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Resonant amplification of electroweak baryogenesis at preheating
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We explore viable scenarios for parametric resonant amplification of electrq&®#ékgauge 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 largeC P violation can arise either from the time dependence of a slowly varying Higgs field
(spontaneous baryogenesir from a resonant amplification d€P violation induced in the gauge sector
through loops. We identify sever@l P-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 The CP violation was manifested as a homogeneous classi-
cal “condensate” of the Chern-Simons number or equiva-

Parametric resonance coupling of the oscillating inflatorlently of B+ L (through the EW anomaly The scenario of
to standard model fieldgl] offers new dynamical mecha- [8] had several shortcomings.
nisms for various early-universe phenomena. One interesting (1) CP violation only occurred because GfP-violating
scenarig2—4] adjusts inflaton parameterso that reheating initial values for the gauge potential, not because of any
does not heat the universe to a temperature above the elegxplicit CP violation in the gauge equations of motion.
troweak (EW) crossover temperatur€.. This means that (2) The Higgs field oscillations were considered as given,
sphaleron transitions are frozen out and tBatL created so that no(classical backreaction of the gauge fields on the
before reheating will not be washed out. Higgs field was considered.

The early attempt$6,7] to createB+L solely through (3) No plausible scenario was suggested for the perma-
standard model effects suffered from the fact that if the onlynhent conversion of Chern-Simons number to actual baryons
source of CP violation is in the Cabibbo-Kobayashi- and leptons; once parametric resonance driving ended, it
Maskawa(CKM) matrix, it would lead to far too small a would be possible for the homogeneous Chern-Simons con-
value ofB+L, and from the need for a first-order EW phasedensate to dissipate. The actual formation of baryons and
transition to drive out-of-equilibrium effects. This first-order leptons requires the development of spatial inhomogeneities,
transition seems to be ruled out by current lower limits onrather similar to sphalerons; one might term this process
the Higgs boson mass of around 110 GeV. So it might appeaphalerization
that EW baryogenesis is unattractive. However, with the sug- In the present work we extend the considerationg8pfo
gestion of EW preheating and the accompanying parametrideal, at least partially, with these three shortcomings.
resonances, it has become interesting to look at EW baryo- First, we introduce explicitCP violatior? in the EW
genesis in a different way. gauge plus Higgs equations of motion. TIEP violation

This was done in a recent papf8], where two of us comes from coupling ofCP-violating effects to the EW
showed that EW parametric resonance, with the Higgs fielgauge fields through loops, typically quark loops. We explore
oscillating because of its coupling to the oscillating inflaton,two cases; in one, there is out-of-equilibrium strahBg vio-
could amplify CP-violating seed values of the EW gauge |ation as evidenced by am’ field slowly (on EW time
potential in anansatzwhere this gauge potential was spa- scale rolling in a standard QCD potential with zefoangle
tially homogeneousout to the horizopbut time dependent. (so that there is no stron@P violation when they’ field is

in equilibrium). In the other, we invoke spontaneously bro-

ken CP in multi-Higgs models [10], again, out of
*On leave of absence from Institute for Nuclear Research of Rus-

sian Academy of Sciences. Present address: Dept. of Mathematicat——

Physics, National University of Ireland, Maynooth, Co. Kildare, 2TheCP-violating terms used here are similar to those invoked in
Ireland. spontaneous baryogenesis but represent couplings to the gauge sec-
TAlso at RIKEN BNL Research Center, Brookhaven National tor; see[9] and references therein. We do not require a first-order
Laboratory, Upton, NY 11973. phase transition, as commonly invoked in spontaneous baryogen-
The consistency of low-scale inflation with primordial density esis. For a version of spontaneous baryogenesis in the present con-

perturbations has been shown by Genneaal. [5]. text, see Sec. Il below.
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equilibrium?® Note that it is not easy to rule out the the topological charge barrier factor as a function of energy
CP-violating operators we use by present-day experimentahnd size. We argue that as various spatial scales arise and
results on CP violation, since in our scenario the grow during preheating and the Chern-Simons condensate
CP-violating effects are far from their equilibrium values. becomes inhomogeneous, it is possible to have conversion of
Second, we study the combined gauge field—Higgs clasthe Chern-Simons number to actual barydasd leptons,
sical equations, extending the previcaissatzto include a  which we ignore in this papgmwhich is not only unsup-
spatially homogeneous time-dependent Higgs field. The clagsressed with regard to topological charge tunneling, but is
sical backreaction of the gauge potential on the Higgs fieldhlso not exponentially suppressed by poor overlap between
can drive the Higgs field into oscillating through zero jnjtial and final states. This is an important point. About a
vacuum expectation valu¢/EV) rather than staying near a gecade ago, it was suggested that EW collisions of two par-
broken-symmetry minimum. This is important for sphaler-tjcies yielding anN-particle final state at energi€g=Msg
Ization. large enough to overcome the barrier height and whth

Third, in the final section of the paper we make some~477/gz, could lead to unsuppress&d-L production(see,

“?”.‘afks about .the dynamics of sp_halerization.. This is a.””%.g.,[lZ] for a contemporaneous collection of papers on the
difficult dynamical problem, requiring extensive numerical subject. But others(including Bankset al. [12] and Corn-

investigation, and we barely scratch the surface here. AS'd\?vaII [12,13) pointed out that the poor overlap between the

from brute-force computation, not attempted here, there are ... ! : .
itial and final states led to exponential suppression anyhow,

: : . : n
several avenues to explore for guidance, including S|mplé . _ : o . 2
effective-temperature arguments previously used in connec¥!th a barrier which was a finite fraction of the canonical 't
tion with EW preheating1,3,4; numerical studies of the Hooft barrier. The suppression mechanism had actually been

(1+1)-dimensional Abelian Higgs modg8,4,11; and ap- propose_d earlier _by Drukier and Nussinjd\] to_show that_
proximate but useful tools for an analysis based on toolfroduction of solitons such as the sphaleron in two-particle
developed for understanding the possibility ®# L viola- ~ collisions was exponentially suppressed. o
tion in high-energy two-particle collisionsee, e.g.[12]). A In the present case, the initial state for baryogenesis is not
major obstacle to the analysis is that mere production of th@ two-particle plane-wave state, but a Chern-Simons conden-
Chern-Simons number is not enough to produce baryons; thgate which is largely homogeneous and on which various
Chern-Simons number must be converted into baryonspatial ripples are growing, as suggested8fi when the
through the medium of formation of Higgs winding number gauge potential grows to be of orda/g, the spatial growth
Nuwing- Using simple topological arguments, we construct arate is of ordem. We show that this sort of condensate can
model for the energy profile of the system which illustrateshave good overlap with baryonic final stat@s connected
the issues involved. With the simplification of using an ef-via the EW anomalyat certain spatial scales under the same
fective temperature we estimate baryoproduction for an arbieircumstancesggenerally high enough energwhere the to-
trary time dependence of the topological transition rate angbological barrier is gone. These spatial scales, to no one’s
show how wash-out—fermionic backreaction leading to dis-surprise, are aroundn™! at energies near the sphaleron
sipation of the newly created baryons and leptons—can beass. Of course, if the Higgs VEV is rather small, the
taken into account. Finally we attempt an alternative tocorresponding spatial scale grows larger and the energy scale
effective-temperature considerations by extending some agows smaller. We show that if this second mechanism to
proximate techniques used long ago to examine the possibikvoid suppression is to work whem is near its vacuum
ity of B+ L violation in two-particle collisions. value, the original spatially homogeneous Chern-Simons
The upshot of these considerations is that there are at leasbndensate must have a density of order?:010 2 units of
two possibilities for conversion of the Chern-Simons numbettopological charge in a volum@ 2. Such values are indeed
to baryons which do not suffer from the exponential suppresreached in numerical simulatiortthis paper and Ref8]).
sion of tunneling. In the first, various effedsuch as gauge We cannot, with these crude approaches, begin to quantify
backreaction on the Higgs fieldnay cause the Higgs VEV the number of baryons produced. All we can say is that the
v(t) to oscillate through zero during or immediately after number of baryons is essentially linear in the strength of the
preheating, allowing unsuppressed transititthe sphaleron CP-violating operators we discuss, and that we are not
massM s~v/g vanishes In the second, formation of spatial aware of any experimental limits which would lead to
structures on various scales may allow for baryon formatiorstrengths too small to produce the observed number of bary-
to proceed at energies above barrier heights everisfnear  ons, provided that the baryogenesis process is not exponen-
its usual broken-symmetry value. In this case, there is a retially suppressed and that further baryon washout at reheat-
lation between the size of the structure, the energy of théng is not strong. Given the results of this paper, the
structure, and the Chern-Simons density, which we explor@einexplored rate-limiting step for baryogenesis is the growth
with a relatively crude but qualitatively satisfactory model of of perturbations at various spatial scales.
For some simple versions of the models we study it is
possible to do some approximate analysis of growth of the
3These multi-Higgs models are not realistic 18P violation in ~ Chern-Simons number in the spatially homogeneous phase.
the K—K system, but they could still play a central role in baryo- Generally we find that adding explic@ P violation to the
genesis; note that in general our scenarios for baryogenesis invoh@auge equations of motion leads, as expected, to sethir
CP violation which is far from the equilibrium values seen today. is, not oscillating with the inflaton or Higgs boson
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CP-violating terms in the gauge potential and Chern-Simon€EW symmetry is effectively restored, and more or less genu-
density. If the explicitCP violation is correlated on super- ine thermalization of shorter wavelengths. Without further
Hubble scales, as might be expected following inflation anchumerical simulations it is impossible for us to say how such
which we will assume for this paper, the secular average wilideas compare to what we suggest here, which is based on
also be correlated on super-Hubble scales even though initialltimate conversion of a spatially homogeneous Chern-
values of the gauge potentials might be random from oné&imons condensatg8] to a condensate more resembling
Hubble domain to the next. Without explicltP violation in ~ sphalerons.

