on energy, scale size,
Higgs VEV, and outline the regions of this parameter spa
where the tunneling exponent can vanish. We do not disc
the origin or distribution of spatial scales, but simply assu
that these arise through some mechanism such as the
stable growth of spatial ripples@8#.

There are other interesting approaches to this kind
problem, which we intend to investigate in the future. The
include studies of non-Abelian gauge dynamics in the pr
ence of a non-vanishing topological charge density@28# or in
the presence of a time-varying electric background poten
@29#, and a study of the conversion of a time-varying bac
ground topological charge to fermions through the anom
@30#. These works use various specialized backgrounds
exactly comparable to the Chern-Simons condensate use
the present paper, but they should still have qualitative
plicability.
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There are at least two mechanisms which can remove
neling barriers, and these may operate at the same time.
first mechanism is generally important for large scale si
~large means compared to the vacuumW-boson mass!; it
involves swinging of the Higgs VEV through zero. The se
ond mechanism involves selection of a spatial scale such
the original Chern-Simons condensate is well matched
baryon production through the anomaly. As one might
pect, the best overlap occurs when the size scale is a
m21, and the corresponding configurations are somew
like sphalerons in size, but it is apparently possible for tu
neling barriers to be overcome at considerably larger spa
scales. However, baryon production is inefficient at th
large scales.

First we discuss the conditions for no tunneling barri
with a fixed and finiteW-boson massm, and then remark
briefly on what happens when there is no mass because
Higgs VEV vanishes.

1. The no-barrier condition for finite W-boson mass

There must be a transformation of the Chern-Simo
number from the spatially homogeneous condensate to
characterized by spatial inhomogeneities such as sphale
That is, in the expression forN

CS

N
CS

5
21

8p2E d3xe i jk TrFAi] jAk1
2

3
AiAjAkG ~64!

the relevant sphaleron-like configurations of theAi are typi-
fied by gauge potentials which approach at infinity pu
gauge terms carrying the winding number; the Higgs fi
carries the same winding number for a minimum-energy c
figuration. The gauge in question was termedU in Eqs.~48!
and ~49!.

A typical form for a gauge matrixU carrying the unit
winding number is@25,26#

U5expF i

2
tW• r̂b~r ,t !G ; b~r ,t !52 arctan@r /l~ t !#

~65!

wherel(t) is a monotonic function oft going to 2` at t
52` and to ` at t5`. A gauge matrix for the Chern
Simons numberN

CS
is simply a product ofN

CS
terms of the

form ~65! translated to various spatial and temporal cente
We will refer to the spatially homogeneous gauge potent
dealt with in earlier sections asf form potentials, and the
spatially dependent sphaleron-like configurations asU form
potentials. Of course, either form is at best an approximat
the f form potentials will develop spatial gradients by se
eral mechanisms, and theU form potentials will not literally
be of the approximate form we use below.

Long ago, Bitar and Chang@25# constructed Minkowski-
space gauge potentials of unbrokenSU(2) gauge theory
whose asymptotic behavior was precisely that of Eq.~65!.
They chose the single dynamical degree of freedom to be
functionl(t) of this equation; the non-asymptotic gauge p
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tential is further parametrized by a non-dynamical scale
ordinate and translation coordinates. The parametrizatio
conveniently written as

Am5S r 21l2

r 21l21r2D U]mU21 ~66!

wherer is the scale coordinate~we will not need to display
the translation coordinates, which we set to zero!. Bitar and
Chang@25# show that the topological charge of this potent
is unity for any scale coordinate value. They also show t
the dynamical degree of freedoml has a Hamiltonian which
is quadratic inl̇ but a complicated function ofl, and com-
puted the barrier exponent*pdq at zero energy from this
Hamiltonian, recovering the ’t Hooft result. Later this wo
was extended@26# to EW theory with a Higgs field~as well
as a chemical potential for the Chern-Simons number!; this
work then formed the basis@13# for an investigation of scat-
tering processes involving topological charge change at v
high energies. In this paper, we extend these earlier work
cover the entire range of scale coordinates~Ref. @13# only
covered the regime of small scale coordinates!.

