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1 Introduction

Throughout the observable universe there is significantly more matter than antimatter,
and establishing the dynamical origin of this asymmetry remains an open problem in
physics. The baryon asymmetry of the universe, as determined by measurements of the
cosmic microwave background made by the Planck experiment [1], indicates a baryon-to-
entropy ratio

Yp = "2 = (8.66 +0.04) - 10711, (1.1)
S

Any mechanism that might explain the origin of this asymmetry must satisfy the three
Sakharov conditions [2]: there must be baryon number violating processes; violation of



both charge conjugation (C) invariance and its combination with parity invariance (CP);
and either out-of-equilibrium dynamics or violation of CPT conservation. A range of
mechanisms have been proposed that can satisfy these criteria and thus account for the
observed asymmetry.

Electroweak baryogenesis (EWBG) is one such mechanism, in which the asymmetry is
generated during a first-order electroweak phase transition (EWPT). The nucleation and
expansion of the bubbles of broken electroweak symmetry during the early universe satisfy
the out-of-equilibrium criterion, while CP-violating (CPV) interactions with the bubble
wall catalyse asymmetry generation through electroweak sphaleron processes. In order
for EWBG to successfully explain the observed asymmetry we require a strongly first-
order (SFO) electroweak phase transition, or SFOEWPT. However, the Standard Model
(SM) instead features a crossover transition [3] which cannot provide the needed out of
equilibrium dynamics. Additionally, even with an SFOEWPT, the amount of CPV present
in the SM is not enough to yield the required asymmetry [4]

Thus, the viability of electroweak baryogenesis requires the presence of Beyond the
Standard Model (BSM) physics to generate both a strongly first order EWPT and to
provide additional sources of CP-violation. Since electroweak symmetry breaking occurs
at a temperature 1" ~ 100 GeV, the corresponding BSM mass scale must not be too much
higher than the electroweak scale. Such extensions to the SM should thus be testable at
current or future colliders [5-7], or via high sensitivity fundamental symmetry tests such
as electric dipole moment (EDM) searches, which place stringent constraints on additional
sources of CPV [§].

While it is straightforward to obtain a strongly first-order electroweak phase tran-
sition by extending the SM scalar sector (the simple addition of a gauge singlet scalar
often suffices [5, 6, 9-12]), introducing new CP-violating phases in Higgs interactions while
avoiding EDM constraints can be challenging. These constraints can be avoided in mod-
els where the EDMs arise at two-loop order, or where the CPV interactions are flavor
non-diagonal, vector-like, or “partially secluded” from the SM.! In the latter instance, the
introduction of additional scalars charged under SU(2) can result in electroweak symmetry
breaking (EWSB) which occurs via multiple, successive phase transitions [13-16]. In these
models EWBG may occur during the first EWSB transition, with a subsequent transition
resulting to the usual SM Higgs-phase. This class of models have the benefit that the
new CPYV interactions can be hidden in the new scalar sector and hence avoid the EDM
constraints [15, 16].

One can also consider an EWBG scenario which combines elements of the above pos-
sibilities. In what follows, we consider a model involving two scalar singlets, S;, and
a vector-like lepton doublet, v, with the same quantum numbers as the SM left handed
lepton doublets. The vector-like nature of the new leptons allows for CP-violating Yukawa-
interactions with the gauge singlet scalars and SM leptons, while also avoiding any contri-
bution to anomalies. The scalar singlets catalyse a single-step strongly first order EWPT,

!By partial seclusion we refer to scenarios where the CPV asymmetries are generated in species that carry
no SM gauge quantum numbers (such that there are no EDM effects). These asymmetries get transferred
to the SM via particle number changing reactions.



while their interactions with the vector-like and SM leptons provide the necessary source
of CP-violation. The EDM constraints for this scenario are somewhat relaxed as:

e The electron EDM d, arises at two-loops due to restricting the CPV interactions to
the third generation.

e The scalar singlets couple to the first generation leptons only via mixing with the SM
Higgs boson (a form of “partial seclusion”), so the two-loop EDM involves a small
mixing angle.

e Finally, the new CPV terms in the weak currents which contribute to EDMs in similar
models [17] do not contribute due to the lack of light right handed neutrinos.

A model similar to the one outlined in this paper has recently been considered in
ref. [18]. In that work, a complex scalar singlet interacts with vector-like quark singlets,
and CPV arises spontaneously from the vacuum expectation value (VEV) of the complex
scalar singlet, which changes during the electroweak phase transition. This, and other
similar models, often involve vector-like fermions which have large Yukawa couplings to
the SM Higgs [19-23]. This is desirable in the context of electroweak baryogenesis since
large Yukawa couplings can provide large CP violating interactions necessary for EWBG,
and may also play a role in acquiring a strongly first order EWPT [19, 20]. However,
such models lead to significant corrections to Higgs boson properties, leading to important
constraints from on the diphoton branching ratio and production processes.

In contrast, the scenario considered here easily evades these constraints as the SM
Higgs coupling to the vector-like leptons is O(y,) (or even smaller) and plays no significant
role in the asymmetry generation process. Both classes of models have to contend with the
non-observation of direct vector-like lepton production at colliders, which implies a lower
bound on their masses. This lower bound cannot be much larger than the temperature at
which the electroweak phase transition takes place (T' ~ 100 GeV) in order for EWBG to
remain viable. An in-depth examination of the collider signatures of a minimal vector-like
lepton model has been undertaken in ref. [24]. Using 8 TeV ATLAS data, ref. [24] places
a lower bound of ~ 270 GeV on the masses of vector-like lepton doublets that decay via
mixing with the SM leptons. However, the situation in our scenario is more complicated, as
the existence of the new scalars modifies the decay chain of the vector-like leptons. We will
also consider lepton universality, lepton flavor violation, and electron EDM constraints. We
find that that such a model can readily generate the observed asymmetry while avoiding
all current bounds, though future searches for vector-like leptons at colliders will begin
placing severe constraints.

The layout of the remainder of this paper is as follows. In section 2 we define our
model along with a discussion of the interactions, mass mixing, and new CPV phases.
Section 3 introduces some benchmark parameters and discusses various observables and
constraints. In section 4 we discuss EWBG methodology, how we derive and solve the
transport equations, and our treatment of the EWPT. We conclude and discuss future
directions in section 5. Technical details relating to the electron EDM and transport
equations are given in appendices A and B, respectively.