the equations of motiorG P violation can only come from There is one numerical lattice simulatiph7] of the full
CP-violating initial values of the EW gauge fields; fas d=3+1 Higgs-gauge system which does not show any
mentioned ir[8]) these are random from one Hubble volume secular growth of the Chern-Simons number, which instead
to the next and on the averageP-symmetric, the baryon decays to near zero. For technical reasons these authors did
number averaged over the whole universe will be zero an#ot include CP-violating terms in the gauge equations of
fluctuations will be too small by the usual factor ofyN, motion. As we show here, such terms are important to estab-
where N is the number of Hubble volumegOf course, lish a long-term Chern-Simons condensate, which may un-
CP-violating effects before preheating can be correlated orflergo sphalerization and conversion to baryons.
super-Hubble scales, so that there can be a secular average

with no explicit CP violation in the equations of motion. Il. SPONTANEOUS BARYOGENESIS AT PREHEATING

We offer one model, somewhat resembling a Brownian o )
ratchet[15], in which the secular Chern-Simons average de- Biasing the baryon asymmetry through an effective
pends not only on the sign of the expli@P violation (as- chemlcal potentlal_can be ac_:hleved in a model with two
sumed to have super-Hubble correlatipisit also on the i99s doublets in what is known asspontaneous
sign of initial conditions, which we could assume as randonParyogenesis Cohen, Kaplan, and Nelso¥,9] proposed
and uncorrelated. Nonetheless, this model leads to a sort gfat the effective T-reversal asymmetry may come from a
secular Chern-Simons average, since resonant growth cdff’® dependence in the solution for the Higgs field. Their
occur only for one sign of initial-condition parameters; oth- SCenario used the variation of the Higgs field inside a wall of
erwise, there is damping. In this model, however, the seculg® Pubble formed in a first-order phase transition. A similar
average itself wanders slowly on a long time scale and con€ff€Ct can occur at preheating uniformly in space, on the
sequently is somewnhat inefficient. We also offer other mod_horlzon scales. We will discuss this scenario on an example
els in which the secular Chern-Simons sign depends only ofif @ two-doublet model. ,

the sign of the expliciC P-violating term in the equation of 1€ Higgs potential in a general model with two doublets,

motion; these lead to a Chern-Simons condensate of unigqd: @ndHo, has a form

sign across the universe. _ T 22 T 22 N
We will give a few examples of numerical simulations, V(H1,Ha) =Na(HiH1 =01+ Aa(HaHa—v3) + A5l (H1Hy

making no attempt to cover the possible range of initial con- 2 T 272 T T
ditionsgand modgls. The examgles are chc?sen to illustrate v+ (HHomv2) PGl (HiH1) (HeHo)
strong resonance and hence strong amplificatio@ Bfvio- —(HIH,)(HIJH) 1+ \s[Re(HIH,)

lation; in effect, this means that the EW gauge potentials

become of order the vacuum Higgs VEVand the Chern- — 0105 COSEI2+ N[ IM(HIH) — vy, Sin€]2.
Simons density grows to orden/872. In strong resonance 1)

these final values are essentially independent of the initial

values; only the time needed to reach the final value finite temperature, al\, andv; receive thermal correc-
changes with initial conditions. With no resonance there isjons and depend on the temperature.

little or no amplification, andin our scenariosfar too few During preheating the Higgs fields move along some clas-
baryons would be produced. We are in no position to sagical trajectory

what “final” values of the Chern-Simons condensate are

needed to produce todayB+L values, since our under- Hi=p;(t)e' 4® 2)
standing of the conversion of the Chern-Simons number to

B-+L in this very non-equilibrium process is still quite that satisfies the equations of motion

primitive.

Our general conclusions are that while there are still many . . opi
unknowns, involving both parameters GP-violating phys- 6;+3h6;+ —+p, !
ics and unsolved dynamics, we know of nothing which P
would rule out generation of the observed number of baryons
. . L : ; . . Vv
in the universe today in this EW preheating scenario. pi+3hp,— 8;2p;+—=0, 3)

Other points of view[1-3,16 have been expressed con- Ipi
cerning the mechanisms at work during EW preheating, in-
cluding the invocation of approximate thermalization of
long-wavelength gauge boson modes at an effective tempera®For numerical simulations of baryogenesis in two Higgs models
ture much larger than the eventual reheat temperature, so thsde[18].

NV

a—aiz 0,
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whereh is the Hubble constant. The terra\(/d6;) is non-  in the CKN scenario was very far from the equilibrium value
vanishing as long as there is a mixing between the Higg$9) because the sphaleron rate was slow on the time scales
bosons; this term is periodic i . associated with the growth of the bubble. In our cage,

In the course of reheating, fermions are created and ahanges slowly in time while the baryon number non-
thermal equilibrium is achieved at some temperatlige  conservation is rapid. This allows a slow adiabatic adjust-
<100 GeV, low enough to prevent any sphaleron transiment of the baryon number to that which minimizes the free
tions. The Higgs fields change from their zero-temperaturenergy.
values at the end of inflation to some temperature-dependent

VEV, lll. CP-VIOLATING OPERATORS AND COUPLING
TO THE EW GAUGE FIELDS
at T=0, pi=v;; (4)
In this section we describe some models of parametric-
at T=Tgr, pi=vi{(Tr). (5  resonance-enhanceZiP and B+L violation which are(at
] least immediately following inflationspatially homogeneous
At the same time, the phagealso changes over each Hubble volume, but not fully correlated over
_ B B super-horizon regions. These models evade, in various ways,
0(0)=061(0)— 62(0)= ¢, (6) the usual problem tha+ L generation in any one Hubble
volume is completely uncorrelated to neighboring Hubble
H(TR=0:(TR— Ox(TR=&(TR). (1) D o oty

volumes. In these models there is one or more feature which

is totally correlatedbecause of inflation typically the infla-

ton VEV or the time-dependent part of Higgs VEVs as

driven by coupling to the inflaton. But other features, such as

(900)j° (8) initial values of other fields, may be totally uncorrelated
Y from one Hubble volume to the next. Unlike the earlier study

that appears in the Lagrangian after the time-dependell;?] explicit CP violation is built in to the gauge-field equa-

phase is eliminated from the Yukawa couplings. Héfe tions of motion rather than just into initial values; th@sP
Y bias can overcome randomness due to initial values and to

The time derivative of) serves as a chemical potential for
the baryon numbef9,19] because of an effective coupling

=mypy*y+ ... is the fermionic current. o stochastic behavior of the solutions to the equations of mo-
If the gauge fields grow in resonance as described in Retjgn.
[8], but the Higgs fields are out of resonance, g term in The CP-violating terms come from various higher-

Eqg. (3) can be neglected. The equation allows for a slowlydimensional operators which can be generated from strong
varying solutiond(t) that interpolates betweefi=¢ and ¢ ~ CP violation or from multi-Higgs models showing sponta-
= £(Tg). Since the Chern-Simon number violating processe$1€ous CP violation [10]. The coupling strengths of such
in the gauge sector are very rapid on the time scale of thelC P-violating operators need not be small, since in the early
malization, the fermions produced during reheating will haveuniverse strong P violation can be very much out of equi-
time to equilibrate to the minimum of free energy when alibrium. Generally the higher-dimension operators come
thermal distribution is ultimately achieved. The effective from fermion loops; in the kinematic situation of the present
chemical potentiaug is proportional tod, and the equilib- PapPer, there is no way for a purely bosonic system of gauge

rium value of baryon asymmetry is fields, inflaton, and Higgs bosons to lead @P-violating
terms in the gauge equations of motion. We will only con-
- yw(Tr)\2 ,  £(yw(TR) 2 ) siderlocal CP-violating terms, which would be appropriate
ng~(0) T ) RNt_< T ) R at the beginning of pre-heating when the universe is very
R R R cold; in principle, modifications of locality can occur when
_10+3 1075ty the time dependence of various quantities begins to probe the
~10 OTR( o ) 9 fermion loops carrying th&€ P violation. We will not con-

sider that case here.

wherety, is the time of reheating artg, is the Hubble time at There are two generi€ P-violating operators which we
the electroweak scalgy, is the top Yukawa coupling, and Will consider. The first is of the form
v(T) is the Higgs VEV. FoiTg<70 GeV, there is no wash- ~
out of the baryon number by thermal sphalerons. The re- kFTrG,,G*" (10
quired baryon asymmetry, 18° can be achieved in this
scenario if the reheat time is 10 the Hubble time. The whereG is the dual field strength for the EWU(2) group®
reheat time is usually much shorter than the Hubble timeF(x) is a (possibly compositegauge-singlet field and a
and the requisite ratio IG can be achieved in a realistic coupling strength with dimensions of mass to some negative
model.

The difference with the scenario proposed by Cohen, Ka=
plan and NelsorfCKN) [9] is that in our cas€ P violation SWe ignore hypercharge couplings in this paper. A factor of the
occurs homogeneously in space, as opposed to in a bubblauge couplingy is included in our definition of EW potential and
wall. In addition, the final prediction for baryon asymmetry field strength.
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power (depending orF). As usual, integration by parts of where j=0,1,2, N.=3 is the number of colorsg is the

Eq. (10) shows that the action can contribute to the gaugeusual QCD vacuum angleqcp is the QCD gluonic vacuum
field equations of motion only iF has a non-trivial depen- energy densityt{QCnggTrGg) in terms of the strong cou-
dence onx; we will seek for this dependence in out-of- pling g and field strengthGs; note thate ocp<<O with our
equilibrium oscillations of the inflaton or other fields. We conventions using anti-Hermitian gauge figld$o be spe-
note that coupling of the forril0) as a source for topologi- cific, let us suppose that the vacuum angle is zero and that
cal number density has been considered in a model with &'/F,, is small enough so that we need consider only the

cosmological pseudoscalar field coupled to hyperchi2@e  j=0 sector explicitly. Now suppose that through the opera-
Another possibility is tion of some early-universe physics the figjtl deviates sub-
stantially from its equilibrium value of zero. Furthermore,
K'FTrG,,G,.G,, (11)  this deviation, because of inflation, {soughly) the same

across the entire universe. Just as the inflaton doesythe

In this case, it is not required that there be any extra fieldield will begin to roll toward its equilibrium valugat which

F(x), since the operator in EL1) is not a total divergence. Point strongC P violation is absent or smalbn a QCD time

Nonetheless we include it, since there are terms in the gaugécale~GeV !, a time scale long compared to all other time

field part of Eq.(11) which are total divergences and which scales in the problem. Thg' field couples to the EW fields

could be important. G, through, e.g., quark loops, yielding an effective cou-
When the action constructed from operators of the typedling

(10) and(11) is added to the EW gauge action and the Higgs

equation of motion is added, the dynamics studiefBinare 1 -

modified. We discuss the new equations of motion following KQCD’?'FTYGWG“”- (14

some brief remarks on the physics behind the operators in &

Eq. (10). As for the higher-dimension operator in Ed1), it

is to be expected at some level whenever the lower

dimension operator in Eq10) appears.

