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Current bounds on baryogenesis from complex Yukawa
couplings of light fermions
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We calculate the contribution to the baryon asymmetry of the Universe (BAU) from a CP-violating
source of the light quarks (charm, strange, down, up) and the electron, resulting from a dimension-six
effective field theory term. We derive relevant bounds from the electric dipole moments of the electron and
neutron to estimate the maximal contribution from each single-flavor modification. Current bounds show
that the charm quark can generate at most O(1%) of the BAU, while the lighter quarks and the electron

contribute at much lower levels.
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I. INTRODUCTION

The baryon asymmetry of the Universe (BAU) is defined
and measured [1,2] to be

"B L (8.6+0.1) x 1071 = ¥, (1)
S

YBE

where np)p is the (anti)baryon number density and s is the
entropy density of the Universe. A nonvanishing value can
be either the result of initial conditions, or dynamically
generated during the early Universe. The former requires
fine tuning and is inconsistent with inflation. The latter,
which is the more acceptable mechanism to address the
asymmetry, is called baryogenesis (See [3,4], for reviews).

There are three necessary conditions, known as the
Sakharov conditions [5], that are required from any theory
in order to explain such an imbalance: Baryon number
violation, C-symmetry and CP-symmetry violation, and
interactions out of thermodynamic equilibrium. Although
the Standard Model (SM) meets all three criteria, the rate at
which it contributes is far too small to account for the
observed baryon asymmetry [6,7] due to two factors; the
smooth crossover of the electroweak phase transition and
the suppression from the Kobayashi-Maskawa mechanism
of CP violation. Thus, if the baryon asymmetry was
generated via electroweak baryogenesis, the electroweak
phase transition had to be strongly first order and a new
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source of CP violation must exist at, or at least not far
above, the electroweak scale.

New physics (NP) beyond the SM is highly motivated by
several open questions in physics (e.g., dark matter,
neutrino masses). However, despite the efforts made to
discover new particles, none were found up to the TeV scale
[8,9]. It is then plausible that NP is above the electroweak
scale, and thus could be integrated out. This allows us
to use Standard Model effective field theory (SMEFT) tools
to explore higher-order terms, without being model
dependent.

We add a CP-violating (CPV) phase using a dimension-
six (dim-6) coupling of three Higgs fields to the SM
charged fermions. The BAU is then proportional to the
CPV source, which could be constrained by the electric
dipole moment (EDM) of both the electron and neutron and
by the Higgs boson decay and production rates. This was
previously done for the third generation particles [10-12]
and the muon [13]. Of that list, it was shown that the 7 is the
only sole contributor that can provide the entire observed
value of the BAU [11,12]. We applied this procedure to
evaluate the contribution from all of the SM particles,
including the light quarks (charm, strange, down, up), and
the electron, and discuss the results here.

This paper is organized as follows. First, we describe the
SMEFT framework, including the complex dim-6 term and
the CPV source it generates. We then outline key points in
the process of electroweak baryogenesis, which are for-
mulated by the two-step approach via the transport equa-
tions followed by the sphaleron process. Next, we present
our numerical results for the contribution of a single flavor
to the BAU. The contribution is later bounded using the
experimental measurements of the electron and neutron
EDMs and of various Higgs boson processes. Finally, we
discuss our results and conclusions.

Published by the American Physical Society
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II. SMEFT FRAMEWORK

We examine the implications of adding the following
effective dim-6 terms to the SM,

|H|?

e (Xjf+iX§)>w—”lprH+H.c., (2)

Lettyuk = <y ==

where y; is the dimension-4 (dim-4) Yukawa coupling,
H is the SM Higgs field H ~ (1,2) 5, A is the NP scale,
X is the dim-6 Wilson coefficient and y is a SM fermion. In
our notation, the lower index, f, denotes the flavor whereas
the upper index distinguishes between the real (R) and
imaginary (/) coefficients. We find it useful to define
[12,13]
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where v =246 GeV is the vacuum expectation value
(VEV) of the Higgs background field (4) defined
H= \/— (0,v + h)T. Accordingly, the mass (m) and effec-

tive Yukawa coupling (4) of each flavor can be defined and
explicitly written as

Lett yak D —mWrWrr — Aprpwreh +He.,  (4)

