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ABSTRACT: We propose a framework where a phase transition associated with a gauge sym-
metry breaking that occurs (not far) above the electroweak scale sets a stage for baryogen-
esis similar to the electroweak baryogenesis in the Standard Model. A concrete realization
utilizes the breaking of SU(2)r x U(1)x — U(1)y. New chiral fermions charged under
the extended gauge symmetry have nonzero lepton numbers, which makes the B — L sym-
metry anomalous. The new lepton sector contains a large flavor-dependent CP violation,
similar to the Cabibbo-Kobayashi-Maskawa phase, without inducing sizable electric dipole
moments of the Standard Model particles. A bubble wall dynamics associated with the
first-order phase transition and SU(2) g sphaleron processes generate a lepton asymmetry,
which is transferred into a baryon asymmetry via the ordinary electroweak sphaleron pro-
cess. Unlike the Standard Model electroweak baryogenesis, the new phase transition can be
of the strong first order and the new CP violation is not significantly suppressed by Yukawa
couplings, so that the observed asymmetry can be produced. The model can be probed by
collider searches for new particles and the observation of gravitational waves. One of the
new leptons becomes a dark matter candidate. The model can be also embedded into a
left-right symmetric theory to solve the strong CP problem.
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1 Introduction

The question of why the Universe contains more matter than antimatter remains unsolved.
The successful Big Bang Nucleosynthesis (BBN) and the observed spectrum of the cosmic
microwave background require a baryon-to-entropy density ratio of order 10710, It is widely
believed that the Universe experienced accelerated expansion called inflation that diluted
a primordial baryon asymmetry if it existed; the observed baryon asymmetry must be
created after the inflation and before the BBN. Sakharov pointed out three conditions to
be satisfied to create baryon asymmetry: baryon number violation, C and CP violation,
and out-of-thermal equilibrium processes [1].

The Standard Model (SM) contains a baryon number violation process from the quan-
tum anomaly of the baryon number symmetry under the electroweak gauge interactions [2—
6]. The SM quark sector also contains a CP-violating parameter, the Cabibbo-Kobayashi-
Maskawa (CKM) phase [7, 8]. Furthermore, the out-of-thermal equilibrium condition is
realized if the electroweak phase transition is of the strong first order. These facts naturally
lead to the possibility of electroweak baryogenesis in the SM [6]. Assuming a strong first
order electroweak phase transition, Farrar and Shaposhnikov estimated the baryon asym-
metry produced by a moving bubble wall on the thermal background, in which quarks
and leptons obtain thermal masses and behave as quasiparticles [9, 10]. QCD decoherence
effects on the quasiparticles, which destroy quantum mechanical CP-violating processes,
were included in [11-14]. It turned out that the resulting baryon asymmetry is suppressed
by the tiny Yukawa couplings as well as the Glashow-Iliopoulos-Maiani (GIM) mechanism,
and is much smaller than the observed value. Moreover, the electroweak phase transition
with the observed Higgs boson mass is not of the strong first order as confirmed by lattice
studies [15-17]. Therefore, the SM does not address the question of the baryon asymmetry
in the Universe.

Physics beyond the SM may assist electroweak baryogenesis. It may provide a new
source of CP violation and new particles triggering a strong first-order electroweak phase
transition. (See e.g. refs. [18, 19] for general reviews of electroweak baryogenesis.) For ex-
ample, the Minimal Supersymmetric Standard Model (MSSM) contains the superpartner
of the top quark that enables a first order phase transition, if it is sufficiently light, and
new CP-violating phases associated with supersymmetry breaking parameters [20-31]. In
two-Higgs-doublet models, a new phase is induced by the Higgs potential, and an additional
Higgs field can make the phase transition of the strong first order [32-41]. A great attrac-
tion/crisis of these electroweak baryogenesis scenarios in physics beyond the SM lies in their
testability. In fact, the Large Hadron Collider (LHC) has already excluded most of the
parameter space in the MSSM that can realize electroweak baryogenesis [42]. Furthermore,
new sources of flavor-diagonal CP violation are severely constrained by measurements of
electric dipole moments (EDMs). In particular, the ACME experiment [43] has ruled out
a wide range of new physics with CP violation at energies even higher than what the LHC
can test [44, 45]. This situation drives us to explore a possibility of baryogenesis that uti-
lizes a first order phase transition other than the electroweak one.® Refs. [49-51] discussed

! Another approach is to make the electroweak phase transition occur at a higher temperature [46-48].



models of baryogenesis through a phase transition in a dark sector that contains (usually
light) new particles feebly interacting with the SM particles. Searching for such dark sector
particles belongs to the high-intensity frontier.

In this paper, we pursue a possibility that a first-order phase transition associated
with a new gauge symmetry breaking at an energy scale higher than the electroweak scale
sets a stage for baryogenesis and the sector responsible for baryogenesis couples to the SM
with O(1) couplings. Ref. [52] uses an SU(2) x SU(2) gauge symmetry to which SU(2),
is embedded and ref. [53] considers an SU(2) gauge symmetry under which leptons are
charged. Ref. [54] also mentions a possibility to use an extra SU(2) gauge symmetry for
baryogenesis, although the amount of the produced baryon asymmetry is not estimated and
it is not clear if their setup actually works. If the electroweak scale is naturally obtained by
some dynamics, it is plausible that the higher scale is determined by the same dynamics and
not far above the electroweak scale. Some new particles are charged under the SM gauge
symmetry and heavier than the SM particles; they may be within the LHC reach and at
the high-energy frontier. We consider a minimal extension of the SM gauge symmetry with
a new non-abelian gauge symmetry, SU(3)c x SU(2), x SU(2)r x U(1)x, where the right-
handed fermions in the SM (plus the right-handed neutrinos) transform as doublets under
the SU(2)r [55-57]). The spontaneous breaking of SU(2)r x U(1)x — U(1)y is induced
by a new Higgs field whose potential is largely undetermined and we may assume that the
associated phase transition is of the strong first order. To generate the baryon asymmetry
during the new phase transition while evading the wash-out by the electroweak sphaleron
processes, the B — L symmetry must be (effectively) anomalous under the extended gauge
interactions. This is achieved by introducing a new chiral sector that has baryon or lepton
numbers, is charged under the SU(2)g x U(1)x, and has a structure different from the SM
sector. We introduce such a chiral lepton sector borrowing the setup in ref. [58], discussed
in the context of a dark sector, which contains three generations of new chiral fermions.
We also provide a class of models where new particles are vector-like under the gauge
symmetry but chiral under a discrete symmetry, so that the B — L symmetry is effectively
anomalous. The new chiral sector accommodates a flavor-dependent CP-violating phase
similar to the CKM phase. This CP violation is not necessarily suppressed by Yukawa
couplings unlike the SM quark sector. We can apply the calculation technique of the SM
electroweak baryogenesis to our model, appropriately incorporating damping effects on
quasiparticles. We find that the model can generate the observed baryon asymmetry in
contrast to the SM.

In the setup we consider, the left-right symmetry is explicitly broken since the new
chiral sector is charged under SU(2)g but not under SU(2)r, and the SU(2)g x U(1)x
breaking Higgs has a quartic coupling much smaller than that of the SM Higgs. However, we
show that the model can be embedded into a left-right symmetric theory with spontaneous
breaking of the left-right symmetry. By combining the left-right symmetry with the space-
time parity, the strong CP problem can be solved [59, 60]. This will be an advantage over
other models based on dark gauge symmetries.

We may introduce a Z; symmetry to the new chiral sector, so that one of the new
leptons is absolutely stable and a dark matter candidate. We briefly discuss how the



correct dark matter abundance is obtained, leaving detailed discussions on dark matter
phenomenology to a future work.

The rest of the paper is organized as follows. Section 2 presents our model, where the
global B — L symmetry is anomalous under the extended gauge symmetry and the new
chiral lepton sector provides a new source of CP violation. The mechanism of baryogenesis
is also described. In section 3, after clarifying the sphaleron decoupling condition that
must be fulfilled to generate a non-zero baryon asymmetry, we calculate the amount of
the B — L asymmetry by considering the reflection problem of the new leptons by the
bubble wall. In section 4, we discuss phenomenology of the model, including collider
searches, EDM measurements, and the production of gravitational waves (GWs). We find
that a GW signal within the reach of future experiments may be produced for the model
parameters that realize the observed baryon asymmetry. Section 5 is devoted to conclusions
and discussions.

2 The model

We here introduce our model and describe the baryogenesis mechanism. It is also pointed
out that there can be a dark matter candidate and the model can be embedded into the
left-right symmetric theory. Finally, variants of the model are discussed.

2.1 The extended gauge symmetry

We consider a model where a first-order phase transition associated with a new gauge sym-
metry breaking at a higher scale sets a stage for baryogenesis. The SM gauge symmetry can
be embedded into GLr = SU(3)¢ x SU(2)1, x SU(2)r x U(1) x by adding three generations
of right-handed neutrinos. Under this extended gauge symmetry, the SM fermions (plus
three right-handed neutrinos v) transform as

Uj 1 — /EL’L 9 1
qi = : (352717) ’ qi = <> : (371725> ’
(6&) 6/ p=1/3 d; 6/ p=—1s3
) 1 _ U, 1
l; = Vi : <1,2,1,> ) b = Iil : (17172’> ’
€; 2 L=1 €; 2 L=-—1

where i = 1,2, 3 is the generation index and B and L denote baryon and lepton numbers.

(2.1)

Throughout this paper we use the two-component left-handed Weyl spinor notation. Note
that the B and L symmetries are anomalous but the combination B — L is anomaly-free. We
for now do not impose the left-right symmetry. In section 2.5, we discuss the embedding of
the model into a left-right symmetric theory and how the strong CP problem can be solved.

The spontaneous breaking of Grg — Gsm = SU(3)¢ x SU(2)r x U(1)y is driven by
a new Higgs scalar field Hp, while the electroweak symmetry is broken by the SM Higgs
field. The representations of the Higgs fields under the extended gauge symmetry Gig and
the symmetry breaking chain are

1
HR<1, 1, 2, 2> : GLR — GSM, (2.2)

1
Hy (1,2, 1, —2) or (I)(].,Z, 2,0) : Gsm — SU(3)C X U(l)EM . (23)



The SM Higgs is Hy, or ®. The U(1)y gauge coupling ¢’ is given by

LR (2.4)
g 9x 9r
where gx and ggr are the U(1)x and SU(2)r gauge couplings respectively.
When the SM Higgs is Hr, we cannot write down the Yukawa couplings of the SM
quarks and leptons at the renormalizable level. The SM quark and lepton masses are
obtained by the following dimension-5 operators,

ij ij

c¥ _ c _ c _
Lyukawa = ~—(H} q))(HLG;) + 3 (Hpgi) (Hrdj) + ~ (Hpt) (Hgl;)
Mu Md Me
3 3 (2.5)
AT - T T T e
+ M<HL@)(HL€J'> + M(HR&‘)(HR@) + E(HL&)(HR@) +hee,
where ¥/, cﬁlj e e, ciﬁj, CZVJE are dimensionless constants and M, Mgy, M,,, M, are some UV

mass scales. These dimension-5 operators can be obtained by the exchange of heavy Dirac
fermions coupling to the Higgs fields and the SM fermions. To realize the correct top quark
mass, the mass of the corresponding heavy fermion must be near the vacuum expectation
value (VEV) of the Hp field.? The small neutrino masses can be explained by a large
M,. If we impose the L symmetry, c¢,,c; = 0 and the neutrinos are Dirac particles. The
most general renormalizable potential of the Higgs fields H;, and Hg allowed by the gauge
symmetry GLR is

V(Hy, Hg) = — p3|Hr|* — pp|Hr[* + ALl Hel* + Ar|Hg[* + Acr|HL*[Hr]?.  (2.6)

Here, u%, g are mass-squared parameters and Az, Ag, Apr are dimensionless coupling con-
stants. They are all real parameters.
If the SM Higgs is ®, then the Yukawa interactions,

Lhviana = Y9 qiGi + Y ®q;g; + y) @il + § BLil; + hec.,

1m0 2.7)
<q)>_ﬁ <0 ’02)7

lead to the SM fermion masses,

. 1 .. 1 .. . 1 .. 1 ..
mz] - Z_]v + 7%3”*’ ml] — lj,U + ~7,j/U>k’

u \/iyq 1 \/iyq 2 d \/iyq 2 \/iyq 1 (2 8)
mij:L g + g vt my:L oy + jovs

e \/§ 0 ﬁyg U1, \/§ Y %ye Vy.

Here, ® = 09®*09 and v = /07 + v3 =~ 246 GeV. The small SM neutrino masses require
v] < v with |gjéj| < 1 or v < v with |yéj| < 1. Instead, we may add SH;%Z to give a

2 Alternatively, the mass term of the corresponding fermions may be below vr so that the SM top quark
dominantly originate from one of the fermions rather than g; see ref. [61] for details.



Dirac mass term to 7, so that the SM neutrino masses are suppressed. Here S is a singlet
fermion. We assume that the Majorana masses of S are small. The generic renormalizable
potential of ® and Hp is

V(®,Hg) = —13|®|* + (13®* + h.c.) — puk|Hg|* + A\p|Hg|* + -, (2.9)

where - -+ includes self quartic couplings of ® and quartic couplings between Hpr and .
Since the model contains two SU(2), doublet Higgses that couple to the SM fermions, tree-
level flavor-changing neutral currents are in general induced by the exchange of a heavy
Higgs, which sets a strong lower bound on vg, see e.g., ref. [62]. Such constraints can be
avoided by extending the model [63—-65] without changing our baryogenesis scenario, and
hence we do not impose flavor constraints in the present paper.