It is straightforward to check thatééD is of order a QCD
massM of 1 GeV or so. The coupling to the EW potential
requires an integration by parts, yielding a term in the action

~KQCD}7’¢3, where ¢ is a constituent of the EW gauge
potential[see Eq.(21)].

The CP-violating physics we are concerned with may It might also happen that the field coupled to the topo-
come from out-of-equilibrium stron@ P violation, fromC P logical charge density oscillates at the inflaton rate, because
violation in the Higgs sectdwith two or more Higgs fields ~ of Higgs couplings to the inflaton. For example, with the
or from other causegNote that CKM phase effects are not notationH for an electroweak Higgs field doublet, some un-
strong enough to driv€ P violation in the standard modgl. specified physics may lead to an action of the type of Eq.

IV. CP-VIOLATING PHYSICS

We will discuss the first two explicitly. (10
. o 2
A. A model with strong CP violation « 9 2f d*HTH Tr Gﬂvé’“’ (15)
Consider theC P-violating operator of E¢(10), which has 167

a typical axionic form, although we do not associate the field

F with an axion. We assume that previous physics associateghere the fields = H'H oscillates at inflaton rate scales be-
with earlier times has left a universe which has substantiatause the Higgs field is coupled to the inflaton.

strong CP violation in the QCD sector. As a prototypical

example, consider thg’ field, which is coupled to the QCD B. CP violation in a multi-Higgs sector

guark anomaly and to the gluonic topological charge density.
This coupling to quarks is of the usual form

_ i !
Mqd exp{ |7:577 q

7'

Since we are in no position to be very specific abO&
violation in the early universe, we will illustrate the concept
by using a mode(Lee in[10]) which cannot account for all

(12 CP violation observed in th& —K system, but which can
nevertheless represent an additional sourc€ Bfviolation

) . ) o ) in the early universe. In this model there are two Higgs dou-

(with suitable but irrelevant normalization &f,/), showing bletsH; ,H,, and the potential is chosen so that even though

thatn'/F,, is an angle with period 2. The potential energy 4 couplings are real, thél, VEV is complex and of the

of the »" field comes from Eq(12) and from coupling to  ¢5rm

gluons; the latter must reflect the Witten-Venezigi] re-

lation and other requirements related to #hangle depen-

0
dence of QCD. The result is the standard form <H2>:(v2e”’) (16)

1 . - . .
V(n')=mine cos{—(0+ 2mj+7'IF, )| (13  Withreal positivev,. The phase anglé arises from terms in
7 QDN Ty the Higgs potential of the form
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V=HIH,(DHIH,+EHIH)+H.c+ ... (17) For the Higgs fieldH we use the standard model fofm

0
<H>:(v(t)/ﬁ)' 2

Evidently the topological charge density goes Ii&aﬁz,
which is, as it must be, a total time derivative. The topologi-
Recall that the essence of the EW-scale pre-heating isal charge density is the time derivative of the Chern-Simons
coupling of the inflaton to the EW Higgs fields. In this case,densityn__
we invoke (for no deep physics reasona coupling of the
form $°

which can be rewritten to show terms involving @bs

2
+.... (18

_ 2 2 V1
Y 2Dv1v2(cosa+ Dv,

2.t 2 cs g 2" (24)
~ T
2 . . )

Go“H{H,+H.c.~v,v,0° coséd (19

The gauge and Higgs equations will be written in non-
dimensional form, where the time variable is replacedry
the gauge fieldp is replaced byp/m, and the Higgs field
is replaced by /vy. Herem=uv,g/2 is the vacuumi\-boson

The CP violation is coupled througlsU(2) fermions to . ) )
the EW gauge fields, and one readily checks that the Iowesgqisastig]ngegpes of the standard Higgs VEy. The resulting

order fermion loop graph gives rise to a coupling of the type
in Eq. (10) which is proportiondl to v,v, sin . The oscilla-
tions of # then give rise to a non-trivial coupling to the EW
gauge fielde.

assuming for simplicity that the couplinG is real. Once
pre-heating sets in and the inflater{t) begins oscillating,
the angled also begins to oscillate.

d+2¢3+v2p+[CP—violating term=0 (25
and

V. CP-VIOLATING EQUATIONS OF MOTION

.3 o [ME| G?o?
There are several possibilities f@P-violating terms in vt 4(;S vt 2m? o=+ m2 v=0 (2§
the equations of motion, depending, for example, on whether
the fieldF (x) in Eq. (10) oscillates at the inflaton oscillation whereM=v,y2\ is the Higgs mass. An important prop-
frequency or at a much lower frequency. Before writingerty of Eq.(26) is that if large(order one values of¢ are
down these terms we set the notation by giving the standargkached by resonant amplification, the Higgs boson potential
model action for the gauge and Higgs fields, including ajs strongly modified andy can approach the symmetry-
coupling of the Higgs field to the inflaton fielat (but not  restoring value of zero.
writing other inflaton termys There are, as discussed above, several possibilities for the
CP-violating term. In these equations we will assume that

i 1 v ta N 1, 2 the inflaton is qscillating .sinusqidally at a physical frequency

S‘f X 2_ngrGwG +D,HD*H=AHH- Pk w, corresponding to a dimensionless frequentg;

rt rm
_GZO,ZHTH ) (20) g=0CO0 E , w=7. (27)

. Previously instead of using the Higgs equation of motion
We use, as beforf], the followingansatzfor the EW gauge (26) the Higgs boson potential was set to zero, on the

potential, which isg times the canonical potential and is groynds that inflation stops, preheating starts, and the EW
written in  anti-Hermitian matrix form(so thatD,=d,  sector begins to undergo spontaneous symmetry breaking
+A,): when the inflaton field reaches the critical vakig

Ag=0; A= l) B(1), (21) _ My
2i o G\/E' (28

with corresponding electric and magnetic fields

- 1 - "The form of Eq.(23) does not contain Goldstone modes, which
E=G,=|- d’ B=Ze, G, = ¢2 (22 contain vital topological information during actual creation of bary-
] U J7 9 FIkIFPKIT o : . S . .

ons; we will discuss these effects in a later section.
8n these equations we ignore Hubble damping, which is minus-
cule, and damping by decay into fermions, which may have some
5The Higgs fields change left fermions to right, so bethandH , importance at long time scales where other effects we ignore could

must act. also be important.
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This led to

75
>
Cc

v2=1+2e+2ecosrt, (29

E=
4o

Under the assumption thatis small® so that it can be ig-
nored compared to unity in the constant term in £29), the
gauge equation of motion becarf&]

d+2¢%+(1+ecosrt)p=0. (30)

Note that there is n&€ P violation in Eqg. (30), since for
any solutiong(t) there is another solutior ¢(t). CP vio-

PHYSICAL REVIEW D64 123518

o=rarb|o+ So1- azebd)-a
=ra+ Z+§_ —E(a+ )| — dac,
0=—rb i 12 (a24b?) |~ o
=—rbta -3 E(a+ ) C,
(33
—dab

C=—"""—F7"".
1+3(a’+b?)

Note that since bothé and c are proportional to the
parametric-resonance parametgthe newflast terms on the
right-hand side of Eq(33)] contributions are of ordee?.

lation can only come from initial values which favor one The formal analysis is done in powers gfwhich we there-

sign or the other of th&€ P-odd field ¢. The modifications
we address in Sec. V A add terms eventirio the equations
of motion, which therefore will have a built-i@ P bias. And

fore assume to be small. Then in E§3) the equations foa
andb are, to ordelk, the same as without th&term, and the
secular termc is driven by the unperturbed values afb.

when we come to numerical analysis in Sec. V, we will useThese show standard Mathieu behavior of the form sexp

Egs. (25 and (26) instead of the simplified form 1
+ e cosrt in Eq. (30).

A. CP violation at the inflaton oscillation rate

Before studying the complications of the combined

Higgs-gauge equation®5) and (26) which can really only
be handled numerically, we will look at addi@P-violating
terms to the simplified gauge dynamics of E§0). This

allows a certain amount of approximate analysis, similar t

that used in the Mathieu equation, to be done.

with

p= o[ (1 )12 (34

(where we ignore temporarily non-linearities in the equa-
tions). Sincee is small, the value of must be nearly two for
w to be real and resonant amplification to take place, which

ds to say thatu scales linearly withe.

In studying the original equation with né term but re-

Using the Higgs boson dependence on time as shown ilgining the cubic non-linearity8], it was shown that the

Eqg. (29 and integrating by parts in the action of E3d.5)
gives rise to an action of the forfig®sinwt. We add the
appropriate contribution to E¢30) leading to the modified
(and explicitly C P-violating) equation:

d+2¢3+ 5p?sinrt+(1+ecosrt)p=0. (31
In this equation the paramet@ris proportional tOxewvg.

Note that if ¢(t) is the solution to Eq(31), then — ¢(t) is
the solution to this equation whehis changed in sign.