UYg . y
mf:7é(1 +TR4iTh), 2= \/fi( +3TR+i3T%). (5)
In the mass basis, where m, € R, they are given by [12,13]
m(fZTf (1+T8)? 4 112, (6)

, ﬁ(T.If + )3T +1) + TH(3T} +2i)
V2 (1+T8)2 4 712

Throughout this work we will use the complex parameter
ks, representing the deviation from the SM in the mass
basis,

!
_ M 2
Kp=—r =3 —p
m'y 1+T7 +iT}
2T}
K = Im(k; (8)
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!

. A .
Equivalently, one could express k; = /I,TfM where, as in the
B

SM, 1PM = % It is convenient to use i since the baryon

asymmetry is proportional to the CPV source [S;, Eq. (A8)]

and therefore linear in K} [12],
Yp o Sy o Im(mjm) o icf. 9)

In the above, we use the VEV insertion approximation [14],
to leading order.

III. ELECTROWEAK BARYOGENESIS

By adding a complex effective Yukawa coupling to one
of the fermions of the SM we introduce a CPV source to the
model. The source depends on the background Higgs
boson field 4, which acquires a VEV. Here we assume
that the electroweak phase transition is strongly first order,
and describe h by the kink solution [Eq. (A10)].
This choice results with a CPV source that peaks mostly
inside the nonvanishing VEV bubble. A schematic plot is
given in Fig. 1. Namely, the CPV source generates a chiral
asymmetry, mainly inside the broken phase. That asym-
metry can be transformed into an abundance of baryons via
the weak sphaleron, which is a nonperturbative effect of the
SM. The rate of the weak sphaleron process is given by
Ty ~ e~ M/TT [15], where T is the temperature. Although
the rate is exponentially suppressed inside the bubble, it is
fast outside the bubble, during the early Universe.
Therefore, for baryogenesis to occur at the electroweak
phase transition, the chiral asymmetry should have propa-
gated outside the bubble and into the symmetric phase [16].
Finally, as the bubble continues to expand, it eventually
captures the resulting baryon asymmetry.

IV. TWO-STEP APPROACH

The dim-6 term described in Eq. (2) will affect the
dynamics of the number densities, which are defined as the
difference between the number densities of particles and
antiparticles. This effect is the first step of the approach and
is described via a set of transport equations. We generalize

~ = Kink solution

/ Source (norm.)

/

V4

FIG. 1. Schematic description of the kink solution and its
resulting CPV source along the distance from the bubble wall
(z = 0). Blue: the kink solution for the background Higgs boson
field, as given in Eq. (A10), orange: the resulting source,
normalized.
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the set given in [11] to include all the fermions of the SM in
addition to the Higgs boson,

aMUlil =0U; = _Fﬁlfliﬂﬁlfli - rgiﬂgi + Cysttss + S,
D, D, D, D,
aDi = _FMI)“M - l—‘Y Hy + Fss,uss + SDI»’
an‘ == —aU,- - 8Dl~,
OE; = Ty =Ty sy + Sg,
8Ll‘ == —aEi,

3 3 3
Ui Ui I‘El Di Ei Ei
8h=§ FY”Y_§: Y/"Y_E Iy'uy', (10)
i=1 i=1 i=1

where Uy, Dg, and Q; are the SM quark fields, Ex, and L
are the SM charged lepton fields (the chirality is implicit
hereafter), I'y;y are the relaxation and Yukawa rates,
respectively, and S, are the CPV sources. The chemical
potentials are given by

R
ky, ko, K ky, ko,

ﬂ?i:Dz_Qi ﬁ, #Z,:Di_Qi’
kp, ko, ki kp, ko,

N N
kg ki Kk, kp kg,
(20 U D,

where k counts the finite temperature degrees of freedom.
All of the benchmark parameters were taken from Ref. [17],
and are presented in Appendix A. The solution of the
transport equations is obtained by reduction of order [17],
i.e., N second-order differential equations are written as a set
of 2N first-order differential equations, and numerical
diagonalization. By the second step of the approach
the left-handed particles participate in the sphaleron process
which generates a baryon asymmetry [Eq. (B14)]. The two-
step procedure is summarized in more detail in Appendix B.

