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Fermion scattering off electroweak phase transition kink walls with hypermagnetic fields
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We study the scattering of fermions off a finite width kink wall during the electroweak phase transition in the
presence of a background hypermagnetic field. We derive and solve the Dirac equation for such fermions and
compute the reflection and transmission coefficients for the case when the fermions move from the symmetric
to the broken symmetry phase. We show that the chiral nature of the fermion coupling with the background
field in the symmetric phase generates an axial asymmetry in the scattering processes. We discuss the possible
implications of such axial charge segregation for baryon number generation.
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[. INTRODUCTION Recall that, for temperatures above the EWPT, the
SU(2)xXU(1)y symmetry is restored and the propagating,
The possible existence of magnetic fields in the early uninonscreened vector modes that represent a magnetic field
verse has recently become the subject of intense research de@rrespond to the U(1) group instead of to the U(1),
to the many interesting cosmological implications that theseyroup, and are therefore properly callég/permagnetic
entail [1]. For instance, magnetic fields can influence bigfields.
bang nucleosynthesi®BN), affecting the primordial abun- In a previous worK 9], we have shown, by using a sim-
dance of light elements and the rate of expansion of thelified picture of a first order EWPT, that the presence of
universe. The success of the standard BBN scenario can seich fields also provides a mechanism, working in the same
used to set limits on the strength of the magnetic fields at thisnanner as the existence of additio@ violation within the
epoch. Moreover, at decoupling, long range magnetic fieldSM, to produce an axial charge segregation in the scattering
can induce anisotropies in the cosmic microwave backef fermions off the true vacuum bubbles The asymmetry in
ground radiation(CMBR). Temperature anisotropies from the scattering of fermion axial modes is a consequence of the
the Cosmic Background ExploréCOBE) results place an chiral nature of the fermion coupling to hypermagnetic fields
upper bound,~10"° G for homogeneous field8( refers  in the symmetric phase. The simplification consisted in con-
to the intensity that the field would have today under thesidering the limit of an infinitely thin bubble wall. This as-
assumption of adiabatic decay due to the Hubble expansiorsumption allowed us to formulate the problem in terms of
[2]. In the case of inhomogeneous fields their effect must baolving the Dirac equation with a position dependent fermion
searched for in the Doppler peakd and in the polarization mass, proportional to a step function, this last being zero in
of the CMBR[4]. The future CMBR satellite missions the the false phase and nonvanishing in the broken symmetry
Microwave Anisotropy ProbéMAP) and Planck may reach phase. This treatment rendered analytic solutions from where
the required sensitivity for the detection of these last signalsteflection and transmission coefficients for axial modes were
Another interesting cosmological consequence is the efstraightforward computed.
fect that primordial magnetic fields could have had on the In spite of the relative ease for the computation in such a
dynamics of the electroweak phase transiti®@WPT) at scheme, there are two limitations related to the sudden
temperatures of the order @f~100 GeV. In fact, it has change in the Higgs field profile that needed to be addressed.
been recently pointed out that, provided eno@fhviolation  First, it is well known that the negative energy solutions of
exists, large scale primordial magnetic fields can be resporthe Dirac equation become important in situations where the
sible for a stronger first order EWP[B—7] (see however potential energy term changes over distances smaller than the
Ref.[8]). The situation is similar to a type | superconductor particle’s Compton wave length. Second, the height and
where the presence of an external magnetic field modifies theidth of the wall are typically related to each other in such a
nature of the superconducting phase transition due to theay that it is not entirely realistic to vary one without affect-
Meissner effect. ing the other.
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In this paper we overcome the above limitations by allow- Ny T.\2
ing a finite width of the Higgs field profile. Working in the 9= —2[1—(—0) }
thin wall regime, we use the kink solution of the Higgs field o T
to formulate and solve the Dirac equation in the presence of
hypermagnetic fields. We compute explicitly transmission A
and reflection coefficients for the axial modes incident on the ¢=57h Q)

wall from the symmetric phase. Since these are related to the

corresponding coefficients for fermions incident from the. . . .