If the electroweak scale is naturally explained by some dynamics such as supersymme-
try and compositeness, it is plausible that the mass scale pr is determined by the same
dynamics and not far above the electroweak scale. It is also possible that the smallness of
the electroweak scale is natural as long as there are no fields which have large mass scales
and couple to the SM Higgs. The new gauge bosons, however, directly couple to the SM
Higgs. The mass of the new gauge bosons should not be much above the electroweak scale.
In both scenarios, the new particles in the model should not be much heavier than the
electroweak scale and may be discovered at the LHC or future collider experiments.

2.2 New chiral leptons

To produce baryon asymmetry during the new phase transition in the similar way as
electroweak baryogenesis, we require that the global B — L symmetry is anomalous under
the extended gauge interactions. This is achieved by introducing a new chiral lepton sector.
We borrow the fermion content of ref. [58] discussed in the context of a dark sector model,
which has a structure different from that of the SM fermion sector. The charge assignments
of the new fermions under Gpr and the L symmetry are

- . 1 =
Li = -?z : (1,172;> ) L= ¢ : <151)27_3> )
N; 2) -1 X 2/ =1

(2.10)
Ei : (17171?_1)11:17 Nl : (1a17170)L:17

5 : (17171;1)L:—17 X . (1,1,1,2)L:_1,

where i = 1,2, 3 is the generation index. There are four SU(2)r doublets L;, L and five
singlets E;,E, X charged under the U(1)x. We have also introduced three singlets N; to
make N; inside L; massive by forming Dirac masses after the symmetry breaking. Grav-
itational and gauge anomalies are absent as TrQx = 0 and Tr Q3 = 0. The number of
SU(2)r doublets is even and hence the non-perturbative SU(2) anomaly [66] is avoided. It
should be stressed that three generations are required from the structure of the theory.



The baryon and lepton number global symmetries are anomalous under the extended
gauge symmetry,

OGP = = (WL WE — i Wrw R,
2.11)
. 1 = = = (
i = — o5 B WL Wi — 59k Wi W — 59% Bxw BY |

where Wy, Wg, and Bx are the SU(2)r, SU(2)g, and U(1)x gauge field strengths re-
spectively, and WLW = %Euynggj,WR, and By are their duals. g¢r,gr, and gx are
the SU(2)r, SU(2)g, and U(1)x gauge coupling constants respectively. We can see that
the model violates any linear combinations of the baryon and lepton number symmetries,
including B — L, through anomaly.

All the new fermions become massive by the following Yukawa interactions with the
Higgs field Hp after the symmetry breaking,

Lp=y2HrLiE; + y3SHLLN; + ys HRLE + yx HLL X + h.c. (2.12)

Here, yg,y%,yg,y,y are dimensionless coupling constants. The first and second terms
have the same structure as the SM quark Yukawa couplings. The number of fermion
generations involved in these couplings is also three. Thus, as in the case of the SM quark
sector [8], these terms contain one physical complex phase which cannot be eliminated by
field redefinition. Gauge eigenstates are written in terms of mass eigenstates as

Ei=Up){(En)j. Ei=Ur)(En);,

] - | (2.13)
Ni = (Ug);’(Nm)j s Ni=(Un);(Nm)j

where the subscript m is for mass eigenstates and Ug z 5 5 are unitary matrices. In the
following, we drop the subscript m. Without loss of generality, we take mg, > mpg, > mpg,
and my, > mpy, > mpy,. We define the unitary matrix K = U;UN similar to the CKM
matrix. Using the same parametrization as the CKM, this matrix can be parameterized as
—id
C12€31 512€31 s31€
_ i i
K = | —s12c23 — c12523831€"°  c12c23 — S12523831€"°  S23c31 | - (2.14)
16 i
812823 — C12C23831€"°  —C12823 — S12C23831€"° C23C31

Here, s;; = sin;;, ¢;; = cos;;, and 0 is the CP phase. We can define a basis-independent
quantity to measure the CP violating effect of the new lepton sector J’, similar to the
Jarlskog invariant for the CKM, as

Im(Kinle;(lK]:j) =J Z €ikm€jin - (2.15)
m,n

With the parameterization (2.14), J' is given by

J/ = Im(KllKggKEK;l) = 8125238310120230%1 sind . (2.16)



This is the CP-violation source we consider for baryogenesis during the new phase transi-
tion. Complex phases in the third and fourth terms of (2.12) can be eliminated by rotating
the phases of Land X.

Without any interaction with the SM leptons, this new lepton sector possesses its own
lepton number. This is reduced to the common lepton number by interactions between
the new lepton sector and the SM lepton sector. The most general form of such Yukawa
interactions is

Lint = ggHLﬁi I3 + giEjHRZiEj + g%H;%lZNJ + h.c., (2.17)

where gfg—, gg, g% are dimensionless coupling constants. The first term is absent if the SM
Higgs is a bi-fundamental scalar ®. We assume that these couplings are relatively small
and their CP-violating phases do not play a role in baryogenesis.

We assume that the Majorana mass terms of N; are negligible, which may be under-
stood by an approximate lepton number symmetry. The F; and & fields may have a Dirac
mass. We also assume that the Dirac mass term is negligible, which can be understood by
an approximate Zo symmetry with (L;, E;, N;) — —(L;, E;, N;) and (E,é’, X) — (E,g,f).
The Zy symmetry is explicitly broken by the last two terms in (2.17), which makes the
lightest Zs-odd particle unstable. We comment on a possibility that the Zy symmetry is
unbroken and the lightest particle among (L;, E;, N;) becomes a dark matter candidate in
section 2.4. In this case, if the SM Higgs is ®, there is no remormalizable interaction that
allows the decay of the new fermions into SM particles. We need a higher dimensional
interaction or a flipped charged assignment discussed in the next paragraph.

The U(1)x and L charges in eq. (2.10) may be flipped. The model works as well for
that case. The interactions between the new lepton sector and the SM lepton sector are
modified from eq. (2.17),

f = 9-HREE + g HLGE; + g HL 6Ny +mY Lil; + hec., (2.18)

int —
where the last three terms break the Zs symmetry.

2.3 Generation of baryon asymmetry

We now describe the baryogenesis mechanism based on the first-order phase transition
associated with the breaking of Grr — Ggnm. Hereafter, we call it the Gr,g — Ggy phase
transition. We assume that the G.g — Gsm phase transition first takes place and then the
ordinary electroweak phase transition follows. The baryogenesis mechanism is similar to
the SM electroweak baryogenesis, but the crucial difference is that nonzero lepton number
rather than baryon number is generated by a nontrivial bubble wall scattering process.
The first-order Gy r — Ggsm phase transition proceeds via bubble nucleations. Nucle-
ated bubbles expand and eventually coalesce with each other until they fill the Universe.
During this process, the bubbles interact with thermal plasma. Since the N; and E; fields
coupled to Hg acquire masses via the Higgs mechanism inside the bubble, a flux of the new
leptons outside the bubble see the bubble wall as a potential barrier, and hence they are
quantum mechanically scattered. If CP-violating interactions are involved in this scattering
process, the reflection coefficients of the new leptons and their antiparticles are different
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Figure 1. An illustration of a lepton asymmetry generated by the E lepton scattering with the
bubble wall is given in the left panel. Here, £ gy and E‘R( 1) are the left (right)-handed E lepton
and its anti-particle. For instance, Ej, particles are injected from the symmetric phase (Hg) = 0.
Some are reflected by the bubble wall while others are transmitted into the broken phase (Hg) # 0.
Thickness of the arrows describes the strength of reflections and transmissions. Due to the CP
violation, the particles and anti-particles are reflected or transmitted differently. A nonzero lepton
number in the symmetric phase is washed out. In the right panel, a schematic picture for the
evolution of asymmetries is shown. Lgy and Bsy denote the lepton number and baryon number
asymmetries carried by the SM leptons and quarks, respectively. The steps (I), (II) and (III) are
explained in the main text.

from each other. Then, a lepton number asymmetry Lyg carried by the new leptons
N;, E;, N;, E; is generated in front of the bubble wall. Since the lepton number is globally
conserved in the wall scattering process, the same amount of Lyg with opposite sign is
produced inside and outside the bubble. The SU(2)g sphaleron processes convert a part
of Ly outside the bubble into an asymmetry Ley carried by L, &, X and a B 4+ L asym-
metry of the SM particles. The produced B + L asymmetry is washed out by the SU(2)y,
sphaleron processes. This process is schematically shown in the left panel of figure 1 for
the E lepton scattering.

The generated L asymmetry is transferred into a B asymmetry through the following
three steps. (I) Since a B— L violating process associated with the SU(2)r gauge interaction
is decoupled inside the bubble, nonzero lepton number densities L g and Ley remain after
the completion of the GLg — Gsm phase transition. (II) A part of the L asymmetry is
transferred into a B asymmetry via the ordinary electroweak sphaleron process if the
new lepton fields are in thermal equilibrium with the SM particles through the portal
interactions (2.17). (III) Finally, the new leptons decay into the SM leptons and the L
asymmetry carried by the new leptons is completely transferred into the SM sector. For
simplicity, we only consider the case where the decays occur before the decoupling of
the electroweak sphaleron. Even if this is not the case, the resultant baryon asymmetry
changes only by an O(1) factor. Then, the injected L asymmetry is further transferred
into a B asymmetry via the sphaleron process. The evolution of B and L in these steps is
schematically shown in the right panel of figure 1.



2.4 A dark matter candidate

In the previous subsection, we described the baryogenesis mechanism assuming that the
N;, E; particles are unstable. The mechanism, however, works as well even if the Zs
symmetry (L;, E;, N;) — —(L;, E;, N;) is exact. The lightest particle among the Nj, E;
sector is stable, and if my, < mpg,, Ny is stable and a dark matter candidate. Even for
this case, the baryon asymmetry is still produced from Lyg. We leave the discussion on
phenomenology of the N; dark matter to a future work, but we briefly describe how the
correct dark matter abundance can be obtained.

The freeze-out abundance of N7 seems too large because the neutral Z’ boson associ-
ated with the Gg — Ggum breaking must be heavy as we will see in section 4.1.1, and the
pair annihilation of Ny is ineffective. The correct abundance can be, however, obtained by
the coannihilation [67] with E; if my, ~ mpg,. For this to occur, N; must be converted
into F via the exchange of the charged Wét boson during the freeze-out process, which is
effective for vp < 100 TeV.

The asymmetry of N;, E; leads to a too large dark matter abundance unless
mpy, ~GeV. For such a small mass, the coannihilation requires mg, ~ GeV, which is
excluded. This problem can be avoided by introducing a small Majorana mass term of Nj,
so that the washout of Lyg occurs inside the bubble within the Hubble time scale. The
Majorana mass term may also effectively washout the asymmetry outside the bubble and
erase all the asymmetry produced by the scattering with the bubble wall. However, since
this requires washout within the timescale of the diffusion (see eq. (3.18)), which is much
shorter than the Hubble time scale, the washout outside the bubble can be avoided while
that inside the bubble can efficiently occur by an appropriate choice of the magnitude of
the Majorana mass term.

2.5 A left-right symmetric theory

The model we have described so far does not possess a left-right symmetry; the extra
fermions are charged only under SU(2)g. It is, however, possible to obtain the model from
a left-right symmetric theory by its spontaneous breaking.

The gauge symmetry at a UV scale is SU(3).xSU(2); xSU(2) z x U(1) p—1, x SU(2) x1, X
SU(2) x g with left-right symmetry SU(2); « SU(2)z and SU(2)xr, <> SU(2)xr. The SM
fermions are charged under SU(3). x SU(2); x SU(2)3 x U(1)p—r. The extra fermions
we have introduced in eq. (2.10) are charged under SU(2)xr x U(1)p—r. The left-right
symmetry requires another set of chiral fermions charged under SU(2)xz x U(1)p_r.

SU(2)z x SU(2)xr symmetry is broken to SU(2)r by a VEV of a bi-fundamental
scalar. The left-right symmetry predicts a scalar in bi-fundamental of SU(2); x SU(2)xp,
but we can choose the parameter of the left-right symmetric potential so that only the
SU(2) 3 x SU(2) xg charged scalar obtains a VEV. The SU(2)xr, x U(1)p—_r symmetry is
broken to U(1)x by a scalar with a charge (2,1/2). The scalar couples to the extra chiral
fermions charged under SU(2)xz x U(1)p—r, and give masses to them. SU(2); remains
as SU(2)L.



In the UV theory, the SM Higgs Hy, and ® are charged under SU(2); x U(1)p—r, and
SU(2); x SU(2) s, respectively. The Higgs Hr must be charged under SU(2)xr x U(1)p_1,
so that the Yukawa couplings in eq. (2.12) are obtained without suppression. If the SM
Higgs is Hy,, Hg needs SU(2)5 charge to obtain the SM yukawa couplings in eq. (2.5).
This can be achieved by obtaining Hg as a linear combination of an SU(2)x g doublet and
an SU(2); doublet.