We wish to find the conditions under which the corrug
tions or barrier factors described in connection with Fig
vanish, within a framework general enough to go beyo
thermal quasi-equilibrium. We begin with a general formu
of Cline and Raby@27# for the diffusive rate. Originally the
Cline-Raby formula was given for thermal equilibrium co
ditions, but it is easily modified for non-equilibrium cond
tions. The derivation is slightly different from Cline and R
by’s because of the non-equilibrium nature of the proce
Consider diffusive dynamics of the Chern-Simons num
N

CS
(t) in which the diffusion constant14 G can be written in

the usual form:

G

V
5

1

2VE2`

`

^Ṅ
CS

~ t !Ṅ
CS

~0!&

5
p

V (
i f

r~ i !d~Ef2Ei !z^ i ,Ei uṄCS
~0!u f ,Ef& z2 ~67!

whereV is the volume of space and the brackets refer t
trace over the density matrix; this density matrix is, for t
present purposes, taken to be diagonal in the energiesEi ,Ef
of the states summed over, with entriesr( i ). In fact, the
density matrix is changing in time and so does not comm
with the Hamiltonian, but at the present level of~in!accuracy
this is an inessential complication. Cline and Raby take thi
states to be in states att52` and thef states to be out state
at t51`, and then we use the formula

14Roughly speaking the diffusion constantG used here is equiva
lent to VGsph of Sec. VII B.
8-16



-

o
b

-

-

-

in
iv

ue

T
n

eri-

r

ec.
of

at
ns
t is

r
is

e
s to
ith

as

if
ple
the

as
nd
val-
for
il-

her

f
en

RESONANT AMPLIFICATION OF ELECTROWEAK . . . PHYSICAL REVIEW D64 123518
E
2`

`

dt^ i ,Ei uṄCS
~ t !u f ,Ef&

52pd~Ei2Ef !^ i ,Ei uṄCS
~0!u f ,Ef&

5^ i ,Ei uNCS
~`!2N

CS
~2`!u f ,Ef&

5 iDNf i~2p!4d4~pf2pi !Tf i ~68!

whereTf i is the zero-temperatureS-matrix element from the
initial to the final state, andDNf i is the change in the Chern
Simons number~or topological charge! from the initial to the
final state. Substitution in Eq.~68! yields

G

V
5

1

2 (
i f

r~ i !~2p!4d4~pf2pi !~DNf i !
2uTi f u2. ~69!

Further progress depends on the analysis
B1L-violating S-matrix elements at zero temperature, a su
ject of some considerable interest a decade ago~see, e.g.,
@12#!. Reference@13# gives the following very crude approxi
mation to theuDNf i u51 S-matrix elements at fixed energyE:

Ti f ;S 4p2

g D NE
0

`

drrN25)
j

e2rkje2Q(r,E) ~70!

whereQ is a barrier exponent,N is the total number of par
ticles involved in the scattering process,r is a scale collec-
tive coordinate, andkj is the magnitude of the three
momentum of particlej. This formula is based on a
transcription of familiar Euclidean formulas for scattering
the presence of instantons to Minkowski space. Unlike na
instanton-based amplitudes, the above amplitudesTi f behave
properly at high energy~where one expectsr.N/E) but are
not correctly unitarized; this will not be an important iss
here.15

The barrier exponentQ was originally @13# given for
smallr. The appropriate expression for allr can straightfor-
wardly found using the techniques of@25,26#:

Q~r,E!5
6p2

g2 E
2`

`

djF~j!1/2Q@F~j!#, ~71!

where the functionF is

F~j!5~j211!25/2F ~j211!25/21m~ t !2r2f ~j!

2
1

3p2
Erg2G . ~72!

Here we make it explicit that theW-boson massm(t) de-
pends on time, because the Higgs field depends on time.
function f (j) is not expressible analytically, but one ca
show thatf is positive and obeysf (j)< f (0)54/3.

15See@31# for a multi-channel study of unitarization effects.
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The barrier factorQ vanishes if the functionF is always
negative, which happens for certain regimes of energyE,
massm(t), and scale coordinater. Clearly, there is always a
finite barrier atr50 ~just the ’t Hooft barrier ifm50). For
non-zeror it is generally true that ifF(j50;r,m,E) van-
ishes thenF<0 for all j. The no-barrier condition then is

11
4m2r2

3
2

Erg2

3p2
<0. ~73!