broken symmetry phase E§PT and unitarity, we find that " terms of which, the effective potential, E{.), becomes
the axial charge segregation still happens during fermion
scattering of this wall. The existence of such asymmetric
reflection for the axial modes provides a bias for baryon over
antibaryon production. In the absence of hypermagnetic

fields, this mechanism has been proposed and studied ifyr simplicity, we work in the approximation where the en-
Refs.[10-12 in extensions of the SM. ergy densities of both the unbroken and broken phases are

The outline of this work is as follows: In Sec. Il, we gegenerate. This happens for a value%£2. In this ap-
briefly review how the kink solution for the spatial profile of proximation, the phase transition is described by a one-
the Higgs field is obtained from a finite temperature effectivegimensional solution for the Higgs field, called thénk,

potential. In Sec. lIl, we set up the Dirac equation for fermi-\yich separates the two phases. This is given by
ons moving in this background Higgs field in the presence of

an external hypermagnetic field. Section IV is devoted to a
rather technical discussion about the solutions of this equa-
tion and their properties. In Sec. V, we use the above solu- ) ) - o
tions to compute reflection and transmission coefficients folvhere the dimensionless position coordinate
axial fermion modes moving from the symmetric phase to-

S T\3Y , a1,
Vel @)= 6T | |zt 4

o(Xx)=1+tanhx), (5)

ward the broken symmetry phase. We show that these coef- 6T
ficients differ for the two distinct helicity modes. Finally in X= EZ- (6)

Sec. VI, we conclude by looking out at the possible implica-

tions of such axially asymmetric fermion reflection and .
transmission. The parameter/2\/(S8 T) represents the width of the do-

main wall [14]. It can also be checked that this parameter
becomes smaller in the presence of hypermagnetic fields.
In terms of the kink solution we can see that —o
To describe the EWPT, we start by writing the effective, represents the region outside the bubble, that is the region in
finite temperature Higgs potential which, including all the the symmetric phase. Conversely, for +«, the system is
one-loop effects and ring diagrams, looks like inside the bubble, that is in the broken phase. The kink wall
propagates with a velocity determined by its interactions

II. KINK SOLUTION

y ) A with the surrounding plasma. This velocity can be anywhere
Veii(h, T)= §(T2—Tc)h2— SThé+ Zh4’ (1) between 0.1-0.9 the speed of lighs].
where h= ﬁ(HTH)UZ is the strength of the S@) Higgs Ill. DIRAC EQUATION FOR AXIAL FERMIONS IN A
doubletH whose vacuum expectation value is given by BACKGROUND HYPERMAGNETIC FIELD

In the presence of an external magnetic field, we need to
@) consider that fermion modes couple differently to the field in
the broken symmetry and the symmetry restored phases.
For z=<0, the coupling is chiral. Let

<H>=%.

The parametery, § and\ have been computed perturba-

tively to one loop and can be expressed in termg othe

SU(2) gauge boson masses and the top quark mass. Their

explicit expressions can be found elsewhee for example

Ref. [6]). & is the parameter responsible for the first order

o . 1

nature of the phase transition. It is the parameter that gets Y =—(1-y)¥ (7)

enhanced in the presence of hypermagnetic fieldss the 2

critical temperature at which spinodal decomposition pro-

ceeds. represent, as usual, the right and left-handed chirality modes
We can write the effective potential in a more transparentor the spinorV', respectively. Then, the equations of motion

form [13] by introducing the dimensionless temperatdre for these modes, as derived from the electroweak interaction

and the dimensionless Higgs field strength Lagrangian, are

1
Vg= 5(1“‘ vs) ¥
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10— L g Al v ~mz) =0 P GIA,— S HGE,,— 210A, 04+ GPA A
-9 L—M(2)Vg= iGo*A,— 5 "G, — 2iGA, 0"+ G?A,

(iﬁ— %g’A)«PR— m(z)¥ =0, (8) +W“%m(2>}<1>=0- (15)

whereyg | are the right and left-handed hypercharges corre

sponding to the given fermion, respectivety, the U(1)y

coupling constant and we take‘=(0,A) representing a, not

as yet specified, four-vector potential having nonzero com- i

ponents only for its spatial part, in the rest frame of the wall. o=y Y]
The set of Eqs(8) can be written as a single equation for

the spinor? =W x+W, by adding up the former equations

where, as usual,

Fo=0d,A,—d,A,. (16)