V. NUMERICAL RESULT

Our numerical calculation for the BAU yields

Y(kh) = =Yg - (=28k{ + 11x] 4 0.2} + 0.1«
40036 42 x 107! + 3 x 10-5!
4% 1077k 4 9 x 1075L). (12)

This result agrees with previous analysis for the third-
generation particles [12] and the muon [13], but also
includes the rest of the charged SM fermions.

We point out that although quarks have (on average)
larger dim-4 Yukawa couplings, which positively impact

the CPV source, they also have more washout. It is the
result of lower diffusion [18,19] and higher interaction
rates, as well as an additional interaction via the strong
sphaleron [20]. This important difference makes the
charged leptons better candidates for producing the
BAU, compared to quarks [11,12,21].

An interesting feature that holds only for the light
fermions is that the ratio between contributions of different
flavors of same type (either charged leptons or quarks) to
the BAU is proportional to the ratio of the mass squared, up
to 5%. For f, f, light flavors of same type, we get the
following numerical result,

f I

YBIN(mfl)QKfl (13)
~Y 1 .

YJ;Z mg,/ K,

The mass squared is explicitly introduced to the source
term [See Eq. (A8)], which is otherwise almost identical for
same type particles. However, it is nontrivial that the
numerical solution of the transport equations is approx-
imately linear with various fermionic sources, given they
have different interaction rates. It is a consequence of the
negligible difference between the light fermion rates (See
Table III) and indeed, this relation does not hold for the
third generation particles.

Moreover, the solution for every given K} is centered
around a cancellation between the dim-6 and dim-4
contributions to m} By rearranging the definition of K}.

[Eq. (8)], we get

were(n-g) = (g) 0

7 Ky

(See inset of Fig. 2 for the geometrical interpretation.) The
center of the circle, at T}e = —1, implies that the mass of the
fermion is effectively generated by the imaginary part of the
dim-6 term [See Eq. (6)]. This point requires a fine-tuned
cancellation between the dim-4 Yukawa coupling and the
real part of the dim-6 term. Furthermore, we do not expect
this tension to be relaxed by introducing higher-order
terms, as they have negligible contribution. Finally, the
desired K} that saturates the contribution to the BAU to its
observed value could correspond to an unfavorable sol-
ution, when demanding the theory to be perturbative. Let us
denote the single flavor modification K} which satisfies
Y = Y, according to Eq. (12), by . The solution /'
corresponds to a circle in (ij , T;) space. By setting the
mass m} [See Eq. (6)] to its measured value, we calculate
the resulting dim-4 coupling y, for each point on the circle,
as a function of its central angle from the positive horizontal
direction (¢). For some cases, depending on the particle and
the position on the circle, it requires y; > 4z which in
nonperturbative (See Fig. 2), rendering the analysis moot.
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FIG. 2. Main: Dim-4 Yukawa coupling y, as a function of ¢
(See inset). The coupling y, is expressed by setting the mass m’f
to its measured value and K} to K}*. The region above the dashed
black line y, = 4x is nonperturbative and is therefore considered
unfavorable. The up and down quarks are nonperturbative
throughout the entire range, which precludes them as a sole-
source of the observed BAU. Inset: The geometrical interpretation
of Eq. (14), for a given K}, is a circle in (Tff , T}) space centered
around (=1, 1/x}) with radius 1/|«}|. Each point on the circle is
mapped to 0, its central angle from the positive horizontal
direction. The plot corresponds to Kj,» < 0 [See Eq. (12)].

A theoretical upper bound on |K;| is produced by
requiring there exists 6, for which y.(0,) <4x.
Although this constraint is fairly weak, we present the
perturbativity bound in Table I for comparison reasons.
Note that 6 =% (32 for the top), which corresponds to
(=1,0) in (TF, T}) space, is clearly unphysical and should
be excluded. For large values of k¥, the radius of the circle,
1/ |KJ€*| is too small to escape this critical region. We

specifically point out the up and down quarks, for which
there is no perturbative theory that can account for the
observed BAU.