Consider first the usual case wherem is the standardW mass.
The minimum energyE yielding equality in Eq.~73! occurs
at r5A3/2m, Emin54p2A3m/g2. This minimum should
be the sphaleron energy, and it is indeed a very good num
cal approximation@26# in the limit of large Higgs boson
mass.

Next we take up the case where theW mass, or Higgs
VEV, is near zero.

2. Higgs VEV near zero

It appears that large scalesr, which would be expected in
the first stages of transition of Chern-Simons number fromf
form to U form, will have a disastrously large barrier facto
going like exp(2const3mr/g2), if the massm is anywhere
near its standard value. However, if—as discussed in S
V A—the Higgs field v oscillates through zero because
gauge back reaction, the gauge massm5gv/2 vanishes and
the barrierQ will vanish periodically@see Eq.~72! at ener-
giesE;1/(rg2)#; that is, more easily at large scales than
small.16 So Higgs oscillations are one potentially vital mea
of generating baryons from the Chern-Simons number. I
easy to check that if the barrier factor is unity for a timet
during a Higgs oscillation periodtHiggs, the averaged barrie
factor over a Higgs period is not exponentially small, but
of order t/tHiggs. Unfortunately, this is not the end of th
story, since there are other possible suppression effect
deal with; a poor overlap of anomaly-produced baryons w
the Chern-Simons condensate can be disastrous.

F. Good overlap condition

Here we explore how the conditions of both no barrier
well as a good overlap between aU form potential and bary-
ons produced through the anomaly can be satisfied. Evenv
does not vanish during preheating it is possible in princi
to have a zero barrier factor, depending on what values of
dimensionless gauge potentialf are reached. Values ofufu
near or slightly greater than one are fairly readily gotten,
is evident from the structure of the equations of motion a
from the numerical studies reported above, and for such
ues off there need be no barrier. However, it is possible
ufu to be small compared to unity; we explore that possib
ity here. As one might expect, for values off rather less than
one, it requires a rather large region to gather toget

16The idea that preheating causes oscillations or vanishing ov
and therefore reduction or elimination of the barrier factor is giv
in Refs.@4,32#.
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enough energy to overcome the barrier. It will turn out th
spatial scales much larger than the inverse of the vacu
W-boson mass are self-consistent only if the Higgs VE
does go near zero.

Consider a region of space of sizer as defined by gradi-
ents appearing during preheating and further unstable am
fication. In this region the total energy and Chern-Simo
number are approximately

E~r!.
4pm

g2
~mr!3~f21f4!, Ntot~r!.

~mrf!3

6p
.

~74!

Inserting these estimates in the no-barrier condition~73!
yields

~mr!25
p

2~f21f4!
H 11F11

3

p
~f21f4!G1/2J .

p

f2
,

~75!

with the last form holding for smallufu. In this case the tota
energy and Chern-Simons number in terms off are

E5
4p5/2m

g2ufu
; Ntot5

p1/2

6
5O~1!. ~76!

The appearance of inverse powers off suggests the inef
ficiencies of avoiding a barrier when parametric resona
amplification of the EW gauge potential is small: The ene
is large compared to the sphaleron mass, but the chang
B1L is only of order one~per unit flavor!. Still, these inef-
ficiencies could be tolerable in view of the exponentia
small efficiency of actual barrier penetration. When ampl
cation leads toufu;1, avoiding a barrier is rather like hav
ing energy at or above the sphaleron mass.

Next turn to the conditions specifying a good overlap b
tween thef condensate and baryogenesis. We will find th
a good overlap meansufu cannot be too far below unity, bu
we cannot quantify this statement with the present crude
proximations. The point of a good overlap is that having
energy larger than the barrier energy is by no means s
cient in many cases to lead to unsuppressedB1L violation,
as many authors have discussed@12,13#. For example, in the
formula ~70! for S-matrix elements, the other factors int
grated overr in that equation can lead to suppression of
S-matrix element by a factor of order exp@2z8p2/g2# with
z;1/2 or so@13#. This sort of suppression even in the a
sence of a tunneling barrier comes about because of a
poor overlap between multi-particle initial and final stat
when these have very different numbers of particles an
least one particle number is very large. When the states
sufficiently similar there is no such extra suppression, wh
is what happens in thermal equilibrium at large enough te
perature. In the present case something similar happens
initial state in the Cline-Raby formula@Eqs.~68! and~69!# is
not a conventional particle state; it is a coherent state so
what similar to thef form potential, but with a spatial sizer
coming from various effects, such as growth of unstable m
12351
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mentum modes@8#. If this state has a large overlap with th
U form potentials such as in Eq.~66!, and if there is no
barrier for tunneling, then the amplitude for baryon creati
will be unsuppressed. One can say that the exponentia
small rate ofB1L violation in 2→N collisions stems from
the Drukier-Nussinov effect@14# which says that it is ex-
tremely unlikely for a two-particle collision state to coup
well to a soliton like the sphaleron, but in our case t
Chern-Simons condensate may, for certain values off and
r, look enough like a ‘‘soliton’’ for there to be good overlap