(iﬂ_A %g'(l-i— ¥s)+ %g’(l—%)}—m(z)]‘l':O
9) Given that the present analysis is carried out in the thin wall

approximation, which in physical terms means that the spa-
where the fermion mas®(z) is proportional to the vacuum tial region over which the fermion mass changes is small

expectation value of the Higgs field. Hereafter, we explicitly compared to other relevant length scales such as the particle
work in the chiral representation of the gamma matricegnean free path, our choice of external gauge fields and thus
where field strengths should try to capture this information, namely,
that the change in the magnetic field strength occurs over a

0 0 —I 0 o I 0 small spatial region. An exact treatment of the gauge fields
LA ol \=¢ 0/Y" \o - (10) should be to find the configuration that incorporates the
boundary conditions imposed by the change in the Higgs
Within this representation, we can write E§) as profile. This treatment will render continuous gauge fields
across the interface. An additional feature will be the genera-
{ib—GA, y*—m(z2)} ¥ =0, (11)  tion of a component of the magnetic field directed along the
transverse direction, since the longitudinal component of the
where we have introduced the matrix gauge fields will vary along the longitudinal direction. This
component will be localized also in the small region com-
Yo " 0 prised by the phase boundary.
2 9 Notice then that when including this transverse compo-
g= : (12)  nent of the magnetic field into the Dirac equation, the sepa-
0 %Qq ration of variables that factorizes longitudinal and transverse

motion will not be possible. However, as long as this trans-
verse field is confined to a small region and its strength is not
Noo large to avoid capturing low energy fermions, it is a
reasonable approximation to consider a constant field in the
longitudinal direction since when the incident flux is not lost
in modes captured on the wall, the probabilities of transmis-
Sion and reflection depend on the particle currents computed
in the asymptotic regions which in turn depend only on the
{id—eA,y*—m(z)lW =0, (13) fermion cpupling to the external field, already constant in
these regions.
In the following section, we explicitly construct the solutions 10 estimate the magnitude of such a transverse field able
to Egs.(11) and (13) with a constant magnetic field, requir- to capture fermions on th_e_ vv_aII, let us consider the following
ing that these match at the interfaze 0. classical argument. Eqwllprlum between.the Lorentz force
and the centrifugal force gives for the radius of the orbit for
a particle trapped in the waR=p/(eB) wherep is the par-
ticle’s momentumeg is its charge and the strength of the
Let us first find the solution to Eq11), namely, for fer- magnetic field. TakingR as the wall width\, and sincesee
mions moving in the symmetric phase<0. For this pur- Ed.(27)], B=b/(\?), thenb=p\/e. Takingp~T (the mo-

We now look at the corresponding equation in the broke
symmetry phase. Fa=0 the coupling of the fermion with
the external field is through the electric chaegend thus, the
equation of motion is simply the Dirac equation describing
an electrically charged fermion in a background magneti
field, namely,

IV. SOLVING THE DIRAC EQUATION

pose, we look for a solution of the form mentum of a typical particle in thermal equilibrignand
sincex~T ! [see Eq(6)] means thab~ 3 which is already
V={id—A, y"G+m(z)}D. (14 a very high value of the magnetic field. Particles with smaller
momenta could however be trapped in this transverse com-
Inserting this expression into E(L1), we obtain ponent of the field. For the purposes of the present work, we
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postpone the consequences of such external field configura- d2 dm (YL y )
tion and consider a piece wise constant magnetic field. iz —+(E>-m?)+g'B———— R ¢t (2)
For definiteness, let us consider the fi@e Bz pointing aZ
along thez direction. In this case, the vector potenthakcan (YL—YR)
only have components perpendicularztand the solution to +9'B 4 ¢-(2)=0
Eq. (15) factorizes a$16,17] (23)
d> dm (YL+YR)
d(t,x)=17(x,y)P(t,2). (17 d22+—+(E2 2)+g’8%1¢1(2)
We concentrate on the solution describing the motion of (YL y )
positive energy fermions perpendicular to the wall, i.e., along +9g'B——— R ot (2)=
the z axis. We thus look for stationary states, namely
: and
d(t,2)=e E'd(2). (18)
- 2 +
Therefore, working in the Lorentz gaug#,A,=0, Eq.(15) d_ — d_m +(E?-m?)— Q'M B qﬁ(z)
becomes dz 4
(YL yR)