In this setup, the strong CP problem is solved by combining the left-right symmetry
with space-time parity in the same manner as the models in the literature [59, 60, 68, 69].
The space-time parity forbids the term GG. The correction to this term from quark masses
can be also suppressed in the following way. If the SM Higgs is Hy, the SM quark masses
are given by eq. (2.5). The space-time parity requires that ¢ are Hermitian, so that 6
terms remain zero [68-70]. Two-loop correction gives non-Hermitial quark masses [70], but
the correction can be smaller than the experimental upper bound on the 6 term. If the SM
Higgs is @, although the coupling yéj and yfij are Hermitian, the possible phase in v; and
vo may generate non-Hermitian quark masses. The left-right symmetry with a space-time
parity, ® <» ®, forbids the CP phases in the most of terms in the potential of ®, except
for the quartic terms of the form,

V= (0212 + 022 + hc., (2.19)

where ¢12 are scalar fields with the left-right transformation ¢ <+ ¢o. After the left-
right symmetry is spontaneously broken by (¢1) # (¢2), as is assumed above, this term
gives complex VEVs v;5. To solve the strong CP problem, the potential term (2.19)
must be forbidden by an extra symmetry. Supersymmetry can forbid the above quartic
term while allowing for a quadratic term ®?2 [71, 72], thereby avoiding an accidental U(1)
symmetry leading to a light Nambu-Goldstone boson. In non-supersymmetric theories, we
may introduce a Z4 symmetry that forbids the above quartic term but allows for a quartic
term ®* [60], avoiding a light Nambu-Goldstone boson. The second Higgs is necessarily
around the weak scale, but such a possibility is still allowed [73].

2.6 Variants of the model

The structure of the model with new particles in eq. (2.10) is following. The SU(2)g
sphaleron process and the scattering of three generations of chiral L;, F;, N; leptons with the
bubble wall generate a lepton asymmetry. The gauge anomaly is cancelled by L, £, and X.
Then, we can consider variants of the model. The gauge anomaly can be instead cancelled
by three generations of L;, E;, N; which have gauge charges opposite to those of L;, E;, N;.
The fermions L;, E;, N; obtain their masses by their Yukawa coupling with Hp. In this
case, the total B — L asymmetry produced by the scattering and the SU(2)g sphaleron
vanishes. However, if one of the asymmetries of the L;, E;, N; sector and the L;, E;, N;
sector is not transferred into the SM sector before the electroweak phase transition, the
B — L asymmetry that the SM sector feels is non-zero, and a non-zero baryon asymmetry
remains. This can be enforced by (approximate) symmetry (L;, E;, N;) — —(Li, E;, N;)
or (L;, E;, N;) — —(L;, E;, N;). The Zy symmetry, if it is exact, results in a dark matter
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candidate. The estimation of the baryon asymmetry for the model with eq. (2.10) is directly
applicable to this variant model. The gauge charges of the new fermions are vector-like,
but the (approximate) Z; symmetry makes the theory chiral.

A similar idea is applicable to a model with new heavy quarks Q;, U;, D; and Q;, U;, D;,
where Q;,Q; are SU(2)g doublets and the others are singlets. @Q;,U;, D; obtain their
masses from their Yukawa couplings with Hg, and so do Q;, U;, D;. In this case, the Z,
symmetry must be explicitly broken so that there are no exotic charged stable particles.
The estimation of the baryon asymmetry given in the next section is applicable to this case
with proper modification. We, however, do not discuss this case further.

3 Baryogenesis

In this section, we discuss the mechanism of baryogenesis based on the model presented
in section 2.1 and section 2.2, and calculate the amount of the baryon asymmetry. In
section 3.1, the condition of the first-order Grr — Ggm phase transition is discussed by
calculating the thermal effective Higgs potential. In section 3.2, we derive the sphaleron
decoupling condition associated with the SU(2)r gauge interaction, which is a necessary
condition to avoid the washout of B — L inside the bubble. The parameter regime which
satisfies the sphaleron decoupling condition is also clarified. In sec 3.3, we show that
FE and N asymmetries generated in front of the moving bubble wall can be calculated
by solving the effective Dirac equation, which is defined on the bubble wall and on the
thermal background. We then take account of the diffusion effect and the sphaleron process
in the symmetric phase and show the expression of the produced baryon asymmetry. In
section 3.4, we explicitly calculate thermal self-energies and damping rates for £ and N
leptons, which are necessary to solve the effective Dirac equation. The kinematic property
of quasiparticles is also discussed in the small momentum region. In section 3.5, we calculate
the reflection probability to estimate the £ and N asymmetries generated in front of the
wall. We utilize the calculation method originally applied to the electroweak baryogenesis
within the SM framework. Finally, the produced baryon asymmetries in the minimal model
and an extended model are presented in section 3.6.

3.1 The first-order Gr — Gsm phase transition

Since we assume that the Gr,r — Gsm phase transition takes place before the electroweak
phase transition, the potential during the Grg — Ggm phase transition is obtained by
setting Hr, = 0 in (2.6) or ® = 0 in (2.9). Taking the background Hp field as Hr =
(6r/V/2,0)t, the tree-level potential is

MR o, AR 4
‘/tree = _7¢R + T(bR . (31)
The finite-temperature effective potential including the Coleman-Weinberg potential of
¢r is calculated by the standard background field method [74, 75]. We take account of one-

loop corrections from SU(2) r x U(1) x gauge bosons and new leptons coupled to Hpr with the
largest and the second largest Yukawa couplings.® We adopt the renormalization condition

3We assume that the coupling between Hg, and Hy, or ® is sufficiently small so that a loop correction
from Hp, or @ can be safely neglected.
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used in ref. [76], which is given by V'(¢r = vg)|r—0 = 0 and V" (¢r = vg)|r—0 = 2Agv%
where V|r—o denotes the sum of the tree-level potential and the Coleman-Weinberg po-
tential. With this renormalization condition, the VEV and mass of Hgr evaluated at the
tree-level vacuum are not shifted by quantum corrections. We use the resummation pre-
scription proposed in ref. [77]. The total effective potential denoted by Vg is then given by
the sum of the zero temperature part V|p—g and the finite temperature effective potential.

We include the above-mentioned corrections in numerical analysis, but to illustrate
the condition of the first-order phase transition, here we consider the effective potential
at the one-loop order with the high-temperature expansion. The effective potential is
approximately given by

Ar(T)

Ver = D(T* = T§))6% — BT + =

% (3.2)

where D, E and Ty are independent of temperature and determined by the model pa-
rameters. The quartic coupling Ag(7T") depends on temperature. The potential shape at
each temperature has been studied in refs. [76, 78]. At very high temperature, there is a
unique minimum at the origin. As temperature decreases due to the cosmic expansion, an
extra minimum appears at ¢g = vg(T) # 0. This extra minimum is separated from the
minimum at the origin by a potential barrier.

The potential barrier is originated from the negative cubic term in (3.2) that is gen-
erated by bosonic Matsubara zero modes. In the present setup, such zero modes can be
provided by the SU(2)r x U(1)x gauge bosons and the Higgs field Hg. Here, we assume
that gx and Ag are rather small and the U(1)x gauge boson and the Hp field do not give
relevant contributions to the cubic term. A small Ap is required for a first order phase
transition, as we will see later. In addition, since the longitudinal modes of the SU(2)g
gauge bosons obtain thermal masses at the one-loop order, their zero-mode contributions
are screened by plasma effects [77]. On the other hand, the transverse modes of the gauge
bosons do not obtain thermal masses at the one-loop order [79, 80], and hence we focus on
these modes. Counting the number of the transverse modes of the SU(2)r gauge bosons,
we obtain [76]

B~ % ) (3.3)
16m
The nonzero E drives a fluctuation-induced first-order phase transition when the minimum
at ¢p = vr(T) is energetically favored.

One needs to check the validity of the perturbative analysis to determine the order
of the phase transition. In fact, it has been shown in refs. [79-82] that a long-wavelength
fluctuation can lead to the breakdown of perturbative expansion in finite-temperature
field theories. For example, the perturbative analysis indicates that the electroweak phase
transition in the SM with the observed Higgs mass is of the weak first order, but lattice
studies [15-17] have confirmed that it is actually a crossover transition. In the present
SU(2) Higgs-Kibble model, non-perturbative effects cannot be neglected for g%/Ar < 1.
Fortunately, as we will see in the next subsection, the sphaleron decoupling condition that
must be satisfied to realize baryogenesis requires 912,2 /AR > 1. Therefore, in the parameter
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region satisfying this condition, the perturbative analysis is valid and the Grr — Gsum
phase transition is expected to be of the first order.

We now calculate vg(T,)/T,, where T, is the bubble nucleation temperature of the
G1r — Gswm phase transition. This quantity is important in the discussion of the sphaleron
decoupling condition. For an illustrative purpose, we first obtain an approximate expression
of vg(Ty)/Tyn by identifying it with vr(Tr)/Tr, where Tg is the critical temperature at
which the two vacua are degenerated with each other. The effective potential at T" = Tg

- )\R(fR)Qb%«z (¢r — vr(TR))> . (3.4)

By comparing this form of the potential to (3.2), we obtain

can be written as

V(TR)

vr(Th) ve(Tr) 2B 2E
T, — Tgr Ar(TrR) — Ar

(3.5)

In the last equality, we neglect finite-temperature corrections to the quartic coupling Ag.
As we will see, vr(Ty,)/Ty is required to be large enough, which requires small Ag.

We note that eq. (3.5) must be regarded as a rough estimate. As we will see in the next
subsection, the sphaleron decoupling condition requires a large vg(7Ty)/T, which is realized
for a tiny Ar and a large gr. However, for such a large vr(71y)/Ty, the high-temperature
expansion is not justified. Furthermore, the contribution from the Coleman-Weinberg
potential is significant for a tiny Ag. In our numerical calculations, we estimate vg(T},)/Ty
by using the total effective potential without resorting to the high-temperature expansion.

Although T, is typically very close to Tg, it can be rigorously determined by evaluating
the decay rate of the false vacuum. The decay rate per unit volume and per unit time is
expressed as

I'p=A(T)e 5, (3.6)

where A(T) ~ T* and B is a bounce configuration. Without a significant supercooling,
the bounce is given by the O(3) symmetric solution, B = S3/T [83], which is obtained by
solving the differential equation,

Por | 2dor  Ven

dr? r dr - 8¢R ) (37)
with the boundary conditions,
d
br(r —o00) = gl 20R) ¢ (3.8)
dr r=0

where qbfglse denotes the position of the false vacuum. The action is then obtained as

Sy = /OOO drdmr? @ (?)2 . Veﬁ(gbR)) , (3.9)

Here, ¢p is the solution of egs. (3.7) and (3.8). The nucleation temperature 7T}, is defined
through I'p(Ty) = H*(T,) where H(T) = 1.66,/gx T?/mpi is the Hubble parameter with
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mp1 ~ 1.22 x 10 GeV and ¢, being the Planck mass and the number of the effective
degrees of freedom for the radiation energy density. We find
53

~ 130, 3.10
T lper. (3.10)

Here we take Ty, = 5 TeV and g, = 143 as reference values.

3.2 The sphaleron decoupling condition

The model has not only the ordinary electroweak sphaleron process [5] but also the
sphaleron process associated with the SU(2)r gauge interaction. In the Gpr symmet-
ric phase at T' > T,,, the baryon and lepton number violations by the SU(2)g sphaleron
processes are not suppressed. We can rewrite (2.11) as

(B— 2 —~
8“]LB L) _ _327T2 g?%WR/u/WEV :
; (3.11)
(B+L) _ 2 . 2 =
3“],8 ) — 327T2 gLWL;wWL + 327r2 gRWRuVWR 5

where we neglect the contribution from the U(1)x gauge field. We can see that B — L is
violated by the SU(2)g sphaleron process and B + L is violated by both the SU(2);, and
SU(2)r sphaleron processes.

As the Universe cools down, the Gy r — Gsym phase transition occurs at the nucleation
temperature Ty,. In the broken phase, the SU(2)g sphaleron transition rate is

R
BN ()

TEL(T) = A(T) e~ (3.12)

Here Eslf)h(T) is the sphaleron energy, which is given by [5]

£, = T g g8, (313)
9R
where B(z) is a function with B(0) = 1.6 and B(co) = 2.7. The expression of A(T) can
be found in refs. [84, 85]. For successful baryogenesis, the B — L violating process by
the SU(2)r gauge interaction must be decoupled in the broken phase. Such a sphaleron
decoupling condition is conservatively given by Ff}h(Tn) < H(T,). Using the reaction
rate (3.12) and the form of the sphaleron energy (3.13), the condition is given by

’UR(TH)
Ty

dr
47 B(Ar/9%)

240 x (3.14)
Here we take T, = 5TeV and g, = 143 as reference values. Figure 2 shows the region
of gr and Ag which satisfies the sphaleron decoupling condition (3.14) with large Yukawa
couplings yg, = 0.8, yg, = 0.7, yn, = 0.8, yn, = 0.7 (left) and yn, = 1.35, yn, = 0.89
(right). In the right panel of the figure, yg, is assumed to be much smaller than yy;, ,
and ignored. The VEV is set to be vg = 15TeV in both panels. The thermal effective
potential is evaluated by using the method outlined in the previous subsection. Here we
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Figure 2. The region of gr and Ar excluded by the sphaleron decoupling condition (purple) and
the stability of the zero-temperature effective potential below 10vg = 150 TeV (green). We take
ye, = 0.8, yg, = 0.7, yn, = 0.7 and yn, = 0.8 in the left panel and yy, = 0.89 and yn, = 1.35 in
the right panel.

approximate vg(Ty) /Ty with vg(Tr)/Tr, while the latter is less than the former. Since the
quantum correction from yn, n, £, B, Degatively contributes to the running of the quartic
coupling towards high energy scales, V (¢r)|r—o is not bounded from below for a large field
value. We require that the zero-temperature effective potential is stable until ¢ = 10vp,
V(ér = 0)|7=0 < V(10vr)|r=0, so that a UV completion that stabilizes the potential does
not affect the dynamics around the scale vr. From the figure, we can easily see that a tiny
Ar and a large ggr are required to satisfy both the sphaleron decoupling condition and the
stability of the effective potential.