VI. BOUNDS

The implications of a nonzero Kj, are manifold; In

addition to the generation of baryon asymmetry, which
was discussed above, we focus on the contribution of a
single K} to the EDMs of the electron and the neutron, and
Higgs related measurements [31]. In this section we use
these experimental results to constrain the maximal value of
[k¢|, assuming k7 = 1 for all f # f. This will allow us to
infer the maximal contribution, from a single flavor
modification, to the BAU.

electron-Electric Dipole Moment (eEDM) Bound The
upper bound (U.B.) obtained by the ACME Collaboration
on the eEDM [28] is

ld™| = 1.1 x 107 ecm at 90% C.L..  (15)

The contribution of the SM fermions, other than the top
and the electron, to the eEDM is given by [30,32]

d o mem? md
Lepanv 02 = T (2 (L) )k (16
e =MLy m( <m%,>+3>"f (16)

The contribution of the top quark to the eEDM is given
by [33]

d
£ ~94x 10"k cm.
e

(17)

The contribution of the electron to the eEDM is given
by [34]

d
£ ~5.1x 107kl cm.
e

(18)

TABLE 1. The BAU calculated following the full set of transport equations. Y-lfg is the BAU resulting from a single
source S;. Collider constraints are at ~95% C.L. [12,22-27] (for details see Table II). EDM constraints are at
90% C.L. [28,29] for all, except for the bottom and charm, for which the nEDM constraints are at 68§% C.L. [30].
Perturbativity bounds are calculated by setting m} to its measured value and demanding that there exists 8, for

which y/(0,) = 4x.

Sy, BAU, Y}, Collider eEDM nEDM Perturbativity yjme
f XK? |Kf|max |K‘} max |K}|max ‘K} max XY%bS
T —9.9 x 10710 1.1 0.3 2x 103 3.37
u —1.0x 1071 1.3 31 4 x 104 0.16
b -2.1x 107! 1.7 0.2 7.4 1x 103 5.8 x 1072
t +2.4 %107 1.1 1.2x 1073 e 25 3.3 x 1072
c —2.7x 10712 3.9 0.4 15.5 3x10° 1.1 x 1072
s —-1.6x 10714 30 109 4.5 5 x 10% 8 x 1074
d -3.8x 107" 621 2.3 x 104 0.14 9 x 10° 6x 1078
u —82x 10718 1326 2.2 x10* 0.6 2 x 100 6x 1078
e —2.5x% 10716 265 22 % 10° e 9 x 10° 6x107°
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VII. NEUTRON-ELECTRIC DIPOLE MOMENT
(NEDM) BOUND

The U.B. obtained by the nEDM collaboration on the
nEDM [29] is

d™| = 1.8 x 10720 ¢cmat90% C.L..  (19)

This bound constrains only the K} of the quarks. The
implications of the nEDM bound on &/, , - were calculated
in [35]. Here we show the 90% confidence level (C.L.)
bound, updated to the latest measurement,

K| <06, k)| S04, k[ <45 (20)

We also update the 68% C.L. bounds on «, . given in [30],
assuming k7 . = 0,

Kl <74, K|S 15.5. (21)

We used the weakest constraint, given for negative sign of
the Weinberg-operator, with the short-distance theory
uncertainty (in quadrature) for the charm (bottom).

VIII. COLLIDER CONSTRAINTS

The signal strength 4,_, ;7 can be written in terms of the
production rate o and branching ratio B as

o;(pp — h)B(h — ff)
oM(pp = n)BM(h — ff)

Hinsrr (22)

We first use measurements of u,_,» to constraint |k.|
directly, for the charged leptons and bottom quark, denoted
¢ =1, u, e, b. Since the contribution of light fermions to
the production rate of the Higgs boson is insignificant

already at dim-4, we can safely neglect their effect via the
dim-6 term. Regarding the bottom quark, this approxima-
tion neglects its 1% loop contribution to gluon-gluon fusion
(ggF) [22]. However, the eEDM bound, in this case, turns
out to be more significant [12]. We therefore approximate