Without the 5¢? term the equation of motion is essen-

tially a Lameequation, as discussed[i®]. But with this term

quantity a>+ b? obeyed a certain equation which revealed

the conditions under which growth rather than damping

(negativew) occurred. With thes term added, this equation

is

—2eab 268%ab(a’—b?)
r 1+3(a2+b?)

d
a(a2+ b?)= (35

The second term on the right of E5) is of higher order
and can be neglected, and then the conclusion is the same as
before: Growth is only possible &b is positive(for negative
€); otherwise there is dampingwWhena,b are small, their

added we know of no way of reducing the equation of mo-growth leads to growth of the secular teayat twice the rate
tion to an explicitly soluble form. The major feature of the of growth ofa or b; see Eq(33).]
modified equation can be found by a standard Mathieu-like Writing

analysis, assuming that has the form
$(t)=a(t)coqrt/2)+b(t)sin(rt/2)+c(t) (32

and assuming thaa,b,c vary slowly on the time scale of

a=AcosV, b=—-AsinV (36)

with positive amplitudeA, Ref.[8] showed from Eq.(35)
that

oscillations. The new feature here is the presence of the secu-

lar termc, which is unnecessary when tidg? term is miss-
ing in Eq.(31). By ignoring all terms oscillating faster than
the half-frequency /2 one then finds

91t is useful for approximate analysis to take the parameterbe
small, but it can be of order unity in actuality.

t €
A=A0expf dt’Esin 2w (t") (37)
0

with an accompanying equation for the andfeshowing that
it varied on thee rate scale, that is, slowly. Eventuallly
becomes large enough so that the prodatctchanges sign
and growth turns into damping, or vice versa.
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What is happening to the Chern-Simons number in thisequations of motion foa,b are the same as with nGP
model? The Chern-Simons number density is jét872,  violation [that is, sets=0 in the first two equations d33)]
and in the case where tl@@P-violating term proportional to  while the equation for becomes
§ is absent, as is the secular teonthis quantity is purely

oscillatory and has no appreciable long-term average or pre- — 8" (a%+Db?)
ferred sign. But things are different with+#0; the secular = o (40)
average of the Chern-Simons density is 2[1+3(a"+b)]
$° 3 Provided thatas we have already assumed is roughly the
<—2> = 2cA2. (38 same in all Hubble volumes, so is the signopfand so the
8w 16w Chern-Simons numbers in all Hubble volumes add with the

) ) o same sign.
Note that the sign of the Chern-Simons density is controlled

by the sign of the secular term Under the usual assumption
that the inflaton(and therefore the Higgdield is correlated
across the entire universe, because of inflation, the sigh of  We briefly consider here the consequences of adding the
is also correlated across the universe and by(&8).the sign  higher-derivative CP violation of Eg. (11). It is readily

of c depends on the sign of the prodiadi, which may differ  checked that this term yields actions [F(¢%) and
in each Hubble volume. But by E¢35) growth only occurs —F ¢*&: the latter is integrated by parts toH ¢°. So to the

when this product is positivésince e IS negativg, even original equations of motion we must add terms of the form
thougha,b may separately be random in each Hubble vol-

ume. Of course, only those Hubble volumes where growth F ¢ —3(F¢2+2F¢$). (41)
actually takes place have appreciable Chern-Simons density '

and n gach of these volumes the sign of the Che_rn—Slmon§hese can, as discussed in connection with the numerical
density is the same. There are Hubble volumes with Chern

; i e ; .~ 'studies reported below, have dramatic effects because of the
Simons density of the opposite sign, but in them there is n ppearance of derivatives of
growth and this density is small. The result is that at least for '
a while the entire universe has an average Chern-Simons
density of fixed sign, the same in each Hubble volume, even VI. NUMERICAL STUDIES
though the initial values of gauge potentials may be random

in each Hubble volume ered in depth here. We give several examples illustrating

Numerical simulations discussed below show that on timqnost of the effects discussed above. In these examples, we

71 .
scales of ordere "~ the secular average can change sign,i yse the following values of parameters unless otherwise
since on such time scales the prodadt can also change specified:

sign. This may lead to relatively small Chern-Simons con- I .

dgnsate value)é even in strong r}tlesonance. (1) Gauge initial valuesi(0)=0.01; ¢(0)=0.01.
We cannot yet say how small or large this condensate (2) Higgs initial valuesv(0)=0.5; v(0)=0.5.

value must be, in order to reproduce the observed value of (3) Ep25|lon2parameté? €=05. _

B+L, or of the baryon-photon ratio. The smallness of the (4) M/2m“=1.5 (corresponding to a Higgs boson mass

baryon-photon ratio must come, in our models, from a comof about 140 GeV.

C. Higher-derivative CP violation

The range of parameter space is vast, and cannot be cov-

bination of the smallness o P-violating parametergsuch (5) Resonance parameter2.2.

as occur in Higgs potentiaglsdynamical effects during pre- Other parameters will be specified as needed. Note that
heating such as mentioned above, and sphaleron washo@ this standard set of parameters the Higgs field is far from
after pre-heating. equilibrium; below we give numerics for initial values start-

ing rather close to equilibrium.

B. Equations of motion with strong CP violation

Since they’ field potential in Eq(13) is determined by A. Sinusoidal CP violation with gauge backreaction

QCD parameters it is rolling very slowly on EW time scales Gauge backreaction is described by E@%) and(26), to

and we can replace the time derivative ®f by a term of  which we will add appropriat€ P-violating terms. One of
orderM n’, whereM is a typical QCD mass, and ultimately the most important features of this gauge backreaction is that
(after rescaling time and the EW potentiglas beforecome it can help facilitate rapid Higgs transition through=0,

to anotherC P-violating ¢ equation of the form which removes the sphaleron barrier and makes baryons
) from the Chern-Simons number. The equations to be studied
d+2¢3+ 68" p?+(1+ ecosrt) p=0. (39 numerically here are Eq26) plus a gauge equation with a

sinusoidalC P-violating term:
Here the parameteY’ is of orderM/m, the ratio of QCD and
EW scales, or perhaps 18.
As before, we must add a secular teorto the usual Owe choosee positive for the simulations; this makes no differ-
Mathieuansatzof Eq. (32). Equationg33) are changed; the ence to the ultimate interpretation of the numbers.
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t t
0.1
0.0002
0.05
n 0 0.0001
-0.05
<n>
-0.1
-0.15 -0.0001
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0 100 200 300 400 500 600

t t

FIG. 1. These figures show the behavior of the dimensionless gauge potenidadgs VEV v, Chern-Simons densiwzncs, and the
running average of the Chern-Simons dengity=(n_ ) for the conditions of Sec. VI A.

a)+ 24)3+ Uz¢+ 5¢2 sinrt=0. (42) B. Constant CP violation with gauge backreaction

In the present example we modify E@®5) by adding a
The initial conditions are as given at the beginning of thisquadraticC P-violating term with constant coefficient, as dis-

section, except thap(0)= —0.01; also,=0.51. This value Ccussed in Sec. VB
of & is not necessarily realistic, but in gene@iP-violating - 3. 2 9

quantities scale linearly i@. The change of sign is done in ¢+2¢7+v T W =0. (44)
order to get on the positive-growth curve of the parametric-

resonance instability of the simplified version of the gauge/Ve Will takew=0.5 for the numerical example. This is un-
equation of motion, given in E¢31). Figure 1 shows the realistically large, but it makes it easier to see what is hap-

results forg, v, Chern-Simons density _, and the running P€ning. Generally speaking, the long-term average Chern-
cs Simons density is proportional w; for example, as in the

simplified analysigwith no gauge back-reactipteading to
Egs.(38) and (40) which gives

average(n ) of the Chern-Simons density, defined as

11t
(ncs>= ffodt’ncs(t/). (43

w( $?) (45)

(neg=-
There is no particular physical significance to the running
average, but it is more convenient to display than the timeeor <ncs>~—0.0008 for Figs. 2 and 3.
integrated Chern-Simons number, which covers too large a Figure 2 shows the time history ap, v, the Chern-

range to be displayed legibly. More to the point is a simplesimons densityr_, and the running average _) for initial

time integral ofn SUCh as emerges from the dynamics, as Innggs boson values which are far from equilibrium. The in-
Eq. (60) below; this is 600 times the running average at thetegrated Chern-Simons number is of order 0.1 for a
end of the time period simulated. CP-violating strength of order unity, and so might be of
One notes that in the present model the running averaggrder 10°* for more realisticC P-violating amplitudesw of
(n.y itself changes sign from time to time on a long time grder 10 2. This leaves room for inefficiencies in generating
scale, as would be expected from the analysis of Sec. V AB+L from the Chern-Simons number, washouBof L, and
So this model is not a particularly efficient way of generatingother dynamical effects to reduce the baryon number to its
B+L even in strong resonance. On the other hand, just howictual level of perhaps 106°% And, of course, there is no
large a long-term Chern-Simons condensate needs to be teason to believe that the numerical parameters we use here
generate the observesi+L is not known, so this may or apply to the real early universe. Experience with running
may not be a drawback. many simulations of the type in Fig. 2 shows that the initial
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0.03 o,
0
0.02 <n> v
0.01 -0.0002
n 0 -0.0004
-0.01 -0.0006
-0.02
-0.0008
-0.03
—0.04 -0.001
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FIG. 2. These figures show the behaviordf v, n_, and(ncs) for the conditions of Sec. VI B withy (0)=0v(0)=0.5.

values of Higgs and gauge fields are not so important, and In the examples so far, the Higgs field has been far from
that final values of the running Chern-Simons average foequilibrium initially and so it swings through the origin fre-
unit-strengthCP violation range from about IG (some- quently. The next example, also for a const@m-violating
what smaller than the maximum expected, which is of ordeterm, shows the importance of gauge backreaction in causing
1/872), to the non-resonant value gf(0)%/8x2 which is of the Higgs field to oscillate through zero. For this example we
order 10 8 for our initial conditions. Of course, these values choose Higgs initial values(0)=1.06, v(0)=0.1 with all
would be reduced further by the strength of @B-violating  other parameters as for Fig. 2. The results are shown in Fig.

term, which is not small in our simulations. 3. Because the Higgs field is near equilibrium, it stays for a
2
1
1.5
0.5 1
0.5 H
q) 0 v 0 “l“““lll‘]l‘
i1
-1
-1
-1.5
0 100
t
<n> o
0.02
-0.0001
0.01
-0.0002
n 0 -0.0003
~0.01 -0.0004
-0.0005
-0.02
-0.0006
~0.03 -0.0007
0 100 200 300 400 500 600 0 100 200 300 400 500 600
t t

FIG. 3. These figures show the behavioréf v, N.o and(ncs) for the conditions of Sec. VI B, witle (0)=1.06, v(0)=0.1.
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0.0001
0.00005
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-0.0001
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FIG. 4. These figures show, v, N and(ncs> for the conditions of Sec. VI C.

while near unity, and the gauge field appears to be triviallySimons numbet* equivalent to @B+ L condensate, turned
small. Actually ¢ is slowly growing and finally becomes into actual baryons and leptons, which are localized states?
large around a time of 200. Fast growth ¢ftowards order What fraction of the condensate is turned into baryons and
unity values begins to send the Higgs field into wild oscilla-leptons? How does the winding number of the Higgs field
tion, accompanied by growth of the Chern-Simons averagenter in? We are in no position to give definitive answers; all
value. We will see later that having the Higgs field go these questions are still under active investigation.