In the parameter range shown in figure 2, the approximation vg(Tg)/Tr ~ vr(Tyw)/Tn
is justified, while the approximation becomes unreliable for a larger gr and a smaller Ag.
For example, in the right panel of figure 2, the ratio vr(Tgr)/Tr differs from the true value
of vg(Ty)/Ty only by 20% for gr = 1.6 and A = 0.01.

3.3 Asymmetry from quantum reflections

So far, we clarified the condition of the first order phase transition as well as the sphaleron
decoupling condition. We shall now discuss the generation of the baryon asymmetry by
the moving bubble wall.

During the bubble expansion, a flux of the new leptons in the symmetric phase see the
bubble wall as a potential barrier and are quantum mechanically scattered. The reflection
coefficients of the new leptons and their antiparticles can be calculated by solving their
Dirac equations on the non-trivial bubble wall background configuration and on the ther-
mal background. We can safely assume a planer bubble wall perpendicular to a Cartesian
coordinate z [86]. In the rest frame of the bubble wall, the wall configuration ¢(7, z) can be
generally parameterized as ¢(T', z) = vg(T)&(z), where the function £(z) is a monotonically
increasing function and satisfies {(z = —o0) = 0 and £(z = +00) = 1. In this parameteriza-
tion, z — —oo (z — +00) corresponds to the symmetric (broken) phase. After integrating
out the interaction of a fermion with the thermal bath, the fermion can be described as
a collective excitation called a quasiparticle. The propagation and scattering of the new
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leptons with the wall are governed by the following effective Dirac equation,

((w+0-p)ﬂ+2L(va) M(T, z) ) (‘I’L

) =0. (3.15)
MT(T, z) (w—0o -p)1+Xg(w,p)) \¥r

Here, WL(R) = (V(p))i (i =1,2,3) denotes the left (right)-handed new lepton E; (E) or
N; (N}). The thermal self-energy for the left (right)-handed new lepton ¥ g)(w,p) and
the z-dependent new lepton mass M(T,z) = M(T)&(z) are 3 x 3 matrices. We take the
mass eigenstate basis, My gy = diag(my, (g,)(T), My, (5) (1), My (E,)(T)) for the N(E)
particles. 1 is the 3 x 3 unit matrix.

The lepton number density generated in front of the bubble wall n} is expressed in
terms of the reflection coefficient matrix RgR (Rg ;) for the left (right)-handed new lepton
wi( R) reflected into the right (left)-handed wg%( L).4 Generically, the reflection coefficient
can be obtained by solving the Dirac equation with an appropriate boundary condition
corresponding to the injection of ¢r(g) from the symmetric phase and then extracting the
reflected component of ¥ 7). The calculation of the reflection coefficient including the
definition of the boundary condition of eq. (3.15) will be discussed in section 3.5.

A moving wall reflects the left-handed new leptons in the symmetric phase with a prob-
ability Tr[RTL rRrr] and the left-handed anti-new leptons with a probability Tr[RTL RRL R
where Rpp is the CP conjugation of Rpg. For the right-handed (anti-)new leptons, L and
R are exchanged. Then, the lepton number density n’; is given by

np = / ‘2%’ {nL(@) D[R] gRir — R pRor] + (L R)} (3.16)
where np(g) is the distribution function of the left (right)-handed new lepton in the sym-
metric phase. We assume that the bubble wall velocity is small, v,, = |vy| < 1, and work
in the wall rest frame. To the first order in v,,, the Lorentz-boosted distribution function
is given by n(w) = no(w + p - v,) where p is the momentum carried by the new lepton
and ng(w) = 1/(e¥/T 4+ 1) is the Fermi-Dirac distribution function. The CPT invariance

requires Rpp = Rpr, which simplifies (3.16) as

w =~ [ 5 () — na() A)
~ - [ Genollt —ma(el PEPE A ) 0wy, B17

A(w) = Tr[R} wRr — R} ,RLR] .

Here, w and ppg) are the energy and momentum of the injected left (right)-handed new
lepton. We can see that a non-zero wall velocity and a CP-violating A(w) are needed to
realize a non-zero nf .

Since the lepton number is globally conserved in the wall scattering process, the asym-
metry in the symmetric phase (n}) and that in the broken phase (—n}) add up to zero.

“In section 3.5.3, we will see that the left-handed new lepton can be reflected into the left-handed
new lepton in the presence of abnormal modes with a large momentum. However, such a process gives a
negligible contribution to the resulting baryon asymmetry, and hence, we can ignore it.
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However, the generated lepton number in front of the bubble wall diffused into the symmet-
ric phase is partly washed-out by the SU(2) g sphaleron process until it is captured by the
moving bubble wall, otherwise there is no lepton number asymmetry after the completion
of the phase transition. In the wall rest frame, the diffusion length of the lepton number is
given by \/Drt, where Dy is the diffusion constant, while the bubble wall travels a distance
vwt. Then, the typical time scale in which the moving bubble wall captures the diffused
lepton number is given by

Taig = D /v2. (3.18)

To see the development of the lepton number density, we first consider only the dif-
fusion effect, assuming that the time scale of the SU(2)r sphaleron process is longer than
the diffusion time scale 7gqi. The lepton number density is then governed by a diffusion
equation [10, 37]

2

0 0
§nL(t, z) = DL@nL(t, z). (3.19)

The boundary condition is given by the number density at the wall, np(t,z = v,t) = nj.
In our model, the diffusion constant Dy, is dominated by the contribution of the Wg gauge
boson [87],

45 3277
D' = “a4Tlog ( ) : (3.20)
L i Ml%ebye
where M]%ebye = 13¢g%T?/6 is the Debye mass of the Wg gauge boson [88, 89]. To

solve (3.19), we take the ansatz that the lepton number density is a function of 2’ = z4 vt
and rewrite the equation in terms of 2/,

0 / 9 /
DL@nL(z) :vwanL(z). (3.21)
The solution of this equation is
ni(2') = nhe'w?/Pr (3.22)

We now turn on the SU(2) g sphaleron process which converts L into B — L. The rate
of the SU(2)r sphaleron process in the symmetric phase per unit time and per unit volume
is given by

T, = kakT?, (3.23)

where ap = g%/4m and k ~ 20 is a numerical coefficient [90-93]. In the broken phase, the
SU(2)r sphaleron process is decoupled and B — L is conserved. Then, the time evolution
of the B — L number density np_r1(z,t) outside (z/ < 0) and inside (z/ > 0) the bubble
wall is governed by the following equation:

Lo np(z') (¢ <0)
dnp_r(zt)=¢ T° (3.24)
0 (2 >0).
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Here, we used the formulation in [37, 87] assuming that the transfer of Ly g by the Yukawa
interactions of L, E, and N with other leptons within the diffusion time scale is not
efficient and the only interaction that reduces Ly is the SU(2) g sphaleron. If the Yukawa
interactions are efficient, the wash-out rate is reduced by an O(1) factor. At a given position
z, we integrate eq. (3.24) with respect to ¢ from t = —o0 (2/ = —0) to t = —z /v, (2/ =0)
where the SU(2)g sphaleron process is decoupled. By changing the integration variable
from t to 2/, we obtain

6rk, D
sph / w2z /Dp sph /L
anL(Z TSUw / dz'n 7‘ v Z/ L= ?Enz . (325)
In this calculation, we have used np_r (2’ = —oo) = 0. Since we have assumed that the

SU(2) g sphaleron time scale Tgpn = (6T'spn/7) ™! is longer than 7qi, the resultant B — L
number density is suppressed by Tgig/Tspn < 1. On the other hand, when 7qig > 7Tspn, we
expect that the lepton number density diffused into the symmetric phase is almost washed-
out by the SU(2)r sphaleron process. In this case, there would be no suppression factor
from the diffusion, ny, ~ n7. We thus finally obtain

np_r ~ miny 1, Taift ny . (3.26)
Tsph

The asymmetry of the new leptons is converted into that of the SM leptons by the
scatterings or decays of the new leptons through the portal couplings in eq. (2.17) or (2.18).
As long as this conversion efficiently occurs before the electroweak phase transition, the
produced lepton asymmetry is further converted into the baryon asymmetry via the ordi-
nary electroweak sphaleron process. This condition is easily satisfied. For example, the
last two terms in eq. (2.17) mix the new leptons with the SM leptons after Hg gets a VEV.
The mixing converts the asymmetry of F, N into that of the SM leptons with the rate,
1 Q%QJZE,NU}%:

2
32 mpgN (3.27)

I'en ~

where g7, is the SU(2); gauge coupling. This rate is larger than the Hubble expansion
rate around the electroweak phase transition if gg n > 1072, We assume this case in the
following discussions. As discussed in section 2.4, if the Zs symmetry to obtain a dark
matter candidate is introduced, the lepton asymmetry of the SM fermions is generated by
the decay of X and € leptons, whose asymmetry is produced from that of E and N by the
SU(2) g sphaleron processes, through the first term of eq. (2.17) or (2.18).

The amount of the baryon asymmetry is estimated by imposing the chemical equilib-
rium condition including the electroweak sphaleron process. Assuming a crossover elec-
troweak phase transition, the baryon asymmetry is given by [94]

g 12npg 12 {1 6F£;hDL}nz
) S'

~ = —min
S 37 s 37 T3 UIZ/V

(3.28)

Even if the electroweak phase transition is of the strong first order, the result is qualitatively
unchanged. In the above equation, we find that a large SU(2)r gauge coupling makes
the produced baryon asymmetry large because the reaction rate of the SU(2)g sphaleron
process in the symmetric phase (3.23) is very sensitive to the coupling.
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3.4 Thermal self-energy

We here estimate the thermal self-energy in the Dirac equation (3.15). The real part of the
thermal self-energy X7, g) with high-temperature expansion, w, p = [p| < T, is expressed
as [9]

ReX; p(w,p) = O3 g {i“p’f (1 ~F (‘;)) Y <w)] . (3.29)

Here, the function F' is given by

F(x) = (3.30)

El [a:—l—l}
20g )

r—1

and Qp g is the thermal mass matrix for the left (right)-handed new lepton. Since the
new lepton sector is chiral under the SU(2)r x U(1) x symmetry, the thermal masses of the
left and right-handed new leptons are different. We define Q0 = Qj for the right-handed
new leptons and Qy, = Qg for the left-handed £ (V) leptons. At a high temperature,
the leading order thermal masses of the L, E, and N leptons are [89]

0F = (Qp 0+ AQ;) = QF  +20; (AQ;
rarT? (3 tan? 9X> 1+ rapT? M;ME —1—K]\/1’;(,M]\/KJr

2 4 4 ’

QZE = (QE,O + AQE)Z = Q2E,0 + QQEQAQE

T2 T2 MM
= 7roz}23 tan® Ox1 + TOR” S EXE

2 4m12,VR

(3.31)

)

2
2 2mWR
rarT? M]TVM N

O = AQYy = .
2 2myy,

9

where tanfx = gx/gr is defined just like the weak mixing angle in the SM. The matrix
K is defined in (2.14). Q%,O and QQE0 are generation independent parts proportional to the
unit 3 x 3 matrix. For later use, we define

q, = 20t Qro q = 2ro—Qro (3.32)
+ 2 ’ 2

Generation dependent parts are given by AQ%, AQ% and AQ%.

Let us now consider the dispersion relations of the quasiparticles. The presence of
the thermal masses (2 (g) changes the dispersion relations from those at zero temperature.
For simplicity, we here neglect the flavor dependent interactions. The dispersion relations
for the left (right)-handed new leptons in the symmetric phase wi( R).+ and in the broken
phase wbii are obtained by setting the determinant of the effective Dirac equation (3.15)
to zero. For a small momentum, since w ~ Q) when p ~ 0, the thermal self-energy can
be approximated as

a .
Re Yp(r) = (w — 2Qp(r))L2x2 F ij (3.33)
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w/Qy

Figure 3. The dispersion curves for an E lepton in the symmetric phase wj_ , w%_ (green solid),
w}f ., wf_ (red solid) and in the broken phase w(jr,Jr, wiﬁ, wli)Jr, w® _ (blue dotted). The definitions

of w are given in (3.34) and (3.35). We here take gg = 0.6, yg = 0.015 and vg(Tr)/Tr = 3.

where — and + are for L and R, respectively. With this approximation, we obtain

p
9y

Wir) .+ = QmoEy 2<0, (3.34)

2 2
wfbi:QJrj:\/?Z%—(Qj:g) , 20, (3.35)

where p = |p| and m is the Dirac mass of the new lepton. We have approximated a thermal
self-energy in the broken phase as the one in the symmetric phase. This approximation is
valid for small Yukawa couplings. The dispersion relations show that a quasiparticle has
two modes; one is a dressed fermion with a positive group velocity dw/dp > 0 called a
normal mode while the other is a hole state of an anti-fermion with the same chirality but
a negative group velocity dw/dp < 0 called an abnormal mode [95].

The dispersion curves in the symmetric and in the broken phase are depicted in figure 3
for an E lepton. In the symmetric phase, the positive branch in (3.34) corresponds to a
normal mode for each of the left and right-handed while the negative branch is an abnormal
mode. In the broken phase, the (4,4) and (—,—) branches in eq. (3.35) are normal
modes for p < 3Q2_, and in the absence of the Dirac mass they are right and left-handed
respectively. The (4, —) and (—,+) branches are right and left-handed abnormal modes
for p < 3€Q2_. Since the Dirac mass mixes the left and right-handed modes in the broken
phase, the (4+,—) and (—, —) branches become a left-handed normal mode and a right-
handed abnormal mode for p > 3€2_, respectively, at p = 3Q_ where the level crossing
takes place in the symmetric phase. For the (+,+) and (—,+) branches, such a level
crossing does not take place.