2 Model

We extend the SM by introducing two real gauge singlet scalars S; and So, and a vector-like
lepton doublet . These fields transform under the SM gauge group SU(3) xSU(2)xU(1) as

S~ (1,1,0), ¢~ (1,2,-2) . (2.1)

We use the notation

P = , S, = vs,; + Si, (22)

G+
, H= .
%(UH + h+ ZGO)

B

where the s; and h are the dynamical fields, G° and G are the Goldstone bosons, and vy
is the VEV of particle X. As the ¢ have the same quantum numbers as the SM leptons,
they can in principle mix and interact with all of the SM lepton generations. Interactions
with all of the lepton generations would face strict constraints from lepton universality,
flavor violation, and electron EDMs. Furthermore, multi-generation interactions are not
necessary for successful electroweak baryogenesis. Hence, for simplicity we only consider
interactions between the ¢ and the third-generation of SM leptons. The Lagrangian then
includes the following Yukawa interactions terms,

— L) =" [Aryi LstrSi + Apyi vrbrSi] + Yy 1 (io2H) 7 + hec., (2:3)

7

where L3 = (1/7., T )T is the SM third generation left-handed lepton doublet. These Yukawa
interactions result in mixing between the 1) and SM leptons, and provide the CPV necessary
for EWBG. There are also two possible Dirac mass terms

- yj)w = My¥rbr + MpyLsyr + hec. (2.4)

The M, mass mixing term can be removed via a redefinition of the 17, and L3 fields,

! e cosf €2 sinf
[%; - [%; =u- @Ibé , U= —e1ginf €92 cosf|’
sinf = | My . o1 = Arg (My), ¢2 = Arg (ML), =
VIM + My
such that eq. (2.4) becomes,
— LM = \JIM 4 My P Gl + Do, = MG + he. (2.6)
We can then perform a redefinition of the Yukawa couplings,
[Y¢ YT} = [Y12 YT’] - [Yw YT} ut, (2.7)

and similarly for Azy; and Ayy;. Aside from removing My, this transformation leaves the
form of the Lagrangian unchanged and we drop the primes.



2.1 Scalar potential

We now examine the scalar potential and outline how its parameters are related to the
zero temperature VEVs and scalar masses. The scalar potential is

Vo= —phH'H + A\g(H'H)?

+ ;ai&- — % % a?jSiSj + é %aiijiSjSk + iz%l aijk;SiSjSkSl (2.8)
+ ;ZbijSiSjHTH + ZbiSiHTH,
2,) (2

where the sums go over the two scalar singlets, and the couplings are symmetric in all
indices. As the S; are gauge singlets they can be shifted by a constant (S; — S; +c¢), and if
the couplings are suitably redefined, this will leave the form of the Lagrangian unchanged.
This shift freedom is frequently used to eliminate the linear terms «;S;. However, in order
to simplify the resulting mass matrices that need to be diagonalised, we instead use this
freedom to relocate the global minimum of the effective potential at zero temperature to a
point where vg, = 0. This choice implies

1
ov =a; + *’qubi =0, (2.9)

which we use to fix a;. We then require that the global minimum resembles that of the
SM, resulting in a SM-like Higgs with mass and VEV,

(vi,vs,,vs,) = (246,0,0) GeV, mp, = 125 GeV. (2.10)

2
This fixes Ay = 2‘;—’% and ,u%{ such that we obtain the correct Higgs mass after diagonalisa-
tion of the mass matrix. Similar to the shift, we can also always perform a rotation of the
singlets. We choose to rotate such that the scalar singlet mass mixing terms disappear,

which fixes a1 such that
1

ai1p = —55121}%. (2.11)

The remainder of the scalar potential couplings are then free parameters, subject to

the requirement that the SM Higgs-phase is indeed the global minimum of the effective

potential at zero temperature. We are interested in the scenario where this potential enables

baryogenesis by having a strongly first-order phase transition during which both of the

scalar singlets have changing VEVs. In this paper we focus on the transport and asymmetry

generation dynamics and do not perform a thorough scan of the scalar potential parameter

space. We utilise a single EWPT benchmark point which fixes these scalar potential

parameters and satisfies the SM-like global minimum requirement (see section 4.2). A
more detailed study of the phase transition is left to future study.

2.2 New CPYV phases

We now briefly discuss the new CPV phases that appear in our model and how we param-
eterise them. Some of the phases in the Yukawa couplings can be removed by rephasing



fields via the transformation

YR = re, Y — e’ (2.12)
L3 — L3e', TR — TREY.
With these rephasings we find that the Lagrangian is unchanged if we take
Ai = Apgi0™%, Y, = V079,
Mg = Mg P70 Yy = Vel (2.13)
My, — Mye'P=),
such that we have the following invariant phases,
01 = Arg(ALy1ATye), 02 = Arg(Ayy1 M), (2.14)

53 = Arg()\waM:;), 54 = Arg(YT*YTP)‘LTﬁQMQZ)‘

We will find that §;—d3 will appear within the EWBG calculation as the sources of the
CP-violation necessary to generate the asymmetry. §4 can contribute to electron EDM
constraints but will not directly contribute to the asymmetry generation. From here on we
choose to re-phase our couplings such that the following conditions are satisfied

Arg (My) = Arg(Yr) = Arg(Arg2) = 0 (2.15)
which is equivalent to setting

5 = Arg(A\py1), 02 = Arg(Ayy),
03 = Arg()\wwz), 0q = Arg(Y¢).

The choice of this specific phase will simplify some of the expressions in the following sec-

(2.16)

tions.