through the origin may be important for creating baryons | et ys begin with a comment concerning washout of bary-

from the Chern-Simons condensate. ons and leptons after reheating. The attractive feature of EW
preheating is that the temperature after full reheating is rather
C. Higher-derivative CP violation smaller than the EW crossover temperatlige so that bary-

ons and leptons created during preheating are not completely

times does lead to singularities in finite time because of thd/ashed oufthe sphaleron transition rate exp(~Ms/T) is
higher derivatives. We show one case where the singulari ver;;]small because the sp.rl1|aleron mlbﬂssﬁs Iarr]ge comrp])argd
does not develop before dimensionless time 600. The equi the temperatuje We will assume that this mechanism

tions to be solved numerically are the Higgs equati2é) protects baryons, once produced, from washout during re-
and heating. Nonetheless, there can be washout during preheat-

ing, and we will have to discuss that.
d+2¢%+ 02+ W(ad?+ dd)=0. (46) Our discussion will invoke insights derived from numeri-
cal and analytical work on these issues in the
The coefficientsw,a are —0.2 and 0.1, respectively. i  (1+1)-dimensional Abelian Higgs model; from simple ar-
gets even a little larger in magnitudsay, w=—0.21) a guments based on effective temperature; and on approxima-
singularity seems to develop, although we have not exploreHons to an analysis based on modifications of earlier work on
this phenomenon in any detail. Figure 4 shows the resultd3+ L violation in two-particle collisiongwhereB+L viola-
The ¢ term in Eq.(46) is always of one sign and leads to tion is still extremely small because of the poor overlap of

secularCP violation; if only the qﬁqb term were kept, the
running-averag€ P violation slowly wanders from one sign
to the other.

Adding terms such as those in E@1) can and some-

I Throughout this section we will make a distinction between the
total Chern-Simons numbNCSor the Higgs winding numbeX,,;nq
in a fixed volumeV of space(or lengthL in 1+1 dimensionsand
VIl. FROM CHERN-SIMONS NUMBER TO BARYONS their densities1 , Nying, and similarly between the total energy
in V and its density. Note thatE/V is a function ofnCS, Nying bUt
In this section we comment on some very difficult ques-not of V; nonetheless, it is appropriate to discuss the dependence of
tions: How is the homogeneous condensate of the Cherrk on the total topological numbef$_, Nying at fixedV.
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states, even though there may be no tunneling barrier
A real baryon is a spatially localized state, so the trans-
formation to baryons requires quasi-localized states resem

bling (but not necessarily identical tosphalerons; these AR & &
A3 (<

states involve not only the gauge fields but also Higgs flelds, P “‘::“‘f‘.‘ ‘o‘:f,@@;*;s&. ;;.‘.':

which carry a winding numbeN,j,q of their own. In the \\“ = ““\“““““““\““\\\\:\\\\‘ :“‘ ‘\“ 9 “?‘ ““\‘. :3:‘&?«" 4 RS
‘\ “‘ 2 e A

ansatzwe have used so far the Higgs field has no winding ‘;“\‘\‘\\““:3\\\\§\\\\“‘““‘\\ x\\\g\“““ 3“\‘3‘.’&&3“3" “{“‘f.",;zs‘&i’
DRI N A “~i‘\\\ 0 oS g

number. \\ W ‘*‘\\u I “ ¥ ‘:,.0

Presumably a major influence on the dynamics of spatial
localization is the instability of the gauge-Higgs equations to

‘\,‘

‘\ \ ¢ '0’
\\\\\\\\\\\‘“\\\\\‘ ‘§“\“‘§\ S

. . . “d
growth of spatial ripples, as alluded to iB]. We will not 2 \\\?“‘?““\\\3{&'\‘“‘\3“?\‘?“‘
discuss this mechanism here, which is non-linear and time- 1 -
dependentso it may be amplified by parametric resonance N S \\

W \

A. Dependence of energy on topological quantum numbers

In the presence of a Chern-Simons condensate it is ener-
getically favorable to shift the winding number of the Higgs
field Ny,ing in the direction of the Chern-Simons number. One
way to see this is to note that the enefy [d3xe depends
on bothNCS andNinq- In the homogeneousnsatzused so
far the energy, with terms ig? and ¢*, grows monotoni-
cally with n__ sincen_.~ ¢>. The Higgs winding number course, it is also energetically favorable to decredseto-
Nuwing i zero[see Eq(23)]. Now the energy of a state with ward zero with no change iN,ji,q, but then no baryons will
finite values ofNying, N_ is, under a large gauge transfor- be producedB+L will rise and fall in lockstep withN
mation with Chern-Simons numbet N,,q, equivalent to according to the usual anomaly relation, yielding no baryons
one with zero Higgs winding: at the end. So among the changes which decrblas¢here

_ _ is a competition between those which incred$g,q and
E(N o Nwing) = E(N g~ Nwind Nwing=0)- 47 those which do not change,ing -
Bv the ab ks th 0 has its mini We illustrate these statements in Figs. 5, 6, 7, and 8. Fig-
ythe aNoveI\rIema_ros e energy Wling=0 has its mini- 0 5'is grawn assuming that the gauge boson rfassa
mum at cs | wind— % posteriorithe sphaleron masare somewhere near their con-

More explicitly, once the system has become a condensatgntional values, so that there is a sphaleron barrier hinder-

of more or less localized ObjeCtS these are described by |ag topo|og|ca| Charge Change as indicated by the corruga-

FIG. 5. The static system eneryas a function of the Chern-
Simons numberNc and the winding numbeN,;,q. Note that
E(N_y Nuwing) is minimal along the vacuum lindl __=Ny,inq and
increases WithN_.— Nyjn -

large gauge transformation at spatial infinity: tions on the figure. However, as we have seen in the
A Ug U1 (48) numerical studies, it is possible for this barrier to vanish as
A ' the Higgs VEV passes through zero. Figure 6 is a view from
1 0
- N. . S Ve
H(x)— \/EU vo)" (49 e w.nd/ . Vs
The same gauge transformatibnappears in both the gauge 24" e o
potential and in the Higgs field in order that the Higgs con- -~ yal N —const
tribution f|D ¢|? to the action be finite in infinite volumeé. el max. gradientgath = >
Evidently these localized states have lower energy than ¢
homogeneous condensate which, so to speak, fills in the vol .~ T sphaleron
ume between the localized states. + —b ——F ¥ N
. .. -~ i . CS
The vacuum states witN__=Nnq are minima on the 2 -1 @ L 3 4 5 6
energy landscape, sB(N_,Nying) is zero along the line A+ S K
N..=Nuina- ANy transitions proceeding toward this line are )
energetically favorable. For example, beginning from the ho- 2 L Nes = Nying
mogeneousansatz state with large positiveNCS but zero 1 Nog = Nying £ 2 -
Nuwing, it is favorable todecrease N_andincrease Niipg. Of P D Nes = Nwing 4 ----o-o

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

?The gauge transformatiodl has the usual properties of large theN_~Nyin diagram, viewed from above. Pa#B represents the
gauge transformations, including compactness on the sphere at isimplest non-sphaleronic topological transition in the Higgs sector.
finity; a typical example is given in Eq65) below. See the text for explanation of the notations.
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Nwina=0,1, illustrates some possible transitions which

change the topological numbers and the associated changes

in energy. Figure 8 shows the energy profile at constant

with the corrugations corresponding to tunneling barriers.
The energy profiIeE(NCS, Nywing=0) can be estimated in

the case of static or slowly-changing spatially homogeneous

fields[see Eq(21)]. For the 141 Abelian Higgs model22]
one has

[y
1
1
A
1
[y
1
1
\
v
\
A
A
\
\
\
\
\

1 3 _E
_ .2 2_° 25=sph o
E(nCS)/L— SV (gAy) =57 —MHnCS (50)

and for the present-81 case

4
FIG. 7. A cross section of the energy profile at constey,q .

m
( _ E(n J/V=55[(87%n_)**+(87°n Y. (51)
The lack of any barriers makes the downward evolutlorN%g cs 29 c ¢
completely unsuppressed. Statesand B correspond to the same

states in Fig. 6. At non-zer®l__ the transitions which decrease This profile is repeated along the,;,q axis with a corre-
IN.c—Nuind become energetically favorable; a simple case dis-sponding shift alondN__ axis so that the minimurk=0 is
cussed in the text corresponds to the pa@ with N__ held con- always on thENcs: Nying line (see Figs. 5 and)6

stant. As mentioned before, there is no energy barrier for move-
. _ _ _ ment along theNCS axis, so this movement is completely
a.bove of the energy profile plot .Of Fig. 5. In Fig. 6 the filled unsuppressed and controlled by the dynamics of the gauge
circles along theNCS= Nying line indicate states of zero en- fig|g condensateb according to Eq(51). This lack of sup-
ergy (with Nyng an integey, and the open circles on the pression means that arfgotentially larg¢ number of bary-

dashed lines indicate non-vacuum states of positive energgns produced by variations M__ would instantly disappear
constant along each dashed line. A conventional sphaleraf,mediately afteN__returned to the energetically favorable
transition from the point A moves along such a line with cs

equal probability in either direction. This is not the case forvglueNC; Nuind. prowdgd there were no transitions in the

topological transitions along other possible paths, such as tHdiggs sector Kynq remained unchanggdin other words,

maximal energy gradient patfon Fig. 6, this path is or- €ven though th(_a fermions are couple_d _through _the_ anomaly

thogonal to the conventional sphaleron-transition paig- ~ t0 the Chern-Simons number, long-living fermionic states

ure 7, showing two cross-sections of the energy profile afiPPear only due to transitions in Higgs sector which modify
the energy profile alonglCS axis by moving the centémini-

P mal energy value of N__around which it oscillates.
E Nes =3 cs ) L
NS :g _______ As opposed to the absence of barriers for variatior$ in

i only, transitions along thé\,,,q axis require passing over

; sphaleron-like barrier§or simplicity, the barriers are shown

i at half-integer values in Fig.)5Precisely how high this bar-
rier is depends on several circumstances, to be discussed
below, notably the Higgs VEV and the spatial scales of the
gauge and Higgs fields. In-31 dimensions spatially homo-
geneous fields have a high barrigprovided the Higgs VEV

is not zerg, by an argument similar to that given earlier: it
would be energetically favorable to separate regions with
nontrivial gauge and Higgs fields in sphaleron configura-
tion). In other words, the sphaleron, of sizem™!, corre-
sponds to theninimumbarrier height and the barrier height

is greater for all other spatial scales. However, in thell
Abelian Higgs model the barrier at any_, Nying is the

FIG. 8. Energy profileE(N_4Nyind) along theNyipq axis for ~ same as the sphaleron b_arrier, as can be shown by making a
several values oll_. Note thatN,,q is integer forany field con-  large gauge transformation that eliminates the background
figuration; the curve profile at non-integ,;,q reflects the pres- gauge field and taking into account that the gauge field com-
ence of sphaleron-like energy barriers separating the states withonent of the (¥ 1)-dimensional sphalerd23] is inversely
ANyine==1. These barriers disappear at sufficiently high proportional to the spatial volume. So the contribution of the

IN = Nuind - gauge field to théstatig energy vanishes at infinite volume,

max. graaient ﬁgtﬁ
N T N T

-1 0 1 2 3 4 5 6 7
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while the Higgs field contribution is identical to that of the
sphaleron. The (3 1)-dimensional case will be discussed N;,q/V=
below.