We next discuss the imaginary part of the thermal self-energy and the resultant deco-
herence effects. As originally pointed out in refs. [11-14], incoherent scatterings of parti-
cles with medium destroy the quantum mechanical CP-violating process, which suppresses
A(w). It has been shown in ref. [11] that this decoherence is captured by the imaginary
part of the thermal self-energy. At zero momentum, the dominant contribution to the
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imaginary part of the thermal self-energy for each of L, E and N, Im¥X LEN =2V gn» 18
given by [87, 96]

Vi ~ ol <1 + gtaun2 HX) ,

3
Ve = oRT tan® Oy, (3.36)
~ T

N = Gan N
where yy = diag(yn,, Yn,, Yns) is the diagonalized Yukawa coupling of the N lepton. Note
that the dominant contribution to the damping rate y;  comes from the SU(2)g and
U(1)x gauge bosons and is flavor independent while the damping rate ~y arises from the
flavor-dependent Yukawa coupling.

3.5 Estimation of A(w)

We now estimate A(w) by considering the reflection problem by the wall. A(w) can be
decomposed into two contributions A(w) = Ag(w) + An(w), where Ag n(w) is the contri-
bution from the £, N lepton scattering, respectively. As we will see later in this subsection,
the estimation of Ap(w) depends on the damping rates v , the thermal masses 24, and
the new lepton mass mpg, because they determine the propagation of the quasiparticles.
We assume that mp, and mg, are not hierarchical for simplicity, but mpg, can be much
smaller than mp, ,. For mp,, < 4yp p < Q4 (parameter regime (i)), the effects of the
damping rates and the thermal masses are significant. For Vg <Mmpy, < Q4 (parameter
regime (ii)), the effect of the damping rates is negligible while the thermal masses play an
important role. For 2 < mpg,, (parameter regime (iii)), the effects of the damping rates
as well as the thermal masses are subdominant. Furthermore, it will turn out that the
reflection problem for a small Q_ corresponding to tanfx ~ 1 (parameter regime (A)) is
qualitatively different from that for a large Q_ corresponding to tanfx = 1 (parameter
regime (B)). We therefore estimate Ag(w) for different parameter regimes listed in table. 1.
In each parameter regime, we consider contributions from small momentum p (< I;;!) and
large p (> 1), where [,, is the wall thickness. The contribution of Ay (w) for the N lepton
will be also discussed in each parameter regime.

One should note that a nonzero A(w) arises from interference between CP-even (A)
and CP-odd (B) contributions in the reflection coefficient,

Rir = A+ B, Rir = A+ B, (3.37)

where A is invariant while B is complex-conjugated under the CP transformation. A(w) is
given by

A(w) = —4ImAImB. (3.38)

The nonzero CP-odd phase is provided by the phase § in (2.14), ImB x ¢ # 0. The CP-
even phase in A comes from the damping rate or total reflection as we will clarify in the
following subsections.
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(A) tanfy ~ 1 (B) tanfx 2 1

Suppression from the damping rates,

. Suppression from the finite wall size,
(1) mp,, <47 p <4 | refs. [11-14],

section 3.5.3.
section 3.5.1.

Suppression from transition amplitudes,

. Suppression from the finite wall size,
(i) 4vg. g <ME, s < Q4 | refs. [9-11, 13, 14],

. section 3.5.3.
section 3.5.2.

(ili) Qp < mp,, No significant suppression, section 3.5.4.

Table 1. A dominant factor of suppression on Ag(w) in each parameter regime discussed in
the referred section. The corresponding references for the SM electroweak baryogenesis are also
summarized.

3.5.1 Perturbative regime ((i)-(A))

In the parameter regime of (i)-(A) in table 1, we will see that a dominant contribution to
Ap(w) comes from the small momentum region and the reflection coefficient is strongly
suppressed by the damping rates [12, 14]. Let us first identify the part of the new lepton
thermal masses which contains CP violation. The generation-dependent part of the L
lepton thermal mass arising from the exchange of the charged Higgs boson can be extracted
from (3.31),

rapT? Mi + KM% K1
40,4 4M3, ’

in the basis where M% n are diagonalized. In this calculation, we have used Qf ; ~ 4,
which is valid in the parameter region (A). We can see from eq. (3.31) that QQE ~ have no K

dependence at the order of T2. However, in the broken phase, Q% N receive contributions
depending on the K matrix at the order of log(T") [11],

 ar MpKM3In(M%/T?) K'Mg
327y Mg, ’

505 (3.40)

and 0Qy with replacement of K <> KT and Mg <> My. These are smaller than 6 7 when
Mpg or My are smaller than the temperature during the phase transition.

In the following discussion, we use the small momentum approximation given by
eq. (3.33) and the thin-wall approximation £(z) ~ ©O(z), where O(z) is the Heaviside
step function The validity of such approximations will be discussed below. Under these
approximations, the effective Dirac equation (3.15) of the F lepton takes the following form:

2 ((w—l—z”yE—QL)]ngg—i-%a"p) M(2)12x2 (EL> .
MT(Z)]lQXQ 2 ((w + ’L"yi — QR):HQXQ — %0’ . p) ‘
(3.41)
In this expression, E7,(g) denotes the left (right)-handed E lepton, and Qf, = Qg0+ AQp+
g, Qr = Qf (+06Qf and M(z) = 3M(z)/2. We take £y, and Ef as the eigenstates of the
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z-component of the angular momentum operator, j.F; = —1/2E and j,Er = —1/2Ep.
The above equation depends on momentum parallel to the wall, p;. Following ref. [37], we
set p| = 0 and reduce the Dirac equation to the 1D problem. This approximation is valid
as long as pj is smaller than €, so that the small momentum approximation (3.33) can
be justified and p|| does not affect the dispersion relation. Hence we impose a cutoff at 2
on the phase-space integration with respect to py,

2o d’p  0F
_ B 3.42
/0 (2m)2  Ar’ (342)

which gives a suppression factor for the produced lepton asymmetry. There may be a non-
zero contribution from [p| > 4 [10], but as we will see in section 3.6.1, the parameter
region (i)-(A) produces a baryon asymmetry much smaller than the observed one, and a
possible contribution from |p||] > Q4 will not help.

Let us now specify the boundary condition of eq. (3.41). In the presence of the non-zero
damping rate, the momentum and the energy of the quasiparticle spread with a width of
the order of the damping rate [96]. This implies that no plane wave solution of eq. (3.41)
describing the reflection by the wall exists, and hence, it cannot be an initial nor a final
state. In particular, one cannot use the boundary condition of the wave function of the
initial particle ~ e”i* at z — —oo and read off the reflection coefficient from the coefficient
of =7, Instead, following ref. [12], we inject an initial particle at the symmetric phase
near the wall z = 0 with a delta-function source §(z) and read off the reflection coefficient
also at z = 0. This prescription can correctly treat the reflection problem in the thin-wall
limit since the propagation in the symmetric phase is trivial.> Going to the position space,
the Dirac equation (3.41) is written as

(—iazll — pL)EL(Z) = —i(S(Z)EL(O) + M(Z)ER(Z) s

. (3.43)
(=01 — pr)ERr(z) = —M(2)EL(2) ,

where pr, = 3((w + iyp)1 — Q1) and pg = —3((w +iv; )1 — Qr). We decompose PL(r) into
the flavor independent part p%( R) and the flavor dependent part, dp;, = —3(AQg + 0QFg)
and dpr = 36Q2;.

Now that we have found the form of the effective Dirac equation describing the prop-
agation of quasiparticles on the bubble wall background under the thin-wall and small
momentum approximations, let us solve the equation and calculate Ag(w). Following the
discussion of ref. [12], we iteratively solve the Dirac equation (3.43) when the Dirac mass
term M is smaller than the damping rate. Then, the reflection coefficient can be cal-
culated order by order in the expansion of M. Let us define the propagator of the left
(right)-handed new lepton satisfying

(—i@z - pL(R))GL(R)(Z — Zo) = 15(2 - Zo) s (3.44)

5One may instead use a wave packet with a finite size that allows a spread of the momentum and the

energy due to the damping [14]. The delta-function source approximation corresponds to the limit where
the size of the wave packet is smaller than the size of the spreading by the damping rate. In the present
case, both are O(’y*l), so the approximation gives a good order of magnitude estimation.
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where zg > 0 is a constant. The solution of this equation with boundary conditions
Gr(z — —00) =0 and Gg(z — 00) = 0 is given by

Gr(z — 29) = iO(z — 2)ePrF=2) = j0(z — zo)e3i(w_5L)Z€_37E(Z_ZO) ,

| o (3.45)
Gr(z — z9) = —iO(zp — 2)ePRE0™2) = _iQ(zy — 2)e ¥ W) (z=20) =312 (20-2)

Note that the left-handed quasiparticle propagates to the positive z direction while the
right-handed quasiparticle propagates to the negative z direction. We also find that the
quasiparticles are damped with the damping rate YE(L)- The solution to the Dirac equa-
tion (3.43) is then expressed by the power series with respect to M,

EP'(z) = BV () + EX (2) + -,

(3.46)
BR\(=) = ER)(2) + B (2) + -+

Here, E(Li()R) represents the solution at the i-th order of M. Eio(lR) only contains even

(odd) powers of M because of chirality flip by the mass insertion. With the wavefunction

normalization E7(0) = 1, the reflection coefficient is explicitly given by

Rup = By (0) + B (0) + -+, (3.47)
where

E](%l)((]) = z/ dzy e"PR#MTEPLEL

Ooo 0 00 (348)

EI(;?)(O) :i/ dzl/ dzz/ dzg e~ Pr#3 M eiPL(zs=22) pfeipr(z2=21) AffeipLar
0 21 22

Higher order contributions such as E](%S) (0) can be also calculated in the similar manner.

Figure 4 shows the schematic description of the perturbative calculation for the reflection
coefficient. A left-handed particle E}, injected from the unbroken phase is reflected by an
insertion of the mass matrix operator M inside the bubble and hence becomes a right-
handed particle Fr. The reflected right-handed particle Er escapes to the outside of the
bubble and contributes to Rpgr, which corresponds to Eg)(()), or scatters again via the
operator M.

To capture the effect of the damping rate, we compute the reflection coefficient to the
leading order in mg, neglecting the flavor-dependent part of the thermal mass:

ip(w)
ERY = ZzE £ =, (3.49)
e (55)
Te = WTWE, ¢(w) = arctan <—w jEQJr) ,

Note that the CP even phase of the reflection coefficient ¢(w) is provided by the damping
rate ¥g. For w ~ )4, a quantum mechanical resonance with a width 75 takes place. This
is because the incoming left-handed particle and the reflected right-handed particle have
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Figure 4. The schematic description of the perturbative calculation for the reflection coefficient
Rir. The dotted line shows the bubble wall configuration. M and M7 represent the mass matrix
operator and its Hermitian conjugate. The first and second terms on the right hand side correspond
to Eg)(O) and Eg) (0), respectively.

the similar energy there. Since the magnitude of the reflection coefficient \Ef%(l)] cannot
exceed unity, mp < 4%y is required as the perturbativity condition. For |w — Q4| > g,
the amplitude as well as the CP even phase of Eg) are suppressed. The suppression by the
damping rate 751 can be understood as follows. It is apparent from figure 3 that there is
no momentum satisfying the dispersion relations in the broken phase for Q; —mpg/2 < w <
Q4+ +mp/2 due to the level crossing. Thus, a new lepton entering from the symmetric phase
whose energy is within this narrow region appears to be totally reflected by the bubble
wall and the reflection coefficient is unity at the tree-level. As pointed out in ref. [14],
however, a non-zero damping rate allows for a change of the energy as large as the size of
the damping rate, which leads to a suppression of the reflection coefficient.

We now describe how to perturbatively calculate Ap(w) = Tr[RERRLR — RTLRRLR]
from the reflection coefficient (3.47) taking account of the flavor dependent thermal mass.
To perform the z integration in (3.48), we expand (3.48) in terms of dpr,/vE and dpr/v;. A
nonzero A(w) arises from noncommutativity of dp;, and dpr with M which gives rise to a
basis-independent CP violation analogous to the Jarlskog determinant in the SM. The first
non-vanishing contribution appears at O((dpz)(0pr)) and O(M?) as the invariant (2.16)
can be formed. The contribution is at the seventh order of ”yE’IE,

2
2 27arT w—§2+) N
AW~ -2 | —E | FIZ=—=)Dg(6 3.50
B(®) 3<3ZQ+M12VR> ( Ve B (676) (3.50)

where F(z) = 1. The effect of CP violation is encapsulated in

(1+g:cp2)

Dp = Im Tr[M% log(M3)KMEKT M3 KMEKT

2 2 2
m m m
o 2 2 N3 2 2 M 2 2 No
= J |my,my, log 2 + mi,my, log 2 + mi,my, log 2
NQ N3 Nl

2 2 2 2 2 2
X (mEg - mEg)(mE:; - mEl)(mEQ - mEl)‘ (351)
Note that Dg vanishes when there is a mass degeneracy among the E or N leptons. The

seventh order contribution (3.50) is proportional to the flavor non-diagonal thermal mass
dpr, which becomes subdominant at a high temperature.
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The next non-vanishing contribution appears at O(dp%) and O(M?®). The contribution
is at the ninth order of ’ygg and given by

3
2TragT? w— o
R

6
where G(z) = (ﬁ) . The effect of CP violation is encapsulated in

detC = idet[M2, KM% KT

— 27 (m, — m,)(m, - m

= mig,) (M, — mi,) (3.53)

X (m%\h - m%\fg)(m?\b - m?V3)(m%V3 - m%\[l)

2

As in the case of (3.51), detC vanishes when two masses among the E or N leptons are
degenerated. This A% (w) gives the leading contribution at a high temperature.