2.3 Mass and mixing matrices

We now consider the diagonalisation of the mass matrices. The neutral scalar and lepton
mass terms are given by,

1 - _
5@ Mo+ (ELMeEr + NLMyNR +hie.) (2.17a)
where,
h E N N
o= |s1|, &= : NL:[L], NRZIR], (2.17b)
T vy 0
52
—,u%_[ + 3)\?)12-_1 ?JHbl ’UHbQ
M2= v bt —a%l + %bu'l}%{ 0 , (2.17(})
v ba 0 —a%Q + %bgg’u%{
M ’L}HYw M
Me= "0 Ve | my=|M 0. (2.17d)
0 1\{/{ 0 0



These mass matrices can be diagonalised by a redefinition of the fields

¢ =P, Epp=Ul pELn; (2.18)
such that

PM%PT = Diag(mj, m2 ,m2), (2.19a)

L{zMgUR = Diag(mg, m;). (2.19b)

The M matrix is already diagonal and real, such that no redefinitions are necessary.
However, the form of the weak currents after diagonalisation can be simplified by choosing
to re-phase the neutral vector-likes N7 /R = Ng, €94, In the limit where the scalar mass
mixing terms vgb; are small relative to the scalar mass differences, the elements of P are
well-approximated by,

(M)
Pri~-—Pi~= , 2.20b
NP G- Org 2:200)
M2)13(M?
Pas ~ (M5)13(M 12 : (2.20¢)
((02)22 = (M2)s3 ) (M2 = (M2)20)
M2 o M2
7332%7723( o = ) (2.20d)

(M) — (Mg)ss

For the fermions, in the case where My, in Mg is much larger than any other term, we
can approximate the mixing matrices via

104 9 _ o004 & 0
Upp = [e ‘cos LR —€7*sin L,R]7 (2.21)
SlneLyR COSQLyR
where )
Y. Y, Y,
b~ Vel g vVl (2.22)
V2My, 2M;

and dy4 is given in eq. (2.16). The 7 mass defined in eq. (2.19b) will be shifted slightly from
its SM relation with Higgs Y; Yukawa and is given by,

Yron v Yy
=] 1— . 2.23

As we want the physically measured m,, we fix Y, as a function of My, and Yy, to give
the correct value. If |Yy| ~ Y, and My > 200 GeV the correction to Y, will be orders of
magnitude smaller than the current uncertainty in Y, inferred from Higgs decay measure-

ments [25]. The mass of the charged component of ¢ will also be shifted slightly,

0% |Yy |2
mg ~ M, (1 + Z]’Wﬁ’ . (2.24)
¥




This will lead to a small mass splitting between the neutral and charged vector-like leptons
which will be further enhanced by radiative corrections; however, we will still generally
refer to the masses of the ¢ components as simply M.

Using these mixing matrices one is able to write out the new forms of the weak current
and Yukawa interactions after diagonalisation. These are given in appendix A, where we
have employed the notation of ref. [26], whose electron EDM expressions will be used in the
next section. As the mixing angles are small, the diagonalisation matrices were all selected
such that the mass basis states are labelled by their primary components, e.g., 7/ will be
the physical lepton that consists primarily of 77, and 7r. Throughout the phenomenology
section we will refer to the mass basis and simply drop the primes.

3 Phenomenology

In order to quantitatively investigate the phenomenology of this model we consider the
four benchmark scenarios defined in tables 1 and 2. The resulting mixing parameters are
provided in table 3. The scalar potential parameters of benchmark points A and C' were
obtained from a scan for a suitable electroweak phase transition, as discussed in section 4.
Benchmark B is a variant of A with slightly different Yukawa couplings which modify the
decays of the new particles leading to significant effects on the collider phenomenology.
Benchmark D is a variant of C' with no mixing between the physical Higgs and the new
scalars. We will study the constraints from Higgs physics, direct collider searches sensitive
to the vector-like leptons, and precision lepton phenomenology.

3.1 Vector-like lepton collider phenomenology

The charged and neutral components of the vector-like lepton doublet can be produced at
colliders via Drell-Yan processes. In minimal vector-like lepton models they decay into a
SM lepton (a 7 or v;) plus either a SM Higgs or weak gauge boson via the mixing induced
by the SM Higgs Yukawa Yy,. This results in a lower bound on minimal vector-like lepton
doublet masses My 2 270 GeV [24] (using 8 TeV data). However, in our scenario if the
gauge singlet scalars are lighter than the vector-like leptons, the leptons may instead decay
via the singlet scalars. This is the case for all of our benchmark points. This is motivated
by the requirement that both of the scalars have changing VEVs during the electroweak
phase transition, which generally requires them to have non-negligible negative mass terms.

When combined with perturbativity bounds on the b; couplings, this leads to an upper
2

bound on the zero temperature scalar masses mg, ~ —a;; + %biiv%{ < —ag + 2#@?{. We
thus expect that if we have the desired phase transition the scalars will generally be lighter
than the vector-like leptons.

The dominant decay modes of the vector-like leptons are depend on the relative sizes of
the Yukuwa couplings with the scalar singlets Ary;, and the Yukawa coupling with the SM
Higgs Y, ,and the mixing angles 67 and 0g. If Y,, dominates, then the main decay modes
of the new leptons will be as for the minimal vector-like lepton doublet model. On the
other hand, if ¥y, and the associated mixings are small relative to Ary; then ¢ will mainly

decay into a SM lepton and a singlet s;. In the benchmark points we consider this is the



Benchmark A ‘ B cC | D
ms, (GeV) 157.5 127.6
ms, (GeV) 136.4 205.1
a1 2.80 2.44
(2222 2.87 1.30
a1122 —4.32 —1.36
b11 0.511 0.962
bao 1.36 1.67
b1 (GeV) 0.0164 0.01
by (GeV) 0.00615 0.5
ALyl 0.0089 | 0.05 0.036
[ALy2] 0.036 0.05
Ayl 3 3.5
01 —%TF %77
0o %77 —%77
03 —%TF %ﬂ

Table 1. Benchmark point parameters. Parameters not listed here are the same for all the bench-
mark points, and are given in table 2. Phases were selected to maximise the baryon asymmetry.

]\Lp Yw 54 b12 Qijk aijjj
500 GeV | 0.1-Y, 0 0 0

s
2

Table 2. Additional scalar and Yukawa coupling parameters that are the same across all bench-
mark points.

Benchmark A B C D
P12 —4.39-107% | =3.71-1073 | 0
P13 —5.09-107% | —4.65-1073 | 0
Pas 1.07-1077 | —1.77-107> | 0
P32 3.30-1077 | —4.40-1077 | 0
01, 1.27-10°6
Or 3.56-10~*

Table 3. Mixing parameters for the benchmark points as defined in section 2.3. Benchmark points
A and B have the same mixing angles. 6, r are the same across all the benchmark points as they
only depend on M,y and Y.



case, as can be seen in table 4, which shows the main branching ratios of the vector-like
leptons and scalar singlets for benchmarks A and D.