B(h = ¢¢)

Hhsez = m (23)

It is then straightforward to translate the U.B. of the signal
strength to the maximal value of |k,| using [34]

o |’<f|2
Fht? = 1 (P = 1)B(h — £2)™

(24)

The next class is that of the light quarks ¢ = u, ¢, d, s,
which could only be bounded via its effect on the total
decay width of the Higgs boson. When NP interacts only
with g, i.e., kp = 1 for all f # g, the signal strength of f is
modified as

1
= . 25
Mt = T (kP = DB = a2

As the lower bound of the signal strength p;,_, ;7 tends to
one, the upper bound on |k,| gets stronger. Currently,
the experimental lower bound closest to unity is that
of the bottom, u,_,,; = 1.04 £ 0.20 [23] (see Table II).
Therefore, we use p,,_,,; to solve the above equation and
constrain [k,|.

Lastly, the single flavor modification of the top quark is
bounded using the dominant, top mediated, production
modes of the Higgs boson; ggF and k. The top affects
both the production rate (6/6°™ = |k,|?), as well as the
total decay width of the Higgs boson [Eq. (25)]. The overall

TABLEIL  Collider limits on the signal strength p;,_, ;7 from which we evaluate the U.B. at ~95% C.L.. Combined
with the SM prediction for the branching ratio, BSM, we constrain \Kf| using Eq. (24) for £ = 7, y, e, b, Eq. (25) for
g = u, ¢, d, s, and Eq. (26) for the top. We extrapolated BM for the electron (up and down quarks) from that of the

SM 2

muon (strange), using Bh_> 7 X M
: best fit UB. SM

Channel Experiment [Ty er Bh_}. 7
h— 1T ATLAS + CMS 0.91 +0.13 [12] 1.1 6.3 x 1072 [22]

_ ATLAS 1.2+ 0.6 [24] 4
h = pi CMS 1.19 4+ 0.44 [25] 18 2.2 x 107 [22]
h — bb CMS 1.04 +0.20 [23] 1.4 0.58 [22]

, B(h — gg)™ =

ggF + th ATLAS + CMS 1.09 £ 0.08 [12] 1.2 8% 102 2]
h — cc 2.9 x 1072 [22]
h — ss . 4.40 x 107* [26]

~ o>
W= di using py_,5 2 0.71 [23] 1.1 x 1076 [26]
h — uii 2.4 x 1077 [26]
h — ee ATLAS BYB- =3.6 x 107* [27] 7.0 x 10* 5.1 x 107 [22]
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FIG. 3. The interplay between the electron and the top could
allow the top to saturate the observed BAU via k, = 1 + ik/*,
while canceling the contribution of x/* to the eEDM using
k, = 1 + ixl**. Accordingly, xI** is set such that d,, i.e., the
sum of equations (17) and (18), equals zero. Since the next
leading bound on both particles is orders of magnitude weaker,
such cancellation would be difficult to detect.

effect can be written as [12]

e ) 26
Har s = (- DB g™

IX. RESULTS

We present our results in Table 1. The first prominent result
is that no light charged fermion could give the dominant
contribution to the BAU. Of all the SM charged fermions only
the = could produce 100% of the observed BAU [11,12]. The
next in importance can be the u [13], which brings us to
consider the relatively negligible effect of the light quarks. In
addition to their low contribution to the BAU, the bounds on
light quarks are comparable to these of the leptons, and thus
their maximal percentage is relatively small.

That being said, one could consider two flavor modifi-
cation, in which case the electron has a special feature.
Assuming the numerical result is linear with multiple CPV
sources of different species, the electron could cancel the
contribution of some particles to the eEDM, while leaving
the contribution to the BAU essentially unchanged. When
combined, the interference allows particles that are con-
strained mostly by the eEDM, such as the top [12], to
account for the BAU. For example, for x/* ~ 0.04, the top
generates Y9, while x/** ~ —0.06 cancels the top’s con-
tribution to the eEDM (See Fig. 3). Because of possible
cancellation, it is much harder to exclude such an elusive
hypothetical scenario.