In the homogeneous case discussed in previous sections, (55)
when the dimensionless gauge potentialis of order one
et b e Cher-Simone fumber 400 & 802 €4 ot trt e ol ate oy T ),

9y, 199 9 - -wind - p It is worth noting that the expressigb5) becomes infi-
that the energy in a volume containing one unit of Chern-

. nitely large at smalh__. This divergence appears because in
Simons number can exceed the usual sphaleron energy, ané y'arg cs 9 PP

(as we show in the next sectipthis does mean that transi- (3+1) dimensions the homogenecanssatz(20)—(23) used
tions which change the Higgs winding number become un:[hr_oughOL_Jt the present paper is madequate_ for flel_d configu-
suppressed. Note also that literal sphaleron transitions, whidigtions with small topological charge densities, simply be-

changeN _andN,,,q equally, on average do not change the cause gauge field configurations with the unit Chern-Simons
cs !

: .S S ) . number are localized in spadéhis is not the case in (1
Higgs winding number, which is what is required to produce+ 1) dimensionk

barygns. These do not chan@&N .~ Nuing) and so thelr Strictly speaking, it is unclear whether the topological
rate is not affected by the presence of a non2érodensity.  yransitions in Higgs sector proceed along thg,,q axis or
At any N_, the rates of transitions witAN_=+1 and  along the maximal gradient direction orthogonal to the
AN_=—1 equal each other and the contribution of normalNwins=N_ line. However, the energy gairts. — Eqp,in the
topological transitions to total baryoproduction is zero. latter case are larger only by factor of 2, which makes no
qualitative difference in our analysis.

With the increase im\ICS— Nwing the energy gain obtained

. impl . f o by transitions withN,;,q==*=1 also increases, so at very
Here we give some simple estimates of transition rate? rge values oN_— Ny, transitions along thé\,q axis
cs win win

based on a commonly used approximation, in which the nef' )
rate of baryon production is evaluated from a first-order ex-21S0 become unsuppressed because the energy5aibe-
pansion of the rate in powers of an energy difference, leadin§oMes equal to or greater than the barrier height, i.e., the
to a form in which the rate is evaluated as a zeroth-ordefnergy of a sphaleron-like Higgs configuration. The critical
sphaleron-like part times a certain energy difference. In ordeYalues can be estimated by puttitg =0 in Eq. (52) and
that this be useful, one requires explicit knowledge of thisusing Eqs(50) and(51)
energy dependence. A further simplification, used here, is to 5 2
assume a Boltzmann dependence with an effective tempera- nerite = Mu=—- .1

. . 2ViH 2 -sph (56)
ture. In Sec. VIIE we give an approximate study of the cs 3w 37
sphaleron-like part of the rate, looking for conditions under . . . i
which the tunneling barrier to baryoproduction can vanish. In proper dimensionless uni{22] Eq. (56) becomesngg‘

To evaluate the transition rate in the Higgs sector, assume 1/10 orA;~1/2) in (1+1) dimensions and

that the transition from zero winding td,,;,q=1 proceeds

Ipn Nos 27 2, 134 pg2 2. \—1/3
Tor |ncs| %[2(877 ncs) +My(8m ncs) {

Ighere we assume the barrier height\gf;,q=0 equalsEgyy,

B. Effective-temperature estimates of transition rates

alongN,,inq axis on the patt\B (see Fig. 6. Then the barrier crit im3 (57)
heightE . along this path can be estimated as cs 2w
E,.= Esph—[E(NCS) —E(N_~ 1/2)]. (52 in (3+1) dimensions, which is about 1/¢#) per sphaleron

volume. Equation(57) is equivalent top=1, comparable to
Similarly, the height of the barrier in the opposite direction isthe maximum amplitudes o seen in the numerical simu-
E_=Egnt [E(N_—1/2)—E(N_—1)]. If one could further lations.

assume a Boltzmann distribution with an effective tempera-

ture T, one would obtain different ratds.. for transitions C. Baryoproduction
in the two directions, with a net raf@4] Let us give some simple estimates of baryon production
o1 4E in the (1+1) Abelian Higgs model® Taking into account
BIV=N,q/V=T,-T =—2-_— (53 thatthe number of long-living fermionic states is equal to the
2 Tet IN net shift of Higgs winding number, and using E§4), one

obtains
wherelg,is the sphaleron rate at zero energy change. Then

with the help of Eqs(50) and(51), the winding number rate B—3 zﬁwﬁwn L (58)
of change in ¥ 1 dimensions is TP My To s
. Egpn N
Nuina/L = 37T spn Ter My (54 3The estimates in Secs. VII C and VII D can be straightforwardly
generalized to the (81)-dimensional case using E5), which
and in (3+1) dimensions should be applicable at least for largg..
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and E t [sp 7)
—q25Ph —V(I)J y(r) _SP 77
AB=37w M., e 0dTe T o) nCS(T)L (63

E r
— 3 2_5Ph sph
AB=37 MHJdtTeﬁ n.l (59
[here y(t)=[td7'g(7)]. Direct use of Eqs(61) and (63)
appears to be problematic in our simulations for two reasons.
Fi{)st, explicit time dependences of the rdtg,, and the ef-
ective temperaturd .4 are controlled by dynamics in the

whereAB is the total number of generated baryons.
Although the detailed discussion dfs,, and T time
dependence goes beyond the scope of this paper, there are

;?3;%23[;3 i)](lpe%] ;réy i?lﬁgtsat;/rzucgge:ﬁglge hl;r_?r: ip;reg/ ou inflaton and Higgs sector which are beyond the scope of the
L. sph/ le

smooth function of time with a sharp increase at the beginpresent paper. Second, HG1) assumes the fermions to be

ning of preheating and a slow decrease in the course of thegermallzed, which obviously is not the case if Chem-

malization to the final reheating temperature. The exact tim= 'mor\]/i Cu;nti:;eir OSC'”TeS W|t{1hfrtequle2g8;)fdordemfx
ing depends on initial conditions. However, E@59) OWEVET, It IS €asy 1o se€ that Solu ecays expo-

provides a simple way to check how efficient the baryopro-nentiaIIy with time if =0 andI'g#0. Therefore, it is

duction is foranyreasonable time evolution &f,,andT;. ~ desirable to keep baryoproduction going until the topological
As long as the frequency di__ oscillations is much larger transitions ende.g., bgcause of freeze-out dyrmg thermali-
the inverse thermalization time, we may substitlitg,/ T zation to a low reheating temperatur©therwise, if baryo-

by 1 in the right-hand side of E459) which turns into the production ends before the sphaleron transition rate ap-

integrated average of the Chern-Simons number density 32%1?{;9; é:rr?c,m\évashout could crucially affect the final

Again, the time dependence of tfm%s running average

t
(ncs(t)>= fodt ”Cs(t)- (60) (60) provides important information about the baryoproduc-
tion period and allows one to estimate acceptable thermali-

Time intervals wher(n_(t)) remains constant give zero zation times. For example, short-term baryoproduction fol-

baryoproduction; an increase or decreaséri(t)) corre- lowed by stabilization 9(ncs(t)> at a certain valugsee Fig.
sponds to a nonzero secular averagalgsfand thus to posi- 2) would seldom survive the washout, while steady baryo-

. ) . i . production(such as is shown in Fig) 3eaves ample time for
tive or negative baryoproductigprovided the transition rate 4,4 sphaleron transitions to freeze.
I'sp(t) is nonzerd. The simplest way to get a nonzelb,

secular average is to introduce a bias or tilt B(N_J)
throughC P-violating terms either directly coupled MCS in

the bosonic Lagrangian, as in E(0), or coupled to the Our purpose here is to find approximately the conditions
fermion density operator of Eq8) which modifiesE(N_) ~ under which the tunneling barrier in the sphaleron g,
through the anomaly. It is also possible to shift the time=1 + 1 - [see Eq(53)] can vanish. It will not be necessary

average olN __in other ways through dynamical effects al- to use an effective-temperature approximation. The tech-
cs niques used here, based on the work of a decade or more ago
ready described in Sec. V.

[24-27,12 on topological charge-changing transitions, are
_ _ qualitative but useful. They go beyond 't Hooft’s original
D. Washout from fermion backreaction work, whose famous tunneling factor of éxgB=%g?] holds

Washout is one of the most prominent forms of fermioniconly at zero energy and, at that energy(dkassically inde-
backreaction. As long as the topological transitions keep gopendent of scale size. We give an approximate barrier-factor
ing, newly created baryons tend to disappear through thérmula with explicit dependences on energy, scale size, and
same anomaly mechanism that created them, to the extehiggs VEV, and outline the regions of this parameter space
that the decrease of fermionic density reduces the systeffihere the tunneling exponent can vanish. We do not discuss
energy. Washoutin 1+ 1 dimensionscan be accounted for the origin or distribution of spatial scales, but simply assume
by adding a dissipative term to E(58): that these arise through some mechanism such as the un-
stable growth of spatial ripplg$].