The decays of the scalar singlets depend on whether the singlets mix with the SM
Higgs boson. If they do, then they inherit their decays from the Higgs decay channels,
with the Higgs mass set to that of the appropriate singlet. This is the case for benchmark
points A, B and C' . Since the scalar singlets for these points have masses between 127
and 200 GeV their decays are mainly into bb, WW®) and ZZ®. For benchmark point D
the singlet mixing with the SM Higgs is turned off and the singlets decay into 77~ pairs
through the Ary; coupling and E-7 mixing. We have checked that singlet lifetimes in all
cases do not lead to displaced vertices at the LHC or constraints from BBN.

Therefore, in E+E~ pair production the final state will always contain a 777~ pair and
the decay products of two singlets. As the singlets frequently decay into WW®) /27 ()
which may in-turn decay leptonically, we expect multilepton searches featuring signal re-
gions with multiple 7 leptons to be the most sensitive to our scenario.

To examine in detail the constraints arising from collider analyses we have implemented
our model in FeynRules 2.3.29 [27, 28]. Using the UFO format [29] we import our model
into MadGraph5_aMCONLO 2.6.1 [30, 31] in order to generate events at parton level, before
showering them using Pythia 8.230 [32, 33]. These are then fed into CheckMATE 2.0.26 [34—
38], which includes an interface with Delphes 3.4.1 [39], in order to determine the most
relevant ATLAS or CMS analyses and constraints on our model.

QCD corrections to the pair production of SU(2) triplet leptons in type-III seesaw
models at 13 TeV leads to K-factors ranging from 1.17-1.25 for lepton masses ranging
from 100-1000 GeV [40]. Based on this result we scale the 1) production cross sections
passed to CheckMATE using a K-factor of 1.2.

For the benchmark points listed in table 1 we varied M, from 200 to 980 GeV in steps
of 20 GeV and generated two million events of pp — EE,EN, NN for each parameter point.
CheckMATE evaluates the expected number of signal events S and associated error AS per
signal region for each of the implemented analyses and then evaluates the ratio of the 90%
confidence lower limit on the number of expected signal events S — 1.64AS and the 95%
confidence upper limit on experimentally observed number of events Sgs. This ratio,

o ST LO4AS (3.1)
Sos
provides a conservative quantification of the constraints on a given model, with any point
having r > 1 considered excluded [34]. The resulting r-values are shown in figure 1. As
expected, the most important analyses are generally ATLAS or CMS searches for charginos
and neutralinos with multilepton final states, specifically the searches in refs. [41-43] which
involve 36fb~! of data taken at 13 TeV.

The exclusion limits on benchmark D, where the singlets have no mixing with the SM
Higgs boson, are noticeably stronger than the rest. In this case the singlets always decay
to 7777, so that each signal event involves 4 — 6 7 leptons. This is strongly constrained
by signal regions of the above CMS and ATLAS analyses involving hadronic 7 leptons,
missing energy, and either 0 or 1 pairs of opposite sign-same flavour leptons.

~10 -



Benchmark point A
Particle Total Width Decay Products | Branching Fraction

+
94.1%
E* | 5741073 GeV e ’
TEs, 5.57%
) - 93.9%
N | 5751073 GeV vree ’
VrS1 5.56%
W 78.8%
bb 14.7%
s1 1.27-1079 GeV ’
77 5.4%
Trr— 1.12%
bb 66.0%
W+ 28.8%
sy | 3.41-107° GeV ’
Z7* 3.64%
Trr™ 1.65%

Benchmark point D
Particle Total Width decay products | Branching fraction
+
60.3

E* | 1431072 GeV T %
TEs 39.5%
& 60.2%
N | 1431072 GeV vroe ’
VrS1 39.4%
51 7.96-10712 GeV Tt 100%
Ttr 99.9%
S 2471071 GeV TrT7 8 0.05%
VrDr81 0.05%

Table 4. List of particle widths, decay modes, and branching fractions as calculated by MadGraphb
(via MadWidth) for benchmark points A and D. Benchmark points A and D were selected in order
to illustrate the effect of s;-h mixing, which is not present in benchmark point D.

On the other hand, when mixing with the SM Higgs is present, the 1 mass can be
brought as low as 350-500 GeV. The lowest mass bound of the considered benchmark
points is given by benchmark point A. The relative sizes of the Yukawa couplings in
benchmark A cause the ¢ to decay primarily to just the lightest scalar singlet so. This
decays mostly to bb, leading to more jets than leptons and thus weaker constraints on the
vector-like lepton masses.

We have also calculated the production cross-sections for scalar singlets, which may in
principle be constrained by Higgs boson searches and measurements. We find that Higgs
searches have no impact for our benchmark points, due to the very small mixing between
the scalars and the SM Higgs, as given in table 3. The singlet production cross-sections
in standard Higgs production channels are ~ 1073 fb for benchmarks A and B, and hence

- 11 —
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Figure 1. Exclusion limits for benchmark points A — D with varying M, generated using
CheckMATE. The ordinate r is the ratio of predicted to observed signal events for the most con-
straining analysis. Points above the r = 1 line are excluded. For benchmark point C, the initial
increase in r for low My, is due to relaxation of the kinematic suppression of ¢ decays to the heavier
scalar singlet.

unobservable even at the HL-LHC. The cross section for benchmark C' is larger at ~ 0.1fb,
but this leads to no constraints from currently available searches. In principle the scalar
mixing could be larger, which could lead to significant constraints that require a more
in-depth analysis. See, e.g., refs. [44, 45] and references therein. However, a larger mixing
does not reduce the lower bound on the ¥ masses and is thus uninteresting in the context
of the viability for this model to generate a baryon asymmetry. We have used small mixing
terms for simplicity.

Singlet pair production is also possible. In the SM, Higgs pair production is due to
a triangle and box diagram, which interfere destructively. Singlet pair production via
an intermediate off-shell SM Higgs (via the triangle diagram) is not suppressed by the
singlet-Higgs mixing angle. However, the box diagram is suppressed by two powers of the
mixing angle and is thus negligible in our model. We therefore expect that this leads to
an O(1) correction to the dihiggs production cross-section at the LHC. Given that this
process is not expected to be observed until the end of the high-luminosity LHC run, this
is unconstrained by current LHC searches [46]. We refer the reader to refs. [44, 45, 47-49]
for discussions on singlet pair production at current and future colliders.