X. CONCLUSIONS

We consider the CPV source resulting from a dim-6
SMEFT term which couples three Higgs fields to the SM
fermions. We apply the procedure described in Ref. [17] to

evaluate the complete set of single flavor modifications
from all of the SM charged fermions.

We deduce that although a larger dim-4 Yukawa cou-
pling enhances the CPV source, quarks have more washout
than leptons and are therefore less favorable candidates to
produce the BAU. Moreover, to saturate Y%bs, some of the
particles require nonperturbative dim-4 Yukawa couplings,
e.g., the up and down quarks, and are therefore unequivo-
cally ruled out as sole contributors via this mechanism.

Constrained by U.Bs of the electron and neutron EDMs
and measurements of various Higgs boson processes, we
evaluate the maximal contribution from each single flavor
modification (See Table I). We conclude that the 7 is the
only candidate able to produce the observed BAU [11,12].
Other than the y, which could provide up to 16% Y°Bbs [13],
the rest of the charged fermions produce negligible con-
tributions (less than 6% Y9).

An interplay of different flavors could relax current
bounds to allow the observed baryon asymmetry be
accounted for by a CPV Yukawa coupling. Specifically,
the interplay of the top and the electron could allow the top
to saturate Y9,
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APPENDIX A: BENCHMARK PARAMETERS

The input used for this work is the following:
(a) Coupling constant at nucleation temperature [10]:

g, = 1.23, g = 0.65, g =036. (Al)
(b) Bubble wall velocity and width [11]:
v,, = 0.05, L,=0.11 GeV~!. (A2)

(¢) VEV during nucleation [10] and at O temperature:

vy = 152 GeV, vy =246 GeV. (A3)
(d) The SM fermion masses were taken from [1].
(e) The diffusion coefficients of leptons () and quarks (g)

are [16]:

100 380
Po.=bn="p Pa=rg

6
D‘]L:DQR:f' (A4)

(f) The Mass and Yukawa rates are given in Table IIL
These interaction rates are calculated for 7; = T = 0.
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(g) The weak sphaleron rate [36]

5 92 5
Iys=6_« a, T:120T<—>
%~ 4

~ 2

a, =i

0.65%\ 3
120TN< . ) ~45x1074GeV. (AS)
T

nucledtlon

(h) The strong sphaleron rate [37]
I = 14aT ~ 0.26 GeV. (A6)
(i) Thermal width [38]:
Dieptons & 2 X 10737, L guarks ® 0.16T. (A7)

The temperature during nucleation is 7y = 88 GeV, and
for the SM we use R = 2

Thermal functions:
(a) The source is given by [14,39]

$/(s7) =) Clm<m'fm;->ff<r>

= ST (TR ()R (2) x kf, (AS8)

<2 5f _ gf*
kde [”f( ) ”f( R)(gjlié-{e*_kz)

| wjep L (& - &)

ny(E]) + np(Ef)

f of 2
& ey (E1 € +k)} (A9)

For the background Higgs boson field we use the kink

solution:
UN Z
h=—|1+tanh(—) |. Al10

TABLE III. Relaxation rates (for the broken phase), and
Yukawa rate (for both phases), calculated from [17].

Particle I8 (GeV) I'y (GeV)
T 49 %1073 5.6x 1074
H 1.7 x 1073 2.0x 107
e 3.9 x 10710 4.4 x 1071
t 102 2.6

c 47 %1073 1.6 x 10~
u 1.4 x 1078 4.7 x 10710
b 53 %1072 1.7x 1073
s 2.7 x 1073 9.0 x 1077
d 6.5x 1078 2.1 x107°

(b) The frequencies, energies and Fermi- Dirac distribu-
tions are

o} g (k) = \/k2 +Re(dm? (),
€' = ol x(k) =Ty,

1
ne(€) =
f() eg—i—l

(Al1)

(c) The thermal masses are given by [40]

3
2 2 24 22 T2
Re(omz, (T))= (32 —|— g/ ya) TI*=ag, T°,

1 1
Re(om, (1)) = (3 +§y5f> T*=dl, 1%

1, 3 | |
R 2 ™) = | = /2
e(omg,,(T)) <695 329 T os? T

1
2 2 — 2 2
+Eydi>T =aQLiT ’