d? dm(z —g'————B¢°(2)=0

—+iy® d( )+E2+iBgylyz ®(2)=0. (19 97 BSD=

dz? z (24

. . .o d2 dm ( yR) 2

Notice that Egs.(15) and (19) have the appropriate limit — 4+ —+(E2-m?)—g'———B|¢*(2)
whenyg=y, =e, corresponding to the description of fermi- dZ z

ons coupled with their electric charge to a background mag- o y )

netic field[16]. —g' 2L R B¢2(2)=0.
We now expandd(z) in terms of the eigenspinons’.

(s=1,2) of v* [18],

Equationg23) and(24), represent, each, a set of two coupled

1 0 tained from the first one by changing to —B. Conse-
B 0 s 1 quently, Egs.(23) and the corresponding functions and
U==1 i [Y=7| 9 (20 spinors withs=1 describe the motion of the spin compo-
. nents parallel to to magnetic field whereas E@4) and the
-l functions and spinors wite=2, describe the motion of the
) ) spin components antiparallel to the magnetic field. Notice
These spinors have the properties that in the limit whenyr=y, =e, each set of equations de-
couple as is the case when describing the interaction of fer-
Yeul?=+jul? mions with the magnetic field through their electric charge.
From now on, we focus on the set of E¢23), since, as
youl =Fiul we have pointed out, the solutions to E¢&4) are obtained
- N from those to Eqs(23) by changingB to —B.
0.2 ) We now extract the dimensions writing the equations in
yui==iug terms of the dimensionless position coordinatgven in Eq.
(6) and, furthermore, writing them in terms of the new vari-
‘yl-yzuil-::—iuil-: able
. 1—tanh(x
YAl =il u=—s— 0 (25
12_ 1,2
YsUe = U (1) obtaining, respectively,
Writing d2 1-2u d ¢ 62 52
B(2)= 1 (UL + ¢ (2)u + §2 (U2 + $2 (Du? du? - u(l-upduuld=u) - au-w? ol
(22 ,
g'b(y . +yr) &L (u)+ g’'b(y.—yr) & (1)=0
and inserting this expression into Ed.9), we obtain 16u3(1—u)?| " 16u%(1—u)? "
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d2 1-2u d ¢ 2 gz where we have introduced the definitions for the functions

12 o € _2 1L 1R A
du2+u(1—u) dU+u(1_U)+4u2(1—u)2 = f1L and fIR given by

"b(y, + "b(y, — 1L— 1L
L9 (YL+YRr) &(qu (YL yR)¢1+(u):0, f u(1—u)(X+ i)
16u%(1—u)? 16u%(1—u)? (33
29 fife (R
where the parameteils and ¢ are related to the magnetic u(l-u)
field strength and the fermion mass by
together with that for the parametea$-", bR andciR®t
A ST\ 2 given by
=B —
\/ﬁ 1 1
1L,R_ L,R LR, = _|eg—2
( pu az "=a; t+ B +2 §+2‘
mX)=| —==|&e(X) (27)
( ox o(
bi-R=al R+ grR+ 4 g:l (34)
and furthermore¢ represents twice the ratio of the fermion - ! 1 2 2

mass to the Higgs boson massis the energy parameter

given by cltR=2a7R+1,
ST -1
6:(_ E. (29)  and the parametef is given by
NN
o g’ (YyL=Yr)
To further simplify Eqs.(26), we try the ansatz (= 7bT_ (35)
oL (u)=ui(1—-u)hiyt (29