Finally, the vector-like leptons also lead to a correction to the Higgs diphoton decay
rate. However, as we consider the scenario where the 1 Higgs Yukawa is of the order of
the 7 Yukawa, the correction is negligible compared to the SM contributions and current
experimental accuracy.

We conclude that scalar mixing is critical for a low mass bound and that M, 2 500 GeV
is likely a strong enough requirement to satisfy current collider bounds, though the specific

. A .
lower bound will depend on #j;; and may in some cases be larger.
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(a) de" " (b) dZ%, dy®:

Figure 2. Electron EDM contribution arising from new interactions. CPV comes from either
phases in the weak currents or phases in the new scalar-fermion interactions which arise through
scalar mixing. Mirrored versions of the second diagram (i.e., Z > ¢;, £~ +» £T) also contribute.

3.2 Electron electric dipole moment

The electron EDM d. provides a strong constraint on new CP violation. For large phases
this will lead to constraints of the sizes of the Yukawa couplings, scalar mixing, and -
L mixing. Current experimental measurements place the upper bound on the electron
EDM [50] at,

|de| < d®P* =1.1-107% ¢-cm (90% CL). (3.2)

We consider contributions to the electron EDM via the two two-loop Barr-Zee style dia-
grams shown in figure 2. The relevant EDM formulae used to obtain numerical results are
provided in appendix A.

The diagram in figure 2(a) could produce EDM contributions due to new CPV in-
teractions in the charged weak currents, as is the case in vector-like quark models [17].
This diagram relies on a relative phase between the left- and right-handed charged weak
current interactions with d%¥ "~ oc Im | ML (M R)T}, where MR are the left- or right-
handed weak current mixing matrices that are given in appendix A.l. However, in our
scenario, these matrices are real, such that there is no EDM contribution from this dia-
gram. This can be attributed to the lack of a right handed v, for the N to mix with. We
do, however, obtain nonzero EDM contributions driven by scalar mixing, as in diagram
in figure 2(b). These contributions are similar to those that appear in supersymmetric
models with chargino and neutralino loops and thus we make use of the formulae provided
in ref. [26] to evaluate these contributions.

Substituting the scalar and ¢ masses into the EDM loop functions yields expressions
for the EDM contributions as a function of phases, Yukawa interactions, and mixing angles,
though the latter are not independent of the masses. Doing so for benchmark A or B and
retaining only terms first order in mixing angles we obtain

Z dz(bi ~ — (56.2 |/\1l”/)1| ’Plg sin 52 +21.2 |)\w¢,2| Plg sin (53) . 10_29 e - cm, (3.3&)

1
Z deZ@:
i

Q

(7.90 ‘>\¢¢,1| P19 sindy + 7.60 |/\¢¢2| P13 sin 53) . 10_29 e-cm, (3.3b)
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Benchmark A, B C
de (e-cm) | 3.02-10731 | 1.07-1072°
S 0.0275 0.978

Table 5. Numerical electron EDM results for benchmark points, including the ratio with respect
to the current experimental bound given in eq. (3.2). The results of benchmark points A and B are
approximately equal as they only differ in the A;z, Yukawa coupling which plays a subdominant
role here.

where P;; are the components of the scalar mixing matrix defined in section 2.3, with
numerical values given in table 3.

The contribution of the CPV phases d; and d4 to the EDM are suppressed relative
to the d2 and 43 contributions by an additional factor of the L—¢ mixing angles 6r,/g.
This is because the diagram shown in figure 2(b) that involves the Yukawa couplings Az,
and Yy, associated with these phases requires non-zero L < ¢ flavor changing neutral
currents. These are proportional to the mixing angles 67,. This is not the case for the
Ayyi couplings associated with the d2 and 3 phases.

Full numerical electron EDM results for benchmarks A-C' are given in table 5. The
predicted values for benchmark A and B are two orders of magnitude less than the current
bound, whereas benchmark C'is on the edge of being excluded at 90% confidence level. The
EDM is much larger in benchmark C' as it has significantly larger b; couplings which lead to
scalar mixing. No results are given for benchmark D as it does not feature scalar mixing,
such that there is no two-loop electron EDM contribution and a higher order calculation is
required. An increase in the sensitivity of EDM experiments by two orders of magnitude
would place severe constraints on the scalar mixing matrix and the Ayy; couplings.

3.3 Lepton phenomenology

We will briefly discuss corrections to lepton universality and Z/W couplings. Because the
new particles couple only with third generation leptons, we do not obtain a contribution
to lepton flavour violating decays. However, the new particles modify the couplings of the
weak gauge bosons to 7 and v,. The weak currents and Yukawa interactions are provided
in appendix A.1. Due to the mixing between 7 and E the Z7rTr and W* v, interactions
are modified,

2 1 1
i% D S—“’T’V’LIP’RT - — <512” + = sin? 93) TYHPRT, (3.4)
Cw Cw 2
1 1
j{,‘v, D —7Y'Prv, — ——=cosO 7V Pru,, (3.5)

V2 V2

where ¢, and s,, are the sine and cosine of the weak mixing angle, and Py, r are the standard
left- and right-projection operators. There is no correction to the Zr;7; vertex. The
corrections to the weak-current couplings lead to small deviations from lepton universality.
As an example, the 7 decays will be modified due to the non-unitarity of the standard 3 x 3
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Upyns. The 7 — vl decay rate T';
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Figure 3. Vertex corrections to Z couplings with 7 and v, as a result of the new particles.
Cancellation of divergences necessitates the inclusion of diagrams with Goldstone bosons.

is proportional to
3

Ty oc Y |(Upnins)sil® ~ 1 — 07, (3.6)
i=1
where the unitarity of the PMNS matrix is recovered in the 67 — 0 limit. Note that these
universality-violating effects are second order in the mixing angles 6, and fr. Using the
mixing angles in the benchmark points listed in table 3, the corresponding universality-
breaking corrections will be of O (10*7).