1 1 1
R 2 ™)) = [ = 2 2 12 TZE 2 T2
e(omy,(T)) <69s+—189 +8yu,.> e T2,

1 1
Re(omy (T))= (6 +729’2+§y2‘_>T2Ea(21R,_T2,

Re(5m2(T)) = <1362+ 7>+ 122»

1=e,u,t

+7 Zy i Z yd>T2—aiT2

i=u,c,t i=d,s,b

(A12)

(d) The finite temperature degrees of freedom are given
by [10]

) y xe*
kfi(afi) = k‘(};;/de x2 - a%_. (A13)

ar;

where k{)' is the number of degrees of freedom, and
+ (—) is for fermions (the Higgs boson).

APPENDIX B: SOLVING THE SET OF
TRANSPORT EQUATIONS: THE TWO-STEP
APPROACH

In this Appendix we summarize the analytic techniques
used to calculate the produced baryon asymmetry, similarly
to Ref. [17]. We used the two-step approach: First we solve
the set of transport equations, given in Eq. (10). Then, the
BAU is obtained by summing over the left-handed number
densities and considering the weak sphaleron process.
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1. Reduction of dimensions

The left hand side of Eq. (10) can be written as a one-
dimensional second-order differential equation with respect
to the bubble wall dimension denoted z [18],

8f°

- 9z Of° =
L . = — — 0
of =0, =205 7= B UG (pp
=vy, ff
:vwf/_vazfo:Uwf/_foU’ (Bl)
Ef//

where we used Fick’s first law and the diffusion
approximation.

2. Reduction of order

We can solve this set of N = 16- second-order differ-
ential equations by reduction of order:

9, =f1 f=(Ug Dy O, Eg L, h), )?:<]? gf)r‘
0 ﬂNxN

7= . +S=kj+S. B2

Vs (r v ) Vs (B2)

We are left with 2N first-order differential equations.

Then, K can be diagonalized numerically, e.g., by using
MATLAB.

3. Numerical diagonalization

The solution for the symmetric phase is given by

ZcS ﬁs —’S_
() = (@),

where C;’s are constants, 4; are the eigenvalues, and u s
are the eigenvectors. We define

& (2) ",

(B3)

1 = diag(4,) = [1:2N]. (B4)
. \
p=|u u Uy (B5)
| |
Accordingly,
A | |
é’i,j(Z) = f}ije’l“z = | M, eMily Ny
| | |
(B6)

The full solution in the broken phase is obtained by
variation of parameters to be

z

7%= &F(2)C% + DB (2) / (H8(x))'S(x) dx.

0

(B7)

4. Boundary conditions

(a) The integration constants of the divergent modes in the
symmetric phase (correspond to /1]5 < 0) are set to zero,

C5_=0. (B3)
(b) The positive eigenvalues in the broken phase, CB+
(correspond to /IB > (), are chosen such that they
cancel the d1vergent part of the full solution at infinity:

c? = / NS (x) dx (B9)
0
(¢) We demand continuity at z = 0.
(1) In the symmetric phase we have
7= 07) =¢jC] = dLCl (B1O)

(i) In the broken phase we have

7z = 0) = GCY = o GO+ .8
=b
=¥ co_ + b;. (B11)
Continuity is then
. C = 4’( )Co— +b; =7, C ¢ Co— =b;. (B12)
We obtain a linear set of equations,
| | s
S 4 > +
bsp=| bl | oy |- Co= <—E‘€_)’
| |
A2
$sCsp=D;. (B13)
Solving it sets the rest of the coefficients.
5. The solution
The BAU is then given by
Ay,
YB — W (B14)

—o_X d
2an+s[e ny (x) dx
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where n; is the density of left handed particles in the
symmetric phase (where the weak sphaleron process is
efficient),

3

np(z) = Z(QU(Z) + L1i(2)),

i=1

(B15)

and

1
@y =55- (vw + /4D, \\R + v%) (B16)
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