The consistency of both sets of E¢32) requires that, in the
and examine the behavior of the resulting differential equatimit whenu—1 (z— — ),

tions near the singular points=0 andu=1. Assuming that

the functionsy. vary slowly near these singularities, we Y (u)= ALyt
obtain the conditions * 7=
(36)
- ; Ry = — ARy IR
Iz\/fz+ 2 by —4g?=a}, A
a;=1 : (300 with AR constants.
'_\/€z+ g—by _4g2= R To solve Egs(32), we first notice that they are inhomo-
2 2 R b geneous hypergeometric differential equations. The solution
appropriate to describe the motion of fermions in the sym-
(i [, 9 L metric phase is found by looking for the scattering states. For
AN + 7byLE'81’ our purposes, these correspond to fermions incident toward
Bi=1 . - (3D and reflected from the wall. There are two types of such
'_, [+ g—by =R solutions; those coupled wityy and those coupled with.
| 2 2 JROPL For an incident wave coupled wit) (yg), the fact that the

_ Lo differential equations mix up the solutions means that the
Tth, Lo each pair of parameters, namely; (1) and reflected wave will also include a component coupled with
(a1,B1), corresponds a pair of coupled differential equa-yy (y,). Let us classify the solutions according to the type of

tions which we write as wave that is incident toward the wall. For an incident wave
) ] coupled withy, , which we call type &), the most general
d d solutions¢1®(u) can be written as
) — L _ 1L | pdly, 7 Albpil| 1L *
u(l u)du2+[c (1+a:+b;)u]Olu az bz |x=
i) $x(U)= ()" + (AD ()" £ (AD) (X" + (p20)P"
(32 +($EP (37)
d2 1R 1R 1R d 1IRK1IR| 1R
“(1_”)ﬁ+[c —(I+az+bI)ulm—az b’y whereas for an incident wave coupled with, which we
call type (b), the most general solutions:® (u) is written
=f'R(u), as :
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H1O )=+ () = (AR () +(AD ()" + (pIHP2t  (p-R)Pat are the solutions corresponding to the particular
4 (HiRypan @9 solutions §:-"R)Pa of the inhomogeneous equations. The
= ' roman superindicelsandll indicate the asymptotic behavior

of the solutionl corresponds to an incoming watteaveling

where the functions ¢3-%)' and (¢3-%)" are the linearly g the righy wheread| correspond to a reflected watteav-
independent solutions  corresponding to the solutiongling to the leff in the symmetric phase, given the
(EER)! and (2R of the homogeneous hypergeometric

L.R
. . . _ asymptotic behavior of the term (1u)?1" whenu—1 such
differential equation expressed as expansions araund, ymp () -

as appropriate for the symmetric phase, that
(¢1L,R)I_uali'R(1_u)ﬁli'R Fo(altR pltR, bRy pILR LRLR LoplR,
- = or(az 03, ax E= (1—u)*P1" —e*2b1 2, (40)
+1-cttR1—u)
(39
ILR\ I _ ol R —p-R 1ILR_RIL,R ~1L.R The particular solutions are expressed in terms of the func-
) =u*r (1—u) P1 ,F4(c"=bzT . -
(¢=) ( ) 2Fa * tions f1* and f!R by the method of variation of parameters,
—altR o cR_gR_pIbRy 11— y). and their explicit expressions are

1 [u(@(9) (42" = (41(9)) ! (42 (w))'

IRypart ) = — fIR(s)ds
(¢3)P*u) 20701 s’“T(l—s)’B? (s)
1 u( J;L s | ZI;L u )II_( ZI;L s )II( EI;L U))l
(¢ltL)pa"(U)=I—LJ' #=(9)) (o ( )L o= (L) = ( f1L(s)ds 1)
2a7/)1 s “1(1-s) A
|
To determine the solutions, we need knowledge of the func- 1
tions f*-'R, which in turn are given self-consistently by Egs. KR(u,s)= R T —=
(33). By substituting the formal solutiong:®®(u) into ur H(1-u)frsT (1)~
Egs.(33), this self-consistency is expressed in terms of inte- IR N 1 IRy exnl ¢ 2 1R/ 8 ¢ 2 IR, cnn ]
gral equations satisfied bi"'R, given explicitly by XLUGAW)H(B47(8)) = (¢ (W) (h17(s))
+ (RN (BX(9)' = (W) (¢2(s)"']
(44)
u
flL,R u)= 1L,R u)+ f KZI.R,L u,s flL,R s dS, -1
( ) P ( ) Za?’l‘ 1 ( ) ( ) KlL(U,S): L+l L+l — —r
(42) uatli(1—u)fitlse(1—s) F1
X[($TH )" (¢ () = (¢3H(W) (o (s)"
where we have introduced the functiop*" given by + (U (B1(8) — (S (u)) (A1 ().
¢ The solution to Eqs(42) is found ically 19
IRy — IR _ IRyl AR e solution to Egs(42) is found numerically{19].
) u(l—u){(X+ ) )AL We now turn to finding the solution to E¢L3), namely,