There will also be a contribution to the 1-loop Z77 coupling from vertex corrections
of the types shown in figure 3. While superficially divergent, the divergences cancel af-
ter including diagrams with Goldstone bosons and accounting for the 7 wave-function
renormalisation. Evaluating the relevant loop diagrams using Package-X [51] and insert-
ing the benchmark couplings and mixing angles, we find that this vertex correction is
~ 0.01220
found in vector-like quark models [52], as the latter feature factors of m;/M,, rather than

~ O (10_9). This correction is many orders of magnitude smaller than those

m. /My, and generally consider much larger Yukawa couplings than those considered here.
Corrections to the weak gauge couplings of this order of magnitude are easily small enough
to avoid existing constraints on lepton universality and Z-coupling measurements [53, 54].

4 Electroweak phase transition and baryogenesis

This section is separated into three parts: an overview of EWBG, a discussion about the
EWPT and bubble nucleation, and a discussion of the transport dynamics around the
moving bubble wall. Our methodology for EWBG closely follows that of refs. [15, 55].

4.1 Overview of EWBG

Electroweak sphalerons are anomalous processes that violate B+ L while preserving B — L.
Prior to electroweak symmetry breaking, the rate for these processes is relatively rapid, be-
ing proportional to the temperature 1. The presence of a non-zero chemical potential, iy,
for any fermions carrying SU(2), charge can act to bias the electroweak sphalerons to pro-
duce a net B + L charge density. If the EWSB transition is sufficiently out-of-equilibrium,
the net B + L charge will be preserved in regions of broken electroweak symmetry before
minimisation of Gibbs free energy drives B + L — 0.

A first order electroweak phase transition can provide the necessary conditions for this
B + L production and preservation if the effects of CP-violation generate a sufficiently
large left-handed fermion chemical potential and if the degree of sphaleron “quenching”
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is sufficiently strong in regions of broken electroweak symmetry. The transition proceeds
via the nucleation and expansion of the bubbles of broken electroweak symmetry. In the
present scenario, the VEVs of the SM Higgs doublet and the scalar singlets evolve, varying
across the bubble walls. The corresponding CP-violating Yukawa interactions generate a
non-zero iy, as described in detail below. This left-handed charge diffuses ahead of the
expanding bubbles, thereby biasing the electroweak sphalerons into net B + L generation.
The expanding bubbles capture the resulting asymmetry, preserving it if the sphaleron
transitions are sufficiently quenched inside the bubbles.

The degree of preservation is governed by the broken phase EW sphaleron rate I'wg
that is exponentially suppressed as

Tws(T) = A(T)e Pws/T, (4.1)

where Fysg is the weak sphaleron energy and where the prefactor A is a function of T'. The
value of Eywg can be related to a T-dependent energy scale v(T") associated with electroweak
symmetry breaking. For a discussion of the relationship between v(T") and the scalar field
VEV and the associated issue of gauge invariance, see ref. [56]. It is conventional to write

4B

Bws = o(T), (4.2)
where g is the SU(2), gauge coupling and B is a computable function of g and the other
couplings in the gauge-Higgs sector. Note that both A and B will vary depending on the
representation of the EW symmetry breaking scalar [57-59]. Preservation of the B + L
asymmetry requires a sufficiently large Ews/T at the the bubble nucleation temperature
Tn, which typically lies just below the critical temperature of the transition Tr. A first-
order phase transition that satisfies this requirement is dubbed “strong”, a characterisation
that is usually translated into the requirement that

(Tc)
Te

=1

>0(1). (4.3)

For recent discussions of sphaleron rate computations in perturbation theory and the as-
sociated theoretical uncertainties see, e.g., refs. [56, 58-60].

The dynamics of the expanding bubbles, together with the CPV transport dynamics,
constitute the crucial elements for generating the left-handed number density that catalyses
B + L generation. In what follows, we concentrate on the transport dynamics but note
here the importance of the bubble expansion rate, characterised by the wall velocity w. On
the one hand, one must have w > 0 in order to generate any asymmetry (see below). On
the other hand, the expansion must be sufficiently slow to allow the left-handed number
density to diffuse ahead of the advancing wall and “seed” the EW sphalerons before they
are quenched in the bubble interior. For a detailed discussion of the bubble dynamics and
wall velocity, we refer the reader to refs. [61-63].

For purposes of analysing the CPV transport dynamics, it is conventional to treat
the bubble wall as a flat plane moving with a constant w. Under this assumption, the
primary inputs needed are the specific CPV interactions, T', w, and the bubble wall profile

~16 —



as a function of the direction normal to the wall. As a result, the procedure of evaluating
the asymmetry generated by a given model during the EWPT can generally be split into
two steps: verifying the presence of a strongly first-order electroweak phase transition
and obtaining the moving bubble wall information, and then solving a system of out-
of-equilibrium transport equations to compute the final baryon asymmetry. For a more
thorough review of EWBG see [64-66].

4.2 Electroweak phase transition

In this section we outline our treatment of the electroweak and the selection of the bench-
mark points listed in section 3. Our goal is not to perform a comprehensive study of
the model parameter space that yields a strongly first-order EWPT but rather to identify
illustrative parameter choices for use in the treatment of the transport dynamics.

To that end, we will employ the high-temperature effective potential which is acquired
by adding thermal mass terms to the tree level potential,

. 1 1
Vhlgth =Vo+ 5m%{HTHT2 + 55777%1 S%Tz + §6m§25§T2, (44)

where V{ is the tree level potential given in eq. (2.8), and the thermal masses (5m§( are
computable in terms of the benchmark model parameters and are listed in table 9 within
appendix B.1. This treatment has the advantage of being directly gauge-independent,
numerically fast to evaluate, and still yields results comparable to a more thorough gauge-
independent treatment, as seen in ref. [60]. Note that, in this context, the scalar field VEVs
are manifestly gauge invariant, and we will identify these VEVs with the corresponding
scale ¥ introduced above.

In order to find benchmark points that yield the desired phase transition, we performed
a random scan over the scalar potential parameter space and utilised a modified version of
the CosmoTransitions package [67] to determine T, the nucleation bubble wall profiles,
and the bubble nucleation probability density per unit time [68],

S\ —s/T
FHUC:T ﬁ (& s (45)

where S is the three-dimensional Euclidean bubble action. The expected number of bubbles
in a Hubble volume is then given by [69],

Te
vy = [ Fa (4.6

The corresponding nucleation temperature is defined by the criterion

(N(Tn)) 21 (4.7)
4m3g, T ?
= The(Ty) 2 H(Tn)' = | =25 (4.8)
45mpl
S 3. 8 Ty
< _ _ v
= T QIHTN < 173.8 — 2Ing, 41nGe , (4.9)
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Figure 4. Phase transition results for benchmark point A showing, as a function of temperature:
(a) relative depth of minima of potential, and (b) distance of minima from the origin. The crosses
and black lines indicate the nucleation temperature.

where g, is the effective number of relativistic degrees of freedom and my, is the Planck
mass. This Ty is then used throughout the remainder of the EWBG calculation.