The lepton number density n; in (3.17) is obtained by performing the integration
over w. Both AL(w) and A% (w) are centered at w = Q4. Since F(z) in AL (w) is an
odd function and suppressed outside the small region of QO — 75 < w < Q4 + 7 where
no(w) is approximately constant, the contribution from w < Q4 almost cancels out that
from w > Q.. The integrated lepton number density from AZ(w) is thus vanishingly
small compared to that from A%(w). We neglect the A%(w) contribution in the following
discussion and focus on the A%(w) contribution. Since the CP-violating effect in eq. (3.53)
is proportional to the product of the mass-squared differences among the E leptons and
among the N leptons, sufficiently large Yukawa couplings of the N leptons as well as the
FE leptons are needed to avoid a suppression from the damping rate although the Yukawa
couplings of the E leptons are bounded by the perturbative requirement, mg < 4%5.

We have estimated the Ag(w) contribution under the small momentum approxima-
tion (3.34) and (3.35) and the thin-wall approximation. The thin-wall approximation is
justified for p < I;'. As can be seen from (3.52), the dominant contribution to A% (w)
comes from w ~ €, corresponding to the momentum p ~ 3Q_. Thus, p ~ 3Q_ < I}
is required to maintain the thin-wall approximation. Under the assumption that the wall
thickness during a bubble expansion does not significantly differ from the one at T},, we can
evaluate [, from a bounce solution. The wall thickness realized in our model is typically
ly = O(10 ~ 100)T, !, and it becomes small when vg(Ty)/T, is large for fixed gg. A small
Q_ requires 17 ~ Qp which is realized by taking tanfx ~ 1 for the F lepton scattering.
We confirm that the thin-wall approximation is actually valid for tanfx ~ 1 and a large
vr(Tyh)/Tn. Since the gauge couplings gr and gx are related through the U(1)y gauge
coupling (see eq. (2.4)), tanfx ~ 1 corresponds to gr ~ 0.5. While we have discussed the
contribution from the E lepton scattering, the contribution from the N lepton scattering
An(w) ~ AL (w) + A% (w) can be also obtained by interchanging K with KT and Mg with
My in (3.50) and (3.52). However, for the N lepton scattering, since Qp is determined by
the Yukawa coupling, the thin-wall approximation is not justified unless Q7 ~ ) is real-
ized. We will argue in section 3.5.3 that a contribution from the parameter regime where
the thin-wall approximation is not justified is significantly suppressed by the finite wall size
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unless the new lepton masses are larger than the thermal masses. We thus mainly focus
on the sufficiently small momentum regime so that the thin-wall approximation is main-
tained. Moreover, we can verify that the small momentum approximation (3.34) and (3.35)
are always satisfied when the thin-wall approximation is justified.

Using eq. (3.34) with wj | = wp 4, we find (pr — pr) - vu/T = 3(Qr — Qr)vy/T in
eq. (3.17). Note that the momentum direction of an injected new lepton is opposite to the
wall velocity v,, for the normal branch, while it is the same as v,, for the abnormal branch
because the direction of the group velocity is opposite to that of the momentum in the
small momentum regime.

3.5.2 Scattering without damping ((ii)-(A))

We next consider the parameter regime of (ii)-(A) in table 1. As in section 3.5.1, we focus
on the small momentum region, and the effective Dirac equation to be solved is given by
eq. (3.43), while the perturbative expansion in terms of mg/47%p is not valid. To estimate
Apg(w) of (3.17) in this regime, we follow the discussion of the SM electroweak baryogenesis
in which the damping rate is neglected [9, 10].

The reflection coefficient may be computed in the following way. Since the effect of the
damping rate is negligible in this parameter regime, a plane wave can be the solution of the
effective Dirac equation. We may consider the wavefunction of E¢ at 2 = —oo proportional
to e~HP:2 where p, is the momentum of z component of the E lepton. Here, we neglect
the momentum tangential to the wall for simplicity. Since this wavefunction must travel
+2z direction, the group velocity must be positive, dw/Idp, > 0. Under this boundary
condition, the reflected wavefunction of Eg% at z = —oo is also proportional to e WiTP=2
with negative group velocity, dw/dp, < 0. Then the reflection coefficient RiLjR is defined
by the ratio of the injected wavefunction to the reflected one, which is common for the
reflection problem in the ordinary quantum mechanics.

A total reflection of the E; lepton occurs for Q4 —mpg, /2 < w < Q4 +mp, /2 since there
is no suppression from the damping rate as we discussed in section 3.5.1. Furthermore,
this total reflection provides a CP-even phase even in the absence of the damping rate
because the reflection coefficient becomes a complex value, as explicitly confirmed in ref [10].
Since mp, > mpg, > mg,, all the E leptons are totally reflected for Q4 — mpg, /2 <
w < Q4 + mpg, /2. In this energy region, no E lepton is transmitted into the bubble
wall and hence Ag(w) = 0. The dominant contribution comes from the energy region,
Qp —mp,/2 <w < Qp —mp, /2 and Qf + mp, /2 < w < Q4 + mpg,/2, where the Es
lepton is totally reflected and the Ej lepton is partially transmitted. For simplicity, we
take mg, > mpg, in the following discussion, which does not affect our qualitative results.

In the case of the SM electroweak baryogenesis, the dominant contribution comes
from the path in which a strange quark is injected from the symmetric phase and totally
reflected by the bubble wall [10]. Correspondingly, in the present case, the Fy lepton is
injected from the symmetric phase and is reflected by the wall. The total reflection of the
E, lepton makes the reflection coefficient large, leading to an enhancement of Ag(w) at
around w ~ €. The peak height can be estimated by perturbation theory with respect to
opr,r in the case of v; p y = 0. We consider the parameter region where dpp provides the
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dominant source of CP violation. This is indeed the case because we mainly focus on the
parameter regime mg, < T during the phase transition. The CP-even contribution with a
nonzero phase deven appears at the zeroth order of dpg, A ~ e?%ven  corresponding to the
total reflection. The CP-odd contribution with the phase § arises at the third order of dpg.
Here, all the three generations are involved, that is, the injected Eo changes into F3 which
is reflected by the wall and projected back onto Es via the Eq lepton. All the new lepton
flavor changing processes are mediated by dpgr. In this path, the CP-odd contribution is
estimated as

B ~ A(Ey — F3) RY% A(E3 — Ey) A(E; — Ey), (3.54)

where Rf‘?{ ~ O(1) is the tree-level reflection coefficient of the E3 lepton and A(E; — Ej)
is the transition amplitude from E; to E; through dpr. The path of E changing into E,
reflected by the wall only gives a negligible contribution because the reflection coefficient
of the Ej lepton is suppressed by the tiny Yukawa coupling, yg, < yg;.

The transition amplitude A(E; — Ej) is proportional to dpr and, following the stan-
dard quantum mechanical perturbation theory, divided by the energy separation between
the initial state and the final state ~ 1/|mg, — mg,| around the level-crossing point (see
eq. (3.35)). Then, the amplitude is roughly given by A(E; — Ej) ~ dpr/|mg, — mg,|.
More explicitly, we find

arT?*m? arT?*m?
A(E2 SN E3) ~ R N3 R N3

2 ~ 2 J
Qe My Imp, —mpg,| Qe My, mp,

« RTQm?\,3 « Rsz%VS

A(Eg — El) ~ (355)

2 ~ 2 ’
Q+MWR|7TLE3 - mE1| QJFMWRmES

o RTQm%V2 « RTQm?\,2

A(E; — Eg) ~ ~
( Q+M3VR\mE1 — mp,| Q_,_MI%VRmEQ ’

assuming mg, > mpg, > mpg,. Here, we have omitted the matrix K. As a conservative

estimate, we approximate Ag(w) as a step function in the range of Oy —mpg,/2 < w <

Q4 + mpg, /2. Taking account of the matrix K, Ag(w) is then given by

2

3 4
arT? MmN, TV, mEg meg
A ~J 32 Q- —2<w< 2, 3.56

The An(w) contribution is also obtained by the replacement of mg, < my;.

Let us compare the above estimate of Ag(w) with A% (w) obtained by the perturbation
with respect to mp /4% . A nonzero Ag(w) contribution appears at the order of 5p?1’%, which
is in agreement with the perturbative analysis. Ag(w) is not suppressed by the damping
rate for mg, ,/47p > 1, but instead has the factor of mjivsm?vg / m%Sm B, coming from the
transition amplitudes of Ey — F3, F3 — Fq1 and E1 — E».

3.5.3 Reflection with a large momentum exchange ((i),(ii)-(B))

To discuss the reflection problem for the parameter regimes (i)-(B) and (ii)-(B) in table 1,
let us consider the dispersion curves of the new leptons. Figure 5 shows the dispersion
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Figure 5. Dispersion curves of the left (green solid) and right-handed (red solid) E lepton in
the symmetric phase and those in the broken phase (blue dashed) for yg = 0.015, g = 1.2, and
vr(T:)/T. = 3. In the left panel, the momenta to the left of the orange solid line satisfy the
condition of the thin-wall approximation, p < I;! = T,,/10. The right panel focuses on the level-
crossing point.

curves of the F lepton obtained from eq. (3.29) for yp, = 0.015, ggr = 1.2 and vgr(Tr)/Tr =
3. Here, the thermal self-energy in the broken phase is approximated by that in the
symmetric phase, which is justified for the parameter regimes (i) and (ii). We can see
that the level crossing of the (+, —) and (—, —) branches takes place at a large momentum
region. As discussed in sections 3.5.1 and 3.5.2, A(w) is non-zero only at around the level
crossing point. Then, we need to consider the reflection problem without relying on the
small momentum approximation.

We first clarify possible reflection processes for the left-handed new lepton injected
from the symmetric phase at z = —oo. In figure 5, the frequencies for the normal branches
are always increasing functions of p, while those for the abnormal branches are decreasing
functions for a small p but increasing functions for a large p. This implies that the group
velocity of the abnormal branch has a direction opposite to the momentum for a small
p but the same direction for a large p. In the reflection process, the direction of the
group velocity must be flipped, while that of the momentum can be arbitrary. The energy
conservation and the angular momentum conservation must be satisfied. In addition, note
that helicity is always opposite to chirality for the abnormal branch. Then, we can see
that reflections in the small momentum region are forbidden by the energy conservation.
In the large momentum region, allowed processes are LN — RN, LA — RA, LN — LA
and LA — LN where LN (LA) and RN (RA) denote the left-handed normal (abnormal)
and the right-handed normal (abnormal) modes, respectively.

All the allowed reflection processes require large momentum exchanges, which are gen-
erally larger than the inverse of the wall thickness realized in our model, I;' ~ T;,/10. Tt
has been argued in ref. [10] that reflection coefficients of such processes are significantly

—Apl

suppressed by the semi-classical factor e v where Ap denotes the change of the mo-

mentum during the reflection process. On the other hand, transmission processes require
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only tiny momentum exchanges. Moreover, refs. [14, 95] have pointed out that the abnor-
mal mode in the large momentum region is exponentially decoupled, that is, the reflection
process involving an abnormal mode with a large momentum is exponentially suppressed.
The similar discussion can be applied to the reflection problem for the right-handed new
lepton injected from the symmetric phase. We therefore conclude that the produced lepton
asymmetry in the cases (i)-(B) and (ii)-(B) is significantly suppressed by the finite wall
thickness and negligible.

3.5.4 The zero-temperature contribution ((iii)-(A),(B))

We here consider the parameter region where the new lepton mass is larger than the thermal
mass, mg, > €)4. In the broken phase, the dispersion relation of the new lepton is then
determined by the mass obtained via the Higgs condensation rather than the thermal mass.
The abnormal modes are decoupled in the large momentum and large mass region [95,
97], and thus, the dispersion curve in the broken phase is approximately given by w ~
v/ pg + mQEi where pj is the momentum of the E lepton. Since mpg, > {1, the total reflection
is easily realized for a small injected momentum ps ~ w < mpg,. For w < mg,, no E lepton
can be transmited into the broken phase and hence Ag(w) = 0. In addition, for w > mg,,
the reflection coefficient is significantly suppressed by the wall thickness because of a large

momentum in the symmetric phase, w ~ ps > mp, > [;'. Then, A(w) is non-negligible

only for mg, < w < mpg,. Within this energy region, the total reflection of Ea3 or only
FE3 can take place in the thick-wall regime. We have explicitly calculated the reflection
coefficient by using the formula shown in ref. [9] and confirmed that the CP-even phase
produced by the total reflection is not suppressed in the thick-wall regime. Therefore, no
strong suppression on Ag(w) from the wall thickness is expected for mp, < w < mg,.

To find a rough estimation for Ag(w), we first note that Ap(w) vanishes when there is a
mass degeneracy among the £ or NV leptons. This suppression is evaded for yg, N, —yg; N; =
O(1) (i > j). Secondly, Ag(w) vanishes when one of the mixing angles defined in eq. (2.14)
is zero, but to assume c¢;; ~ s;; = O(1) can avoid the suppression. Thirdly, as noted at
the beginning of this subsection, a nonzero Ag(w) is obtained by the interference between
the CP-even phase and the CP-odd phase. The CP-even phase is provided by the total
reflection, while the CP-odd phase comes from loop processes involving the SU(2) g gauge
boson and the N leptons. These loop processes are at the order of a% since all the new
lepton generations must be involved. This statement was confirmed by the authors of
ref. [13] within the SM framework at zero-temperature.® Finally, there is a suppression
from the gauge boson or N lepton masses if the energy of the E lepton injected from the
symmetric phase is smaller than those masses. If my;, is also small, this process is further
suppressed by the smallness of my,. As mentioned, the typical energy of the E lepton
relevant for the calculation of Ag(w) is w ~ mp, ;. Assuming my, ~ my,;, Ap(w) can
be roughly estimated as

2

2

2 m

Ap(w) ~ (Zﬁ) X min ¢ 1, <m§273> , mg, <w < mg,, (3.57)
Wr

SHowever, they assume the thin-wall approximation for the calculation of A(w), which is not justified
in our case, and thus, one cannot utilize the results for a quantitative estimation.
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where 1/(47)? comes from a loop factor. We do not expect a suppression from the transition
amplitude presented in eq. (3.56) as long as the momentum of an injected particle is
comparable to the mass. Ax(w) can be also obtained by replacement mpg, <> mpy, in
eq. (3.57), assuming mg, ; ~ my,. For a more quantitative estimate of A(w), we need to
exactly solve the effective Dirac equation defined on a non-trivial wall background, which
is beyond the scope of the present paper.