(43)  for fermions moving in the broken symmetry phage0.
This time, we look for a solution of the form

()= u(f_u){[(xlb'—<X£L>']+[(x1b“

V={id—eA,y"+m(2)}D. (45)
—(x™H)"AL

Let us continue looking only at solutions type 1. By a pro-
andKIRL given explicitly by cedure similar to that leading to Eq&6), the corresponding
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expressions for the functions. (z), representing a transmit- J=1T1y0,5yp, (51)
ted wave moving to the right in the broken symmetry phase
become[16] The currents need be computed in the asymptotic regions far
away from the wall where the amplitudes represent plane
¢ (U)=By.u(1-u)P,F (at +1-ct bl +1-c'2 waves with well defined direction of motion.
1. We now prepare the incident fermion from the symmetric
—chu), (46) phase in such a way that when coupled with a gieinality
r{Ieft—handed for waves typa], right-handed for waves type
(b)], it corresponds to the santelicity. Since in the sym-
metric phase the fermion mass is asymptotically zero, both
the chirality and helicity operators can be simultaneously

with B;. constants and where the hypergeometric functio
,F1 is expressed as an expansion arourd0, as is appro-
priate for this region. The parametess , bl andc! are

given by defined and their eigenvalues coincide. This is no longer the
1 1 case when the fermion moves in the broken symmetry phase
al=a,+ B+ 5 515 where its mass is different from zero. Nevertheless, since
scattering off the wall does not change the direction of the
fermion spin(modes 1 and 2 evolve independeitiiye fer-
bl=a,+ B+ EJF 513 47 mion heIicity is preserved during transmission and reversed
* 2 2 upon reflection.
For left-handed incoming waves, the incident currpt
cl=2a,+1 (lower case indexeb andr denote helicity modegsis thus
with given by
i Jinc=4lie+2p5/? (52)
=_Je+g'b—4& .
a1 Ve Tg'b-4e whereas the reflected and transmitted curréfys Ji,, are
(48)  given respectively by
[
Bi=5Ve’+g'b. rer= 4| Az|°| —ie+285|°— |A7|?i e+ 25|%)

(53
Notice that since in the broken symmetry phase there should'tra={|82+[2(§— ay)—i€]—B,_[2(&é+ay) +ie]l?
not be a propagating component corresponding to Zfe ) .
field [5,6], the parameter representing the magnetic field T |B2+[2(6—ap) +ie] =B, [2(£+az)—i€][.
trengthb’ is related tob and Weinberg'’ 8y b . . .
streng s rela an NDErg's angi®w by On the other hand, for right-handed incoming waves, the
b incident currentlj. is thus given by

b’= cosbyy,’ (49)

Jinc=4lie+2p7%? (54)

which in turn implies that the coupling of the fermion with

the magnetic field is given by and the reflected and transmitted curreilts, Ji, are given

respectively by
eb’'=g'b. (50 _ _
o= HIATI? —ie+ 2717~ |ALl%i e+ 2857}
The complete solution to the problem is found by matching (55)
the functions¢i(a)_'(b)(u) and ¢! (u) as well as their deriva-  J,={|B;.[2(£— ;) —i €]+ By _[2(é+ay) +i€]|?
tives across the interface at=1/2. These conditions repre- ) .
sent four algebraic complex equations that determine the = —|Bi+[2(§—a1)+ie]l+Bi_[2(§+a1)—i€]|*}.