The results of using CosmoTransitions to trace the minima of the effective potential
for benchmark point A are shown in figure 4. As the temperature decreases benchmark
point A exhibits two second-order phase transitions where the scalar singlets gain their
VEVs. Eventually there is a strongly first-order electroweak where the Higgs gains a VEV
and the scalar singlets lose theirs. Such a phase transition will result in a potentially
observable gravitational wave signal [70-74]. It should be noted that if the preceding
phase transitions where the scalar singlets gained their VEVs were also first order, these
transitions would also produce gravitational waves. When combined with the gravitational
waves from the Higgs phase transition this would lead to a multi-peaked gravitational wave
power spectrum that is characteristic of multi-step phase transitions [69, 75].

Determining the wall velocity and moving bubble wall profiles is a complicated task
requiring solving a set of integro-differential equations [61, 62]. However both nucleation
and moving wall profiles are generally well approximated by hyperbolic tangent profiles
with a characteristic wall width L,

vi(2) = A;" (1 + tanh (%)) . i€ {H, S, 5}, (4.10)
(2

where z is the distance from the planar bubble wall and z > 0 corresponds to the inside of
the bubble where the SM Higgs has a non-zero VEV.

The finite width of the wall can be neglected in the limit where the width is small
relative to the distances that particles diffuse ahead of the wall. In the thin wall limit
the reaction rates and CPV source terms can be well approximated by step and delta
functions, respectively. The typical reaction-diffusion distances for particle species are
given by \/D/T", where D is a diffusion constant arising due to scattering interactions
with the plasma, and I is a dominant relaxation rate that drives a species back towards
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Figure 5. The radial nucleation bubble wall VEV profiles of the electroweak phase transition for
benchmark points A and C. r = 0 is the centre of the bubble. The thin black lines are fitted
hyperbolic tangent functions, eq. (4.10). The profiles for benchmarks B and D are approximately
equivalent to those of A and C|, respectively.

T (GeV) | LyT | Ls,T | Ls,T | 62uT | 625,T | 625, T | B | 2051 | 205

A 95 3.11 | 2.68 2.76 0 0.441 | —-1.17 | 1.73 | 0.715 | 0.889
C 105 3.68 3.8 2.75 0 —1.38 | 0.361 | 1.25 | 0.525 | 0.561

Table 6. EWPT Temperature and rescaled VEV-profile parameters for eq. (4.10). The parameters
for benchmarks B and D are approximately equivalent to those of A and C, respectively.

equilibrium. In our model the particles responsible for biasing sphalerons to generate the
asymmetry are leptons, which diffuse much further ahead of the wall than heavy quarks
do. This is in part due to larger diffusion constants as a result of leptons not being charged
under SU(3), and in part due to smaller relaxation rates as a result of smaller Yukawa
couplings. Hence, we find L < y/D/T", and will neglect the finite width of the wall.

However, as will be shown in section 4.3, the magnitude of the CPV source term is sen-
sitive to the relative magnitudes of the VEVs within the bubble wall, and thus an accurate
expression for the moving wall profiles is still necessary to evaluate the source term. For this
purpose we utilise the nucleation bubble wall profiles as obtained by CosmoTransitions.
The profiles for benchmarks A and C' are shown in figure 5 along with fitted tanh-functions.
Parameters for the fitted profile functions, as defined in eq. (4.10), are given in table 6
along with the nucleation temperatures. The differences in the phase transitions between
benchmarks A and B are negligible, and similarly for C and D. Studies of moving wall
dynamics typically find wall velocities w ~ 0.1-0.3 [61-63], so for our benchmarks we will
take w = 0.1.

Note that in general the nucleation VEV profiles differ from the moving wall profiles.
In particular, the wall widths of moving walls tend to be smaller than the nucleation widths
by a factor of 2-4 [61]. However as mentioned earlier, we ignore the finite width of the
wall and will ignore this scaling. It should be noted that other studies of EWBG have
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found that the asymmetry scales as 1/L. This is a result of the formalism used to derive
the CPV source terms. As will be discussed in the next section, our CPV source term
is proportional to the first derivatives of the VEVs. Studies using the semi-classical force
approximations instead find source terms proportional to the second derivative [76, 77].
This would introduce an additional factor of 1/L and explains the discrepancy.

The presence of non-zero singlet VEVs in the unbroken phase will introduce a mass
term that leads to mixing between the 1 and SM leptons. The singlet VEVs modify the
Dirac mass terms,

M¢ — Mw + /\¢¢1v51 + /\wwzvsz, MLw — ML¢ + )\Lwl'USl + /\L¢2052, (4.11)

where My, is the mass term that we removed via a field redefinition in section 2. This new
mixing term can once again be removed in the singlet phase via the same transformation,
eq. (2.5), with My, and M1, appropriately modified. We perform such a rotation and work
in the mass basis within the singlet phase. As a result, the ¢ and Ls Yukawa couplings that
will appear in the following sections will be primed to denote the fact that they correspond
to the transformed Yukawas, as given by eq. (2.7), not the zero temperature Yukawas. A
benefit of the singlet VEVs is that if the Ay, couplings have the right phases, they can
drive the 1 to be lighter in the early universe than they are at zero temperature, which
results in an enhanced asymmetry. The benchmark Ayy,; and their phases were selected
such that this is the case.