Although for simplicity mg, ; ~ mg, > €4 has been assumed in the above discussion,
mp, < {4 is also possible because the reflection of the Ej lepton is not needed for a
non-zero Ag(w) as long as the Es 3 leptons are totally reflected. In this case, we expect an
additional suppression factor from the transition amplitude similar to eq. (3.56) when the
injected energy is smaller than mg, ;.

It is worthwhile to note that, in the parameter regimes (i),(ii)-(A), to maintain the small
momentum approximation, we only consider the tangential momentum smaller than the
thermal mass. On the other hand, in the parameter regime (iii), the effective Dirac equation
is approximately given by the zero-temperature form. Since any tangential momentum can
be set to zero by the Lorentz transformation, it can be as large as the temperature. Then,
there is no suppression from a small tangential momentum given by eq. (3.42), unlike the
parameter regimes (i),(ii)-(A). We thus expect that the parameter regime (iii) gives the
maximal baryon asymmetry realized in our model.

3.6 Results

We now estimate the baryon asymmetry generated in our model. In section 3.6.1, it is
found that the produced asymmetry is smaller than the observed value for the parameter
regions (i) and (ii) in table 1 even though the model parameters are highly optimized. For
the parameter region (iii), on the other hand, the qualitative estimation shows that the
observed baryon asymmetry can be produced. In section 3.6.2, we discuss an extended
model to realize a sufficient baryon asymmetry even for the parameter region (i).

3.6.1 The minimal model

Let us find the largest baryon asymmetry produced by the E lepton scattering for the
parameter regions (i) and (ii). As discussed in section 3.5.3, the baryon asymmetry is ex-
ponentially suppressed for the parameter regions (i)-(B) and (ii)-(B), and hence we focus on
the parameter regions (i)-(A) and (ii)-(A). For the parameter regime (i)-(A), as mentioned
in section 3.5, the AL (w) contribution is negligibly small compared to A% (w). Thus, we
use Ap(w) ~ A% (w) in this regime. The expressions of Ag(w) for the parameter regions
(i)-(A) and (ii)-(A) are then given by eq. (3.52) and eq. (3.56), respectively. The expres-
sions show that Ag(w) is suppressed by the damping rate for mpg, < 45y corresponding to
the region (i)-(A) while it is suppressed by the transition amplitudes for (4 >)mg, > 475
of the region (ii)-(A). At the boundary of these parameter regimes mpg, ~ 4%, there is
no suppression from both of the damping rate and the transition amplitudes, and hence
the largest baryon asymmetry is realized. We then focus on the region near the boundary.
Note that Ag(w) calculated by eq. (3.52) and eq. (3.56) at this boundary give the same
order results, and we can use both expressions in the following estimation.

~ 31—



The model parameters relevant to the amount of the baryon asymmetry are the new
lepton Yukawa couplings yg, and yy,, the gauge coupling gr of SU(2)g, the size of CP
violation in the new lepton sector J' and the quartic coupling Agp. Note that the U(1)x
gauge coupling gx is determined by the condition (2.4). The wall velocity can be estimated
by computing the friction acting on the wall [98-101]. However, the determination of the
wall velocity requires an out-of-equilibrium computation, which is beyond the scope of the
present paper. Instead, we treat the wall velocity as a free parameter. We numerically find
that Ar ~ 0.001 and gr ~ 0.55 produce the largest baryon asymmetry while maintaining
the small momentum and thin-wall approximations. The sphaleron decoupling condition
is also satisfied. For these values of Ar and ggr, the largest Yukawa coupling of the N3
lepton allowed by the stability of the effective potential at zero temperature for ¢ < 10 v
is yn, ~ 0.55. In addition, we have confirmed that mpg, = 47y is satisfied for yg, ~
0.022. The other Yukawa couplings yg, , n, , are also determined to maximize the baryon
asymmetry, and we have found yg, N, /YEs Ny = 0.1, Y&, Ny /YEs, Ny = 0.7. We set J' to the
maximal value, J' = 0.08. For the wall velocity, we take the representative value v,, = 0.1
as a benchmark point. For this parameter set, we find vg(7y) /Ty ~ 7.6, vr(Tr) /TR ~ 5.5,
lyTy ~ 40 and np/s ~ 1073 x BAU where BAU = 8.7 x 10~ !! is the observed amount of
the baryon asymmetry [102]. The most significant suppression comes from the small gauge
coupling gr = 0.55 which suppresses the reaction rate of the SU(2)g sphaleron process in
the symmetric phase as discussed in section 3.4. Note also that our estimation only includes
a contribution from the small tangential momentum; see eq. (3.42). Even if the cut-off of the
tangential momentum is of the order of the temperature rather than the thermal mass, one
cannot realize the observed baryon asymmetry. We therefore conclude that it is impossible
to realize the observed baryon asymmetry from Apg(w) for the parameter regions (i)-(A)
and (ii)-(A).

For the parameter region (iii), the naive estimation of Ag(w) in eq. (3.57) leads to the
baryon asymmetry,

4 2 2)\ 2
np —10 9dRr . YE3 1-2)
— ~ 1.1 x 10 _— 1, 4(= — . 3.58
s 8 . (1.2) % (mm{ ’ (0.8) <gR (3:58)

In this calculation, we take v, = 0.3, yg, = 0.1 and vr(Tyh)/Tn = 2.5 as a benchmark
point. The quartic coupling Ag is taken to realize vg(1y)/Tn = 2.5 for a given gr. The
region of gr and A satisfying the sphaleron decoupling condition is shown in the left panel
of figure 2. We see that the observed baryon asymmetry can be produced by the Ag(w)
contribution for the parameter region (iii).

We here comment on the contribution from the N lepton scattering Ay (w). Since the
left-handed N leptons are gauge singlet under Grr, they do not receive thermal masses and
damping rates from gauge bosons (see egs. (3.31) and (3.36)). Hence, the thermal effect
is subdominant for the IV lepton scattering, unlike the case of the F lepton scattering. In
fact, for the optimized parameter set described above, we have confirmed that the Ay (w)
contribution comes from the parameter regime (iii) which gives the baryon asymmetry
comparable to eq. (3.58). We therefore conclude that only the parameter region (iii) can
realize the observed baryon asymmetry.
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Figure 6. The parameter region that produces 0.1 — 10 BAU for the extended model. In the left
panel for the (yg, /yE,, YE, )-plane, the model parameters are taken as gr = 1.55, Ap = 0.014, gg =
1.17, J' =0.08, yn, = 0.03, yn, = 0.89 and yn, = 1.35. In the right panel for the (gr, Y, )-plane,
we take yg, = 0.1yg,, A\g = 0.014, J = 0.08, yn, = 0.03, yn, = 0.89, yn, = 1.35 and v,, = 0.48.
The coupling g is chosen in such a way that 3Q_ = [.;! is satisfied. The gray colored region does
not satisfy the perturbative requirement, mg, < 475. The zero-temperature effective potential is
not stable for ¢p < 10vg in the green colored region.

3.6.2 A model with an extra interaction

If the F lepton obtains an additional thermal mass from an interaction other than the
U(1)x gauge interaction, the level crossing can occur for a small momentum even for a
larger gr. Then, we can avoid the most significant suppression from the reaction rate from
the sphaleron process, while the perturbative calculation outlined in section 3.5.1 can be
applied. This situation can be achieved by an O(1) portal coupling gg in eq. (2.17). In
this case, however, the SM left-handed charged leptons become mixtures of E and e, and
hence the lepton universality is in general violated. For example, the branching ratio of
the Z boson into 7 and e are observed to be the same with an accuracy of 0.1%, requiring
vr > 10GeV. Also, gp breaks the Zy symmetry (L;, E;, N;) — —(L;, E;, N;), and thus,
N7 can no longer be a dark matter candidate.

We can instead introduce interactions with additional particles. For instance, if there
exist Dirac SU(2)y, doublets ¢; = (1,2,1,—1/2); and ¢; = (1,2,1,1/2)_1, the following
Yukawa coupling can be introduced:

£=geH0E +he, (3.59)

where Hj, or Hz depends on the U(1)x charge of ;. To straightforwardly apply the
formulation in section 3.5.1, we assume the universal §g, giving a universal contribution
AQZL = §2T?%/8 to Qg defined in eq. (3.31) for simplicity. We take the value of g so
that the level crossing occurs in the small momentum and thin-wall regions where the
perturbative computation for Ag(w) can be applied.

The left panel of figure 6 shows the region with np/s = 0.1 x BAU ~ 10 x BAU
including the additional thermal mass AQ3%, for gr = 1.55, Ag = 0.014, jg = 1.17, J' =
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0.08, yn, = 0.03, yn, = 0.89, yn, = 1.35, and v,, = 0.48. In this benchmark point, we
obtain vr(Ty)/Tn = 3.96 and 1,7, = 15. To show that the observed baryon asymmetry
is realized for the parameter region (i), we have included only A% (w) without the possible
N lepton contribution Ay (w). The right panel shows the viable region on the (gr, yg,)-
plane for Agp = 0.014, J' = 0.08, yg, = 0.1yg,, yn, = 0.03, yn, = 0.89, yn, = 1.35 and
vy = 0.48. The value of g is determined in such a way that 3Q_ = [;! is satisfied to
maintain the thin-wall approximation. We have confirmed that vg(7},)/T, ~ 4.2 does not
change significantly for 1.4 < gr < 1.7. The kink of the blue band at gr ~ 1.55 appears
because the suppression factor from the diffusion discussed around eq. (3.26) disappears
above this point. Note that a large gauge coupling gr not only evades the suppression from
the reaction rate of the sphaleron process in the symmetric phase but also allows for a large
Yukawa coupling without making the effective potential unstable just above the symmetry
breaking scale. Thus, Ag(w) can be significantly enhanced compared to the case of the
minimal model for the parameter regions (i)-(A) and (ii)-(A).

4 Phenomenology

In the present framework of baryogenesis, it is plausible that the scale of the new gauge
symmetry breaking is not far above the electroweak scale. Some of the new particles are
charged under the SM gauge symmetry and may be within the LHC reach. We here discuss
direct and indirect searches for such new particles and their implications for the model
parameter space. The amount of stochastic GWs generated by the first-order Gg — Gsm
phase transition is also estimated.

4.1 Direct searches

The model predicts new gauge bosons associated with the extended gauge symmetry and
new matter fermions charged under the gauge interaction. They can be searched at the
LHC or future colliders.

4.1.1 New gauge bosons

The neutral Z’ boson can be produced at colliders and decay into a pair of SM fermions
as well as new leptons. Using the parameterization in refs. [103, 104], the Z’ coupling with
a SM fermion % is given by

Ly = \/my’zl’t (sinfpY + costay (B — L)) platap,

ing 9 g — o IE (4.1)
v'sinfpr = ) anvy = —2—5— 5
Vo + g%\ gk + g% Irt 9%
where o = (1,—0) with & being Pauli matrices. A SM fermion has a U(1)x charge

X = (B —L)/2. Here, B and L are the baryon and lepton numbers, respectively. Y is the
ordinary hypercharge. The parameter +' in the second line measures the relative strength
of the coupling of Z’ to SM fermions compared to that of the SM Z boson. Such a new Z’
boson has been searched for at the LHC, which gives constraints on the mass myz/ and the
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Figure 7. The constraints on gr and vy at the LHC. The red and blue shaded regions are excluded
by Z’ and W’ searches, respectively. The gray solid line denotes a prospective constraint from the
W’ search at the HL-LHC. Below the green solid lines, the potential of Hr becomes unstable at
an energy scale below 10vg for the minimal and extended models. The red and magenta dashed
lines show 10%, 5% and 1% fine-tuning in the SM Higgs mass-squared parameter against quantum
corrections from the heavy gauge bosons, with the SM Higgs being a bi-doublet and an SU(2).
doublet, respectively.

relative strength +’. Currently, the most stringent bound comes from the ATLAS dilepton
search with a luminosity of 139 fb~! [105]. The bound on myz and 7' depends on the
parameter 0y, defined above. In our model, for g within [0.5,1.7], 85 varies within an
approximate range of [0.8,1.1]. According to ref. [104], the mass limit is almost the same
for 07 in this range. We thus ignore the difference of 63; and adopt the constraint on the
Z;( model in ref. [105]. The Z’ boson can also decay into new leptons. To be conservative,
we assume that all the new leptons except for N3 are lighter than my//2. Under this
assumption, the branching ratios of Z’ into electrons and muons are reduced by a factor
of two in comparison with the Z} model.

The charged Wg bosons can be also produced and decay into right-handed fermion
pairs, including SM fermions and new leptons. We rescale the bound in ref. [106] by the
square of gr/g and the branching ratios.