four complex constantd;® andB, . . o . .
For a left-handed incident particle, the reflection and trans-

mission coefficients are given as the ratios of the correspond-
ing reflected and transmitted currents, to the incident one,

The fact that the amplitudes for the axial modes in the'espectively, projected along a unit vector normal to the wall.

symmetric phase, Eq37) and(38) are not the same, means 'hese are
that there is the possibility of building an axial asymmetry

V. TRANSMISSION AND REFLECTION COEFFICIENTS

[
during the scattering of fermions off the wall. To quantify the Ri—r == Jlef Jinc

asymmetry, we need to compute the corresponding reflection (56)
and transmission coefficients. These are built from the re- T =/ ..

flected, transmitted and incident currents of each type. Recall
that for a given spinor wave functiof, the current normal The corresponding coefficients for the axially conjugate pro-
to the wall is given by cess are
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FIG. 1. CoefficientsR,_,, andR,_,; as a function of the mag-
netic field parameteb for £=3.5, e=7.03,yg=4/3,y_ =1/3. The
value for the U(1) coupling constant is taken ag =0.344, cor-
responding to the EWPT epoch. The dots represent the compute
values.
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Figure 1 shows the coefficien®_,, andR,_,, as a function
of the magnetic field parametér for a value of twice the
ratio of fermion to Higgs boson mags=3.5, an energy pa-
rametere="7.03, hypercharge valugg=4/3, y,=1/3 and
for a value ofg’=0.344, as appropriate for the EWPT ep-
och. Notice that wherb—0, these coefficients approach
each other and that the difference grows with increasing field FIG. 2. Reflection and transmission coefficients as a function of

0.9I995 I 1
€/2€

] |
0.9985 0.999

strength.

the energy parameterscaled by twice the height of the barrief 2

Figure 2 shows the reflection and transmission coeffifor b=0.5 and¢=3.5, yg=4/3, y, =1/3, g’ =0.344. Figure &)

cients as a function of the energy parametescaled by
twice the height of the barrier & Figure Za) shows the
coefficientsR,_,, and T,_,, and Fig. Zb) the coefficients

(upper panelshows the coefficients for incident, left-handed helic-
ity modes and Fig. ®) (lower panel for incident, right-handed
helicity modes. In both figures, the dots represent the computed
values.

R, andT,_,, for b=0.5 and&é=3.5, yg=4/3, y, =1/3,

g’'=0.344. Since the solutions in Eqet6) are computed  axijal asymmetry during the scattering of fermions off the
assuming that the transmitted waves are not exponentiallya||. We have computed reflection and transmission coeffi-
damped, their energies have to be taken such that the paraglents showing explicitly that they differ for left and right-
etersay , are imaginary which in turn implies that for waves handed incident particles from the symmetric phase. The re-
type 1, e=.4&2—g’b whereas for waves type 2¢  sults of this more realistic, albeit numerical calculation
= ‘/4§2+g’b. It can be checked thaR, ,+T, =1 and Wwhere we allow for a finite wall width are in qualitative and
R,_,+T,_;=1 within the numerical precision of the calcu- quantitative agreement with those previously found in Ref.

lation, which means that the analysis respects unitarity. ~ [9], where the wall was modeled as a step function. _
It could be thought that the asymmetric reflection found in

this work could be washed out when considering the averag-
ing over the different angles of incidence of the fermion flux.
This is not the case as we proceed to show. Let us first look
In this paper we have derived and solved the Dirac equaat the situation in which the direction of the magnetic field is
tion for fermions scattering off a first order EWPT bubble reversed with respect to the case studied here. This a physi-
wall with a finite width in the presence of a magnetic field cally relevant scenario since during the phase transition, fer-
directed along the fermion direction of motion. In the sym-mions are scattered on opposite sides of the bubbles and if
metric phase, the fermions couple chirally to the magnetiche sign of the asymmetry would depend on the direction of
field, which receives the name bfypermagneticgiven that the magnetic field with respect to the direction of fermion
it belongs to the U(1y group. We have shown that the chiral incidence, then the building of an axial charge density in one
nature of this coupling implies that it is possible to build anside of the bubble would compensate the building of this