There are other interesting approaches to this kind of
problem, which we intend to investigate in the future. These
include studies of non-Abelian gauge dynamics in the pres-
where the dissipation ralég is generally proportional to the ence of a non-vanishing topological charge densi] or in
sphaleron raté’gy,. In (3+1) dimensiong3], the presence of a time-varying electric background potential
[29], and a study of the conversion of a time-varying back-
ground topological charge to fermions through the anomaly
[30]. These works use various specialized backgrounds not
exactly comparable to the Chern-Simons condensate used in
The solution of Eq(61) can be found in the forhcompare the present paper, but they should still have qualitative ap-
to Eq.(59)] plicability.

E. Dependence of tunneling barriers on¢p and scale sizes

. Een T
_g_2°sphlsph
B=3m* . L I'sB (62)

39T,
T

(62
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There are at least two mechanisms which can remove turiential is further parametrized by a non-dynamical scale co-
neling barriers, and these may operate at the same time. Tliedinate and translation coordinates. The parametrization is
first mechanism is generally important for large scale sizegsonveniently written as
(large means compared to the vacuWkboson mass it
involves swinging of the Higgs VEV through zero. The sec-
ond mechanism involves selection of a spatial scale such that r’+a2
the original Chern-Simons condensate is well matched to A=
baryon production through the anomaly. As one might ex-
peclt, the best overlap occurs when the size scale is about
m =, and the c_orre.spondm.g.conflguratlons are Some\'\Iha\;[vherep is the scale coordinat@ve will not need to display
like sphalerons in size, but it is apparently possible for tun-

i . . . the translation coordinates, which we set to zeRitar and
neling barriers to be overcome at pon§|d¢rab!y_larger spall hang[25] show that the topological charge of this potential
scales. However, baryon production is inefficient at thESﬁES

unity for any scale coordinate value. They also show that
large scales.

First we discuss the conditions for no tunneling barriersthe dynamical degree of freeddwrhas a Hamiltonian which

with a fixed and finiteW-boson massn, and then remark 'S quadratic in\ but a complicated function of, and com-
briefly on what happens when there is no mass because tiited the barrier exponerftpdq at zero energy from this

-1
Ua,u (66)

I’2+)\2+p2

Higgs VEV vanishes. Hamiltonian, recovering the 't Hooft result. Later this work
was extendedi26] to EW theory with a Higgs fieldas well
1. The no-barrier condition for finite W-boson mass as a chemical potential for the Chern-Simons numktérs

Th b ¢ ¢ i f the Ch Si work then formed the bas[4.3] for an investigation of scat-
beref musth € at' rﬁnshorma lon of the q ern; I;non":tering processes involving topological charge change at very
humber irom the spatially homogeneous condensate to o gh energies. In this paper, we extend these earlier works to

chargctgrized by spatial inhomogeneities such as sphalero%ver the entire range of scale coordinatBef. [13] only
That is, in the expression chCS covered the regime of small scale coordinates
We wish to find the conditions under which the corruga-
-1 2 tions or barrier factors described in connection with Fig. 5
N~ —zf d*xeji Tr[AiajAk"' FAAA (64)  vanish, within a framework general enough to go beyond
87 thermal quasi-equilibrium. We begin with a general formula
of Cline and Rahy[27] for the diffusive rate. Originally the
the relevant sphaleron-like configurations of theare typi-  Cline-Raby formula was given for thermal equilibrium con-
fied by gauge potentials which approach at infinity pure-gitions, but it is easily modified for non-equilibrium condi-
gauge terms carrying the winding number; the Higgs fieldions. The derivation is slightly different from Cline and Ra-
carries the same winding number for a minimum-energy conpy's hecause of the non-equilibrium nature of the process.
figuration. The gauge in question was termédh Egs.(48)  Consider diffusive dynamics of the Chern-Simons number

and (49). _ _ ~N_(t) in which the diffusion constattT" can be written in
A typical form for a gauge matribJ carrying the unit thces usual form:

winding number i 25,26

e r 1 (= . .
U= exp{zr- rB(r ,t)}; B(r,t)=2 arctafr/A(t)] Vi WJ7W<NCS(':)NCS(O)>
(65
where\(t) is a monotonic function of going to —« at't -V ; p(')‘S(Ef_Ei)K"Ei|Ncs(O)|f’Ef>|2 (67)

=—o and tow at t=o. A gauge matrix for the Chern-
Simons numbeNCS is simply a product oNCS terms of the

form (65) translated to various spatial and temporal centerswhereV is the volume of space and the brackets refer to a

We will refer to the spatially homogeneous gauge potentialsrace over the density matrix; this density matrix is, for the

dealt with in earlier sections ag form potentials, and the present purposes, taken to be diagonal in the enekjigs;

spatially dependent sphaleron-like configurationdJa®rm  of the states summed over, with entrig). In fact, the

potentials. Of course, either form is at best an approximationglensity matrix is changing in time and so does not commute

the ¢ form potentials will develop spatial gradients by sev-with the Hamiltonian, but at the present level(of)accuracy

eral mechanisms, and tteform potentials will not literally  this is an inessential complication. Cline and Raby take the

be of the approximate form we use below. states to be in statestat —« and thef states to be out states
Long ago, Bitar and Chan@5] constructed Minkowski- att=+o, and then we use the formula

space gauge potentials of unbrok&u(2) gauge theory

whose asymptotic behavior was precisely that of E&f).

They chose the single dynamical degree of freedom to be thel“Roughly speaking the diffusion constdntused here is equiva-

function\(t) of this equation; the non-asymptotic gauge po-lent to VI g, of Sec. VII B.
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% : The barrier factoiQ vanishes if the functiorr is always
f di(i, EiN_(t)|f,E) negative, which happens for certain regimes of endtgy
o massm(t), and scale coordinae Clearly, there is always a
finite barrier atp=0 (just the 't Hooft barrier ifm=0). For
non-zerop it is generally true that i-(£=0;p,m,E) van-
ishes therF<0 for all ¢£&. The no-barrier condition then is

=2m3(E;—Ep)(i,E{N_(0)|f,Ef)

= (i, B[N () =N_(—=)|f,Ep)

) 2 2 2
=iAN(2m)*84(ps—Pi) T (68) 1+ 4m3p - Epgz <0. (73)
37
whereT;; is the zero-temperatu®matrix element from the
initial to the final state, and Ny; is the change in the Chern- Consider first the usual case whenas the standardV mass.
Simons numbefor topological chargefrom the initial to the ~ The minimum energ¥ yielding equality in Eq(73) occurs
final state. Substitution in Eq68) yields at p=3/2m, Epi,=47%/3m/g?. This minimum should
- be the sphaleron energy, and it is indeed a very good numeri-
: cal approximation[26] in the limit of large Higgs boson
U=5 3 pli)(2m)*54(p—P)(AN)?|Ty[2. (69 G approximation.26] in the fimit of large Higg
Next we take up the case where tidé mass, or Higgs
Further progress depends on the analysis OWEYV, is near zero.
B+ L-violating S'matrix elements at zero temperature, a sub-
ject of some considerable interest a decade @ge, e.g., 2. Higgs VEV near zero
[12]). Referencg13] gives the following very crude approxi-

, . . It appears that large scalpswhich would be expected in
mation to thd AN;;| =1 Smatrix elements at fixed energy

the first stages of transition of Chern-Simons number fgbm

42 - form to U form, will have a disastrously large barrier factor
Tif~<_ f dppN ][ e Pkie~QAr:E) (700 going like exp(-const< mp/g?), if the massmis anywhere
g 0 i near its standard value. However, if—as discussed in Sec.

V A—the Higgs fieldv oscillates through zero because of
gauge back reaction, the gauge mass gv/2 vanishes and
the barrierQ will vanish periodically[see Eq.(72) at ener-
giesE~1/(pg?)]; that is, more easily at large scales than at
small® So Higgs oscillations are one potentially vital means
of generating baryons from the Chern-Simons number. It is
%asy to check that if the barrier factor is unity for a time
during a Higgs oscillation period;g,s, the averaged barrier
factor over a Higgs period is not exponentially small, but is
of order 7/ 7y4qs. Unfortunately, this is not the end of the
story, since there are other possible suppression effects to
deal with; a poor overlap of anomaly-produced baryons with
the Chern-Simons condensate can be disastrous.

whereQ is a barrier exponentyl is the total number of par-
ticles involved in the scattering procegsjs a scale collec-
tive coordinate, andk; is the magnitude of the three-
momentum of particlej. This formula is based on a
transcription of familiar Euclidean formulas for scattering in
the presence of instantons to Minkowski space. Unlike naiv
instanton-based amplitudes, the above amplitdgdebehave
properly at high energgwhere one expecis=N/E) but are
not correctly unitarized; this will not be an important issue
here®®

The barrier exponen® was originally [13] given for
small p. The appropriate expression for glican straightfor-
wardly found using the techniques [#5,26:

672 (= F. Good overlap condition
Qlp,E)= —ZJ_mdgF(§)1’2®[F(§)], (71 Here we explore how the conditions of both no barrier as
9 well as a good overlap betweeraform potential and bary-
where the functiorE is ons produced through the anomaly can be satisfied. Even if

does not vanish during preheating it is possible in principle

to have a zero barrier factor, depending on what values of the
(£241) %2+ m(t)%p%f (&) dimensionless gauge potentialare reached. Values ¢#|

near or slightly greater than one are fairly readily gotten, as

F(9)=(£24+1) "]

is evident from the structure of the equations of motion and

1 . -
— —_Epg?|. (72)  from the numerical studies reported above, and for such val-
372 ues of¢ there need be no barrier. However, it is possible for

|#| to be small compared to unity; we explore that possibil-
Here we make it explicit that th#v-boson massn(t) de- ity here. As one might expect, for values@frather less than
pends on time, because the Higgs field depends on time. Thshe, it requires a rather large region to gather together
function f(&) is not expressible analytically, but one can
show thatf is positive and obey$(&)<f(0)=4/3.