The current constraints on gr and vy from the LHC are shown in figure 7. We can
see that vg = 10 TeV is required for gr ~ 1. Lower bounds on gr from the stability of the
effective potential are also shown in the figure. Here, the Yukawa couplings are the same
as those in figure 2. We choose Ar = 0.01 and 0.014 for the minimal model and the model
with an extra interaction, respectively. For these values of Agr, the lower bound on ggr
from the sphaleron decoupling condition is weaker than that from the stability condition.
The prospective constraint from the High-Luminosity LHC (HL-LHC) experiment is also
plotted in figure 7. The Wf{ boson mass and coupling are expected to be further probed
by the HL-LHC [107].

The SM Higgs mass-squared parameter receives a quantum correction from the cou-

2 2
pling with the WIE% boson in the case that the SM Higgs is a bi-doublet, ém3%, ~ %
When the SM Higgs is an SU(2) doublet, the Z’ boson gives the dominating correction,
om?2, ~ gxmy,

H — 1672

in figure 7. A milder fine-tuning favors a smaller vp.

. The required fine-tuning in the Higgs mass-squared parameter is plotted
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4.1.2 New leptons

Next, let us discuss collider searches for the new leptons. We here assume that the N and F
particles decay and do not provide a dark matter candidate. The discussion of the case that
Nj becomes a dark matter candidate is left for a future study. Since the SU(2)z, x U(1)y
neutral leptons N are produced only through the Wj%t or Z' exchange, their production
cross sections are highly suppressed. In addition, the masses of new charged leptons £ and
X in our models are irrelevant for the baryon asymmetry. We thus only discuss collider
phenomenology of the hypercharged E leptons, focusing on the lightest one, Fi. The F;
particle may be light, say O(100) GeV, while the correct amount of the baryon asymmetry
is produced.

The E; lepton is produced through the Z or v exchange. For mg, < mpy,, it decays
into v+ W or e/u/T + Z/h via the mixing with SM leptons given by the portal coupling
of eq. (2.17). The LEP experiment puts a lower bound of around 100 GeV on masses of
new charged particles [108]. The latest LHC search, which focuses on a new lepton with a
mass higher than 100 GeV, gives an upper limit on the production cross section for a given
mass [109]. The production cross section of E;, however, satisfies this limit for any masses.
Furthermore, if the F; lepton dominantly decays into 7, it is even difficult to probe this
particle at the future HL-LHC [110]. If E; dominantly decays into e or p, the HL-LHC
is expected to be sensitive to E; with a mass below 300 GeV [111]. For mg, > mpy,, Eq
may decay into N and jets or e/u/7 + v via the off-shell W]}t exchange. The N; particle
further decays into e/u/7 + W or v + Z/h. Since the resultant decay products contain
the same objects as the case of mp, directly decaying to SM particles, the LHC searches
provide similar constraints and sensitivities, although more dedicated searches may be
more efficient.

So far we have implicitly assumed that FE; decays promptly. If the portal coupling
is small, F; may be observed as a long-lived particle. Searches for anomalous tracks give
a lower bound of mpg, > 800GeV for E; which reaches the muon spectrometer [112],
corresponding to 7 > O(10) ns.

4.2 Indirect searches

Some precision measurements may also constrain the model parameter space indirectly.
Here, we consider the electroweak precision test and EDM measurements. The former is
important when the SM gauge group is extended, and the latter gives a stringent constraint
on the usual electroweak baryogenesis scenarios. We will see that both measurements do
not give strong constraints on our model parameter space.

4.2.1 The electroweak precision test

The SM Higgs doublet couples not only to the SU(2);, x U(1)y gauge bosons but also to
the Z’ boson which is a linear combination of the Wg and Bx bosons. This contributes
to a tree-level correction to the Z boson mass, which is expressed by the T" parameter in
the S, T, U framework [113]. The leading effect can be computed by the effective operator
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Figure 8. A three-loop contribution to the electron EDM in our model.

after integrating out the Z’ boson,

sin? 0x g%

2 (HLDuHy — (DuHy) Hp)?, (4.2)
Zl

Lo D

where we have defined tan0x = gx/gr. Then, following the step described in ref. [114],
we obtain a new contribution to the T' parameter,

sin? 0 x g% v* sin* fxv?

AT = (4.3)

2 2
daemms, QemVp

Here, iy, is the fine structure constant and v ~ 246 GeV is the SM Higgs VEV. When
S = 0, the lower limit on the T" parameter is —0.042 at 95% confidence level [102]. The
lower bound on the symmetry breaking scale vg is thus given by
sin 6 X)

0.45 )~

vp > 6.4 TeV < (4.4)

The bound from the electroweak precision test is generally weaker than that from direct
collider searches in our framework.

4.2.2 The electron electric dipole moment

A CP violating new physics may generate observable electric dipole moments (EDMs). We
focus on the electron EDM, which is now the most sensitive probe of general CP violating
new physics. Our model predicts a new CP violating phase in the matrix K of (2.14).
The lowest order contribution to the electron EDM involving this complex phase is shown
in figure 8. Note that the diagram must contain all the three generations of new leptons
L; (i = 1,2,3) because three generations of new leptons are essential for the appearance of
the physical complex phase as in the case of the ordinary CKM phase. The diagram must
also contain a chirality flip of the electron, which is provided by an electron mass insertion.
Then, an order of magnitude estimation of the electron EDM is given by

d 1 3 m
“~ = < J 4.5
e (16#2) m%/VR ’ (4.5)

where J’ has been defined in eq. (2.16) and myy,, is the I/V]:{IE boson mass. This estimation

gives a negligibly small value of the electron EDM. In fact, for a benchmark point of

— 37 —



gr = 1.5, vg = 15TeV and J' = 0.08, we obtain d, ~ 10733 ecm which is much smaller
than the current experimental limit, d. < 1.1 x 1072 ecm [115]. Thus, our model param-
eter space is not constrained by EDM measurements in contrast to the usual electroweak
baryogenesis scenarios.

There may be also one-loop corrections to the EDM involving the portal couplings in
egs. (2.17) or (2.18). Similarly, lepton flavor-violating processes could be introduced by
one-loop corrections. However, the portal coupling does not have to be large for successful
baryogenesis (see eq. (3.27) and the discussion below) and hence the EDM and lepton-flavor
violation do not serve as model-independent probes of the scenario.

4.3 Gravitational wave signals

The first-order GLr — Gswm phase transition may generate a stochastic gravitational wave
(GW) background that can be observed by future space-based interferometers.” A GW
signal from a phase transition is characterized by two important parameters: the ratio of
the vacuum energy released by the phase transition to the radiation energy of the Universe
a, and the duration of the phase transition 5. The former is related to the change of the
trace of the energy-momentum tensor across the bubble wall,

T OAY,
€= AVer =7 aTeH'

(4.6)

Here, AV,g = V(gbfl%lse,Tn) — V(¢%ue,T,) is the free energy difference between the false
vacuum and the true vacuum at the nucleation temperature, T' = T;, and <Z>fglse (brue) i the
position of the false (true) vacuum. Using this €, the parameter « is defined as

€

4.7
59T o

T=Tu

The duration of a phase transition is a characteristic time (length) scale of the phase
transition given by [117]

d (Ss
= |HTT— | — . 4.8
p {(>dT(T> T=T, (48)
The bounce action S3 has been defined in section 3.1.
The total GW signal can be divided into the following two parts,
Qoth? ~ Quwh? + Qeurh?, (4.9)

where Qgwh? and Qg h? are sourced by the sound wave and turbulence of plasma, respec-
tively. We neglect a contribution from bubble collisions [120-125] since the most of the

"GWs from the spontaneous breaking of SU(2)z x U(1)p—1, have been discussed in ref. [116], although
the matter content considered there differs from our model. For general reviews on GWs from first-order
phase transitions, see e.g. refs. [117-119].
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energy released by the phase transition is expected to be converted into the thermal plasma
in our model. The sound wave contribution is given by [126]

Quwh? =2.65 x 1076

< (5) (355) (50) () (rrsr)

_ 1 B Tn gx )‘1’
w =1.9x 107*mHz x — : 41
J 910" bz <H(Tn)> <100GeV> (100 (4.10)

Here, ks is the efficiency factor of the sound wave and H7ghock represents the reduction

factor due to the short-lasting sound waves. We assume that the wall velocity is smaller
cs = 1/V/3 (i.e., the deflagration
regime), which would be realized by the friction of the thermal plasma [127-132]. Under

than the sound velocity of the thermal plasma, v, <

~

this assumption, ksy can be fitted by the following formula as found in ref. [133]:

11/5

Cs ' "KAKB
Ksw = , (4.11)
™ (cil/5 — vllul/5)/<cB + vwc§/5/<a,4
where
Kg o~ U6/5 6.9
“ 136 —0.037/a+a’
25 (4.12)

a
©0.017 + (0.997 + )2/5
The reduction factor is given by [134-136]

H(Ty) Tyhook = min [1, (87)3 <m) (giig) %] : (4.13)

On the other hand, the turbulence contribution is expressed as [137, 138]

KB

Qurh? =3.35 x 1074

g (H(BTH)) GTZ)Q <1i0)3 " <(1 + (f/ftif)/)@u(rl)ir 87Tf/h*)> ’

) 4.14)
_ 1 B Th Jx )6 (
wr =2.7x 1072 mHz x — ,
T 7o 107 mHz < o (H(Tn)> <1OOGeV> (100
1
— Ty gx \6
he =16.5 x 1072 mH S
XU mbE (1OOGeV> (100) ’

where ki is the efficiency factor of the plasma turbulence. We assume k¢ = 0.05Kgw,
following ref. [117].

The generated GW signal for a benchmark point is shown in figure 9. We take
yn, = 1.35, yn, = 0.89, gr = 1.55, A\gp = 0.014, v,, = 0.48 and vg = 15TeV, which
reproduces the observed amount of baryon asymmetry. In this benchmark point, we ob-
tain T, = 4.34 TeV, 5/H(T,) = 1471 and a = 0.03. Sensitivity curves of future space-based
interferometers LISA [117, 139], DECIGO, BBO [140], and ultimate-DECIGO [141, 142]
(U-DECIGO) are also plotted. The GW signal is within the reach of U-DECIGO.
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Figure 9. The generated GW signal for a benchmark point of yn, = 1.35, yn, = 0.89 gr = 1.55,
Ar = 0.014, v,, = 048 and vg = 15TeV (blue dashed). Colored regions are probed by LISA,
DECIGO, BBO and U-DECIGO.

5 Conclusion

In this paper, we have proposed a new baryogenesis scenario based on a first-order phase
transition associated with the spontaneous breaking of an extended gauge symmetry,
SU(2)r x U(1)x — U(1)y. Our model contains three generations of new chiral leptons
that make the B — L symmetry anomalous. A moving bubble wall from the first-order
phase transition and the SU(2)r sphaleron process play essential roles in generation of
the B — L asymmetry in a similar way to the SM electroweak baryogenesis. To avoid a
B — L wash-out inside the bubble wall, the strength of the phase transition is required to
satisfy the sphaleron decoupling condition. The B — L asymmetry carried by new leptons
is generated by quantum mechanical reflections of the new leptons by the wall. In our
model, a new source of CP violation is a complex phase in the mixing matrix of the new
lepton sector similar to the CKM phase. The reflection coefficient is computed by solving
the effective Dirac equation on the thermal and bubble wall backgrounds. We have taken
account of damping effects on quasiparticles in the effective Dirac equation, and in sec-
tion 3.5.1, obtained an analytical expression for the produced baryon asymmetry by using
a perturbative expansion with thin-wall and small-momentum approximations when new
leptons are sufficiently light. We also qualitatively estimated the amount of the baryon
asymmetry for heavy new leptons in a small momentum regime, for light new leptons in
a large momentum regime, and for heavy new leptons in a large momentum regime in
sections 3.5.2, 3.5.3, and 3.5.4, respectively. By the detailed analysis, it turned out that
the observed baryon asymmetry can be explained for very heavy new leptons in a large
momentum regime. In the model with the extra interaction (3.59), we found that the
observed baryon asymmetry may be produced for light new leptons in a small momentum
regime where the perturbation theory is reliable.

There are some ambiguities in our estimation of the baryon asymmetry. In the small
new lepton mass regime, we reduced the computation of the scattering coefficient to a
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one-dimensional problem and simply introduced a cut-off to the momentum parallel to
the wall. We took the cut-off at the thermal mass because the kinematics of the new
leptons is dominated by the thermal effect. Our estimation of the baryon asymmetry given
by eq. (3.57) in the large mass regime is based on a simple dimensional analysis. Such
ambiguities will be ameliorated by exactly solving the corresponding Dirac equation. It is
worthwhile to note that even if there exists a large enhancement from these ambiguities
on the produced baryon asymmetry, we can realize the observed value by taking smaller
Yukawa couplings of the new leptons. However, if there is a suppression more than a factor
of 0.1, it is difficult to realize the observed baryon asymmetry.

To avoid a severe fine-tuning, the scale of the new gauge symmetry breaking is favored
to be near the electroweak scale. New gauge bosons associated with the extended gauge
symmetry and new matter fermions predicted by the model may be within the reach of
the LHC or future experimental programs. The LHC searches for the new gauge bosons
have already put a lower bound on the symmetry breaking scale at around 10 TeV. We
have also discussed implications of the electroweak precision test and the electron EDM
measurement for our model. It has been shown that both measurements do not give strong
constraints on the model parameter space, in contrast to the usual electroweak baryogenesis
scenarios. The new first-order phase transition can produce a stochastic GW background.
We showed that a benchmark point providing the observed baryon asymmetry predicts a
GW signal that can be detected by the U-DECIGO. As discussed in section 2.4, when the
model respects a Zo symmetry, the lightest neutral new fermion is a dark matter candidate.
Such a possibility will be further explored in a future study.
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