VI. CONCLUSIONS
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charge on the other side, thereby canceling the effect. How- pL_pf:(fs_fb)(RHl_ Ri_r)
ever, it is easy to convince oneself that this is not the case. (58)
By looking at Eqs/(23) and(24), we see that changing to pr—pr=(F>—") (R __.,— R, _.)),

— B interchanges one set of equations with the other, leaving
intact the coupling. Physically this is also easy to understantvhere S and f° are the statistical distributions for particles
since the fermion coupling with the external field is throughOr antiparticlegsince the chemical potentials are assumed to
its spin. Changing the direction of the field exchanges thde zero or small compared to the temperature, these distribu-
role of each spin component but since each chirality moddions are the same for particles or antipartitlesthe sym-
contains both spin orientations, it does not affect the finametric and the broken symmetry phases, respectively. From
probabilities. Eq. (58), the asymmetry in the axial charge density is finally
Now suppose that the original direction of motion of the given by
fermion is not parallel to the direction of the magnetic field
and therefore iFt)s velocity vector contains a comgponent per- (pL=pD)~ (pr—pR)=2(f*~ ") (R_;—R_,). (59
pendicular to the direction of the field. In this case, due to thel’his asymmetry,

; . o ; built on either side of the wall, is dissoci-
Lorentz force, the particle circles around the field lines main

S . > ; “ated from nonconserving baryon number processes and can
taining its velocity along the direction of the field. The mo- subsequently be converted to baryon number in the broken
tion of the particle is thus described as an overall diSplaceéymmetry phase where sphaleron induced transitions are tak-
ment along the field lines superimposed to a circular motior}ng place with a large rate. This mechanism receives the
around these lines. In the three dimensional quantum mM&;o e ofnonlocal baryogenesi&0,12,11,20and, in the ab-
chanical treatment of the problem, these circles correspond,ce of the external field, it can only be realized in exten-

to the different Landau levels. We see that the originallygions of the SM where a source ®P violation is introduced

different angles of incidence all result in the same overall,y nocinto a complex, space-dependent phase of the Higgs

directior) of incidence. _Nonetheless, it is certainly true that;qq during the development of the EWRZL1].

these circular trajectories could be regarded as the paths gjnce another consequence of the existence of an external
where the wave function of the particle picks up a phase i, ,anetic field is the lowering of the barrier between topo-
the same manner as in the Aharanov-Bohm effect. Howevef,gicaly inequivalent vacuf22], due to the sphaleron dipole
since there is no definite phase relation of the incident fer}noment, the use of the mechanism discussed in this work to

mions, these phases have to be regarded as randomly dism;'?éssibly generate a baryon asymmetry is not as straightfor-

uted. Thus, the addition of the wave functions at the interferWard. Nonetheless, if such primordial fields indeed existed

ence point(minus infinity for the reflected waves and plus q,1ing the EWPT epoch and the phase transition was first
infinity for the transmitted wavgshas to be done incoher- 4o a4 s the case, for instance, in minimal extensions of

ently which precludes any possible destructive effect of thes§he SM. the mechanism advocated in this work has to be

phases :)n the or\]/ergll p?]rtlcle flduxesﬁ | considered as acting in the same manner as a sourc® of
We also emphasize that, under the very general assumpy,|ation that can have important consequences for the gen-

tions of CPT invariance and unitarity, the total axial asym- gration of a baryon number. These matters will be the subject
metry (which includes contributions both from particles and ¢ 5 upcoming worK23].

antiparticle$ is quantified in terms of the particléaxial)
asymmetry. Lep; represent the number density for species
The net densities in left-handed and right-handed axial
charges are obtained by taking the differenpes-p; and Support for this work has been received in part by
prR— PR, respectively. It is straightforward to shdd?2] that DGAPA-UNAM under PAPIIT grant number IN108001 and
CPT invariance and unitarity imply that the above net den-by CONACyT-Mexico under an ICM grant number 35792-E
sities are given by and 32279-E.
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