1%The idea that preheating causes oscillations or vanishing of
and therefore reduction or elimination of the barrier factor is given
155ee[31] for a multi-channel study of unitarization effects. in Refs.[4,32].
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enough energy to overcome the barrier. It will turn out thatmentum mode$8]. If this state has a large overlap with the
spatial scales much larger than the inverse of the vacuurd form potentials such as in E¢66), and if there is no
W-boson mass are self-consistent only if the Higgs VEVbarrier for tunneling, then the amplitude for baryon creation
does go near zero. will be unsuppressed. One can say that the exponentially-
Consider a region of space of sigeas defined by gradi- small rate ofB+L violation in 2—N collisions stems from
ents appearing during preheating and further unstable amplthe Drukier-Nussinov effecf14] which says that it is ex-
fication. In this region the total energy and Chern-Simondremely unlikely for a two-particle collision state to couple

number are approximately well to a soliton like the sphaleron, but in our case the
5 Chern-Simons condensate may, for certain value& @nd
4mm (Mmpo) p, look enough like a “soliton” for there to be good overlap.
~ 30 42 4 . )
E(p)= g2 (Mp)*(¢"+¢%),  Niorlp)=——— We seek this substantial overlap between a genegric

(74) form potential, somehow modified to have an overall spatial
scalep, and aU form (Bitar-Chang potential, wherp is a

Inserting these estimates in the no-barrier conditi@®)  large scale compared to other spatial scales. At largiee
yields Bitar-Chang fields scale as:

1+

2 3 41/2 77 A
(mp)“= 1+;(¢ +¢)} ]:E gE~;; 9B~ . (77)

(79

T
2(¢*+ ¢%

By comparisof to the ¢ form potentials of equatiori22)

one sees from th& field consistency with the relatiomp

~1/|¢|, and that consistency with th& field can be

5o " achieved ifx ~In ¢.

47> m . N =7T—=O(1) (76) Now return to the approximate form of tf&matrix ele-

9% ¢| ' ot g ' ments(70). The process to be described is the transformation

of a ¢ form field with certain spatial scales to a final state of

The appearance of inverse powersgosuggests the inef- N particles, including a set of particles which violatBs

ficiencies of avoiding a barrier when parametric resonancet L. The process is only interesting if there is no tunneling

amplification of the EW gauge potential is small: The energybarrier, so we assume the validity of E@3). The next ques-

is large compared to the sphaleron mass, but the change #i®n to ask is whether one can, consistent with Ecg),

B+L is only of order ongper unit flavoy. Still, these inef- ~ argue for a non-suppressed overlap between the modified

ficiencies could be tolerable in view of the exponentially form and the final state. In the crude approximation of Eq.

small efficiency of actual barrier penetration. When amplifi-(70) this simply amounts to asking whether the constraint on

cation leads td¢|~1, avoiding a barrier is rather like hav- the scale coming from the final-state wave function is con-

ing energy at or above the sphaleron mass. sistent with other information on that scale, such as the con-
Next turn to the conditions specifying a good overlap be-dition (73) for no barrier. In Eq(70) there occurs a product

tween the¢ condensate and baryogenesis. We will find thatof exponentials of the type expkip) wherek; is the spatial

a good overlap mearig| cannot be too far below unity, but momentum of theth particle. It is reasonable to assume that

we cannot quantify this statement with the present crude agll the particles are effectively massless, and then the product

proximations. The point of a good overlap is that having arof wave functions reduces to expEp). One easily sees that

energy larger than the barrier energy is by no means suffif the barrier exponential factor expQ) is unity, thep in-

cient in many cases to lead to unsuppresBed. violation,  tegrand maximizes ap=N/E, just as estimated13] for

as many authors have discus$&#l,13. For example, in the more conventionalSmatrix elements. So a good overlap

formula (70) for Smatrix elements, the other factors inte- Simply means that the number of produced particlésnisre

grated ovelp in that equation can lead to suppression of theor less determined. This turns out, taking into consideration

Smatrix element by a factor of order dxp¢87%/g?] with  the no-barrier condition76), to yield N~1/g?¢?. (One

[~1/2 or so[13]. This sort of suppression even in the ab- might argue that in fact particles do have mass, and so one

sence of a tunneling barrier comes about because of a vegpould haveN<E/M ~1/g?| ¢| which would require ¢| at

poor overlap between multi-particle initial and final statesleast of order unity. Howevemis theW-boson mass, and all

when these have very different numbers of particles and daryons and leptons except for baryons with top quarks are

least one particle number is very large. When the states afeot nearly that heavy.

sufficiently similar there is no such extra suppression, which As in [13] we can form a rate from the Cline-Raby for-

is what happens in thermal equilibrium at large enough temmula (69) by multiplying the squaredSmatrix elements

perature. In the present case something similar happens. TH@m Eq.(70) by masslessl-particle phase spa¢é3]. Noth-

initial state in the Cline-Raby formuld&qgs.(68) and(69)] is

not a conventional particle state; it is a coherent state some-

what similar to theg form potential, but with a spatial size The fields, ¢ in Eq. (22) are dimensionful; the ones we use

coming from various effects, such as growth of unstable monow are scaled by appropriate powersmofo be dimensionless.

with the last form holding for smallp|. In this case the total
energy and Chern-Simons number in termspoére
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ing quantitative should be trusted about the resulting equagauge equations and one in the Higgs equation. In the gauge

tion (78) below, except for its dependence @n sector one came from strong out-of-equilibriu®P viola-
tion; another came from a multi-Higgs sector with spontane-
r E4 m\* $? N ous CP violation; and the third was a higher-derivative
Vwrgzmw % ¢T§ : (78) CP-violating term, which could be associated with other

lower-dimension operators. In the Higgs sector we explored
spontaneous baryogenesis in a multi-Higgs model, leading to
rates (in the present highly inaccurate approximatiaft an effective chemical potential for baryons. Gener_ally speak-
T . o : ¢ ing, the resultant secular average of the Chern-Simons num-
=e” 7). Whateverg, is, and it is evidently of order unity, it . . . )

ber is a few orders of magnitude less than the dimensionless

. 2 2 .
is clear that forN>_2 gnd for ¢ 24"3 the_B_JrI__ PTOCESS IS hefficient multiplying theC P-violating term in the gauge
unsuppressed, while in the opposite limit it is strongly sup-

pressed. Note that if the dimensionless potengi# of order eql'J:atlonst.of m?tlon. tiallv h ch Si

unity the energy scale is the sphaleron mass and the spatial ormation of a spatially homogeneous o erm-sImons
scale ism™L. So we conclude, not unexpectedly, that if the condensate is only the begl_nnlng of the_ story; it is necessary
Higgs VEV is not oscillating near zero spatial scales near thd® convert this condensate into something resembling a con-
sphaleron mass must be formed:; if the Higgs field is OSC”_densate of sphalerons of the same Chern-Simons number in

lating near zero, much larger spatial scales will serve foorder to generate the Higgs winding number which is con-
unsuppresseB + L production. verted to baryons. The usual approach of invoking a thermal

(or effectively thermal regime immediately following the
parametric resonance regime is not likely to be applicable. A
quantitatively adequate study of these non-thermal non-
In this work we studied a scenario of baryogenesis in theequilibrium processes remains to be done, but we have given
standard model, based on inflation on EW scales with theiseful criteria for evading the two possible process which
Higgs coupled to the oscillating inflaton in a preheatinglead to exponential suppression of baryogenesis. The first, of
phase. If baryons could be generated, they could be savesburse, is the topological-charge tunneling barrier. The sec-
from washout at reheating because the reheat temperaturedad is a poor overlap between initial and final states in a
less than the EW crossover temperature where sphalergstocess even with no barrier. Based on earlier work which
washout can be large, so the topological transitions can constudied the(im)possibility of baryon production in accelera-
pletely freeze out before the preheating ends. However, thgyr collisions, we gave crude estimates of the parameter
dynamics of conversipn of the Chern-Simons condensate tPomges which avoid both barriers and bad overlap, and
B+L and the dynamics of washout of this+L are very  pointed out the influence of the Higgs VEV passing near zero
complex and not yet well understood. for these parameter ranges. The conclusion is that if the
Although we have no rigorous proof that tBet-L pro- s vEV stays near its vacuum value, spatial scales near

duction involving only standard-model fieldsoupled to the the vacuum inverse W-boson mass and energies near the

inflaton) is truly viable, we can at least say that so far that We o cuum sphaleron mass can avoid both forms of suppression,

have not identified any mechanisms which rule out a pure, . ; -
EW/inflaton scenario quite unlike the 2-N collision case where poor overlap can-

Extending the earlier work of Ref8], we added explicit not be avoided. If this VEV goes near zero, the spatial scales

CP violation to the spatially homogeneous classical gaug an be, Iarger and the energy scales smaller.. . .
equations of motion, rather thaas in[8]) depending only If this view proves to be corre(_:t, the rate-llmltlng step in
i . . Lo baryogenesis will be the conversion ¢fform EW fields to
on the initial value of the functions, ¢ for CP violation. U form fields, by growth of perturbations at various spatial
The effects of explicitC P-violating terms was studied ana- Y 9 P P

lytically in some simple models, as well as numerically. Wescales. . . .
studied numerically the classical dynamics of the Higgs field, The scenario of regions of the almost spatially homoge-
including the classical backreaction of the gauge field on th&€0US Chern-Simons condensate of order of th_e EW Hubble
Higgs field. size, may have consequences beyB.HdL generation. It has
The gauge reaction on the Higgs equation of motion id2een proposefB3] that any mechanism d+L generation
important in two respects: It can broaden parametric resolnvolving the EW anomaly will leave its trace on the early
nances by getting away from pure sinusoidal variation of thainiverse through large-scale helicity of the Maxwell mag-
Higgs field, which was the only case considereddh And netic fields which descend from EW gauge fields as the uni-
it can, as discussed above, lead to conversion of the Cherwerse cools. As is well known, if these magnetic fields have
Simons number to baryons which for some fraction of thetypical EW scales of 10'® cm, the present-day magnetic-
time is unsuppressed by tunneling barriers, since gauge bacfield scale will be far too small even taking expansion of the
reaction often modifies the Higgs potential and causes thaniverse into account. Following earlier studies in magneto-
Higgs field to oscillate through zero, rather than staying atydrodynamics, Ref{33] proposed that the helicity would
the bottom of the potential well. drive an inverse cascade to longer scales. This idea was fur-
There are various forms & P violation which could be ther pursued by Son and by Field and Carf8H]. If the EW
added to the equations of motion; we explored three in théields which lead to Maxwell magnetic fields are generated

Here ¢, is a critical value of¢ separating small from large

VIIl. CONCLUSIONS
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