We seek this substantial overlap between a genericf
form potential, somehow modified to have an overall spa
scaler, and aU form ~Bitar-Chang! potential, whenr is a
large scale compared to other spatial scales. At larger the
Bitar-Chang fields scale as:

gE;
l̇

r2
; gB;

1

r2
. ~77!

By comparison17 to the f form potentials of equation~22!
one sees from theB field consistency with the relationmr
;1/ufu, and that consistency with theE field can be
achieved ifl; ln f.

Now return to the approximate form of theS-matrix ele-
ments~70!. The process to be described is the transformat
of a f form field with certain spatial scales to a final state
N particles, including a set of particles which violatesB
1L. The process is only interesting if there is no tunneli
barrier, so we assume the validity of Eq.~73!. The next ques-
tion to ask is whether one can, consistent with Eq.~73!,
argue for a non-suppressed overlap between the modifief
form and the final state. In the crude approximation of E
~70! this simply amounts to asking whether the constraint
the scale coming from the final-state wave function is co
sistent with other information on that scale, such as the c
dition ~73! for no barrier. In Eq.~70! there occurs a produc
of exponentials of the type exp(2kir) whereki is the spatial
momentum of thei th particle. It is reasonable to assume th
all the particles are effectively massless, and then the pro
of wave functions reduces to exp(2Er). One easily sees tha
if the barrier exponential factor exp(2Q) is unity, ther in-
tegrand maximizes atr5N/E, just as estimated@13# for
more conventionalS-matrix elements. So a good overla
simply means that the number of produced particles is~more
or less! determined. This turns out, taking into considerati
the no-barrier condition~76!, to yield N;1/g2f2. ~One
might argue that in fact particles do have mass, and so
should haveN<E/M;1/g2ufu which would requireufu at
least of order unity. However,m is theW-boson mass, and al
baryons and leptons except for baryons with top quarks
not nearly that heavy.!

As in @13# we can form a rate from the Cline-Raby fo
mula ~69! by multiplying the squaredS-matrix elements
from Eq.~70! by masslessN-particle phase space@13#. Noth-

17The fieldsf, ḟ in Eq. ~22! are dimensionful; the ones we us
now are scaled by appropriate powers ofm to be dimensionless.
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ing quantitative should be trusted about the resulting eq
tion ~78! below, except for its dependence onf:

G

V
;

E4

N!g2N
;S m

g2f
D 4S f2

fc
2D N

. ~78!

Herefc is a critical value off separating small from large
rates ~in the present highly inaccurate approximation,fc

2

5e21). Whateverfc is, and it is evidently of order unity, i
is clear that forN>2 and forf2>fc

2 the B1L process is
unsuppressed, while in the opposite limit it is strongly su
pressed. Note that if the dimensionless potentialf is of order
unity the energy scale is the sphaleron mass and the sp
scale ism21. So we conclude, not unexpectedly, that if t
Higgs VEV is not oscillating near zero spatial scales near
sphaleron mass must be formed; if the Higgs field is os
lating near zero, much larger spatial scales will serve
unsuppressedB1L production.

VIII. CONCLUSIONS

In this work we studied a scenario of baryogenesis in
standard model, based on inflation on EW scales with
Higgs coupled to the oscillating inflaton in a preheati
phase. If baryons could be generated, they could be sa
from washout at reheating because the reheat temperatu
less than the EW crossover temperature where sphal
washout can be large, so the topological transitions can c
pletely freeze out before the preheating ends. However,
dynamics of conversion of the Chern-Simons condensat
B1L and the dynamics of washout of thisB1L are very
complex and not yet well understood.

Although we have no rigorous proof that theB1L pro-
duction involving only standard-model fields~coupled to the
inflaton! is truly viable, we can at least say that so far that
have not identified any mechanisms which rule out a p
EW/inflaton scenario.

Extending the earlier work of Ref.@8#, we added explicit
CP violation to the spatially homogeneous classical gau
equations of motion, rather than~as in @8#! depending only
on the initial value of the functionsf,ḟ for CP violation.
The effects of explicitCP-violating terms was studied ana
lytically in some simple models, as well as numerically. W
studied numerically the classical dynamics of the Higgs fie
including the classical backreaction of the gauge field on
Higgs field.

The gauge reaction on the Higgs equation of motion
important in two respects: It can broaden parametric re
nances by getting away from pure sinusoidal variation of
Higgs field, which was the only case considered in@8#. And
it can, as discussed above, lead to conversion of the Ch
Simons number to baryons which for some fraction of
time is unsuppressed by tunneling barriers, since gauge b
reaction often modifies the Higgs potential and causes
Higgs field to oscillate through zero, rather than staying
the bottom of the potential well.

There are various forms ofCP violation which could be
added to the equations of motion; we explored three in
12351
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gauge equations and one in the Higgs equation. In the ga
sector one came from strong out-of-equilibriumCP viola-
tion; another came from a multi-Higgs sector with sponta
ous CP violation; and the third was a higher-derivativ
CP-violating term, which could be associated with oth
lower-dimension operators. In the Higgs sector we explo
spontaneous baryogenesis in a multi-Higgs model, leadin
an effective chemical potential for baryons. Generally spe
ing, the resultant secular average of the Chern-Simons n
ber is a few orders of magnitude less than the dimension
coefficient multiplying theCP-violating term in the gauge
equations of motion.

Formation of a spatially homogeneous Chern-Simo
condensate is only the beginning of the story; it is necess
to convert this condensate into something resembling a c
densate of sphalerons of the same Chern-Simons numb
order to generate the Higgs winding number which is co
verted to baryons. The usual approach of invoking a ther
~or effectively thermal! regime immediately following the
parametric resonance regime is not likely to be applicable
quantitatively adequate study of these non-thermal n
equilibrium processes remains to be done, but we have g
useful criteria for evading the two possible process wh
lead to exponential suppression of baryogenesis. The firs
course, is the topological-charge tunneling barrier. The s
ond is a poor overlap between initial and final states in
process even with no barrier. Based on earlier work wh
studied the~im!possibility of baryon production in accelera
tor collisions, we gave crude estimates of the parame
ranges which avoid both barriers and bad overlap, a
pointed out the influence of the Higgs VEV passing near z
for these parameter ranges. The conclusion is that if
Higgs VEV stays near its vacuum value, spatial scales n
the vacuum inverse W-boson mass and energies near
vacuum sphaleron mass can avoid both forms of suppress
quite unlike the 2→N collision case where poor overlap ca
not be avoided. If this VEV goes near zero, the spatial sca
can be larger and the energy scales smaller.

If this view proves to be correct, the rate-limiting step
baryogenesis will be the conversion off form EW fields to
U form fields, by growth of perturbations at various spat
scales.

The scenario of regions of the almost spatially homo
neous Chern-Simons condensate of order of the EW Hub
size, may have consequences beyondB1L generation. It has
been proposed@33# that any mechanism ofB1L generation
involving the EW anomaly will leave its trace on the ear
universe through large-scale helicity of the Maxwell ma
netic fields which descend from EW gauge fields as the u
verse cools. As is well known, if these magnetic fields ha
typical EW scales of 10216 cm, the present-day magnetic
field scale will be far too small even taking expansion of t
universe into account. Following earlier studies in magne
hydrodynamics, Ref.@33# proposed that the helicity would
drive an inverse cascade to longer scales. This idea was
ther pursued by Son and by Field and Carroll@34#. If the EW
fields which lead to Maxwell magnetic fields are genera
8-19
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on the EW Hubble size scale, one gains many orders
magnitude toward seeding present-day intergalactic magn
fields by EW processes. Moreover, there might be m
more Maxwell helicity than the minimum required to pr
duce the present-day abundance of baryons, since on
fraction of thef that form a Chern-Simons condensate w
be turned into baryons. The Maxwell helicity produced d
ing preheating amplification ofCP violation can be very
much greater than the number of baryons. Work is underw
to investigate these points.
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