4.3 Quantum transport equations

The baryon asymmetry is generated by electroweak sphalerons acting on the net density
of fermions charged under SU(2) that are diffusing ahead of the bubble wall. Computing
this number density requires solving a set of transport equations of the form

2
I z) = — Z %Fij...(x)(ﬂi — i+ )+ STV (2), (4.12)
r

where JZ-)‘ and u; are the number density current and chemical potential of particle species
i. The I';; . are equilibration rates that arise due to various interactions in the plasma,

CPV
S )

while is a CPV source term arising from interactions with the bubble wall. The

number density and chemical potential for species 7 are related as

3
WZM—M:%/££NMMWMU”W%WﬁM»

_ ki(m;/T)T?

i+ O (u}/T%). (4.13)
6 [ xe” m?
rm/T) =iy [ et T

where n¢(w, ) is the fermion distribution function and g; is the number of degrees of
freedom associated with the particle species. Treating the bubble as a flat plane moving
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with speed w, employing the diffusion approximation J= —Dﬁn, and using eq. (4.13), we
can re-write eq. (4.12) as

9 0’ ni Ny CPV
wo—ni(2) = Dimg—ni(2) = — ;rijm(@ (k % - ) + SCPV(2). (4.14)
We use the diffusion constants D; derived by ref. [78], which are provided in appendix B.1
along with the thermal masses and widths. The fermion diffusion constants were derived for
massless particles and arise from their gauge interactions. Even though the v are massive,
for now we simply assume D, ~ Dy, and will briefly investigate the dependence of the
final asymmetry on D,.

Calculating the rates I';;, and CPV source terms SEPV

requires the use of out-of-
equilibrium finite-temperature field theory. We will use rates and source terms calculated
using the VEV-insertion approximation (VIA) [55, 79, 80], which itself relies upon the
Schwinger-Keldysh closed time path framework. The VIA formalism utilises self-energy
diagrams, such has the one shown in figure 6, to compute the reaction rates and source
terms for the species in the thermal bath through the use of VEV-insertions. A more
thorough treatment necessitates a VEV-resummation, resulting in a spatially varying mass
matrix and flavour oscillations. The VIA is an estimate of the contribution to the source
due to flavor mixing that arises at first order in a gradient expansion across the bubble wall.
The VIA formalism may overestimate the generated asymmetry, and the results ought to
be considered illustrative of what may be expected from such a model. For a more thorough
review of the theoretical issues see ref. [65]. For a discussion of terms arising at second
order in gradients, we refer the reader to ref. [81]. We also refer the reader to refs. [82]
and [83] for discussion of these issues in the context of flavor mixing involving scalar fields.
We do not give detailed derivations of the rates and source terms in this paper. Instead
we provide an overview of rates involved along with the full system of transport equations,
and then give analytic formulae and numerical results for the rates and source terms in
appendix B.3.

When performing the VIA derivations, the type of diagram shown in figure 6(a) gives
rise to two equilibration rates and a CPV source term. These equilibration rates, which
we denote as Fi BSiH (1A £ pp), are proportional to the product of the VEVs of S; or H,
and hence have a spatial dependence across the bubble wall. The CPV source term arising
from the VEV insertion, denoted SSEV, is non-zero only within the bubble wall when the
VEVs are changing. The absorptive parts of Yukawa-loops, shown in figure 6(b), give rise
to equilibration rates, I'ap s, 1 (pa — pp £ s, 1)- These rates also acquire some spatial
dependence as the masses of the particles in the diagram will vary across the bubble wall.
Additionally, strong and EW sphalerons will also act on the number densities. The effect
of the sphalerons is to introduce terms proportional to

T T?
GTws D Bug,+ ) and T D (2ng, — e (4.15)
K2 7
where I'yys is the EW sphaleron rate, I'ys is the strong sphaleron rate, u; and d; are the
three generations of right-handed SU(2) singlet quarks, @; are the three generations of
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Figure 6. Self-energy diagrams that contribute terms to the transport equations, including; (a)
VEV-Insertions with spatially varying VEVs that will provide a CPV source term Sggv and an
equilibration rate I‘i B s, n acting on the fermions, and (b) Yukawa-loops which just provide an
equilibration rate I' 4p g, 7 acting on all of the particles in the diagram.

left-handed quark doublets, and L; are the three generations of left-handed SM lepton
doublets. We approximate the sphaleron rates as [84-86],

Tws = 6kws Tad,  T'ss = 6rgs Tal, (4.16)

with kws = 20, kss &~ 14, and I'wg exponentially suppressed within the bubble such that it
is effectively zero as far as the transport dynamics are concerned. In summary we have have
a combination of VEV-insertion, Yukawa-loop, and sphaleron equilibration rates driving
the number densities back to zero while a CPV term, which is non-zero only within bubble
wall, provides the source for the number densities that diffuse into and ahead of the bubble.
EW sphalerons acting outside of the bubble may generate a non-zero net baryon density.

We can simplify our system of transport equations by reducing the number of species
to be considered via some equilibrium considerations. Due to rapid weak interactions we
take the components of the SU(2) doublets to be in equilibrium, such that for the third
generation leptons we have

Wrp, = My, = [Lgy MLy = Ny + Ny kL;; = kTL + kVTa (417)

with similar relations holding for other doublets.

At this order our treatment will only provide a CPV source term for the SM third
generation leptons and 1 via their scalar singlet Yukawas. Non-zero densities for the other
particles are introduced only via EW sphalerons, or via the 7 or ¥ Yukawa couplings to the
Higgs. As the 7 Yukawa is relatively small, and as the benchmarks under consideration have
an even smaller 1) Yukawa, we can simplify our system of equations by neglecting these
Yukawa couplings as their resulting reaction rates are 2-3 orders of magnitudes smaller
than the relaxation rates arising from the )‘,Lw couplings. Then as the strong sphaleron
rate equilibrates left and right handed quarks faster than the weak sphalerons produce
them, and as the sphalerons act equally on all generations, we can use

[ = PLy = [Ly) ke =kr, + kL, ng =np, +nL,, (4.18a)

Py = by = fld, = 1Qys kg = D _kQ, + kuy +kayy Mg =D 1@, + N, +ng,. (4.18b)

(2
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It should be noted that while the top quark Yukawa interactions are fast, they drive
Qs — Hds — i — 0. Hence they will not change these relations if there is no source for
wr- The first part of eq. (4.15) then reduces to

ng ng N,
I'ws <9 y + 2k£ + kL3> . (4.19)
When I'yg is much smaller than all other relevant reaction rates, it is reasonable to decouple
the weak sphaleron rate from the system of transport equations and compute the resulting
baryon asymmetry in two steps: first, compute the left-handed chiral charge; second, use
the latter to compute the B+ L asymmetry from the sphaleron rate equation [15, 55, 87]. In
the present case, however, we will find that the weak sphaleron rate (~ 5-10~% GeV) may
be comparable to the L and 1 relaxation rates (~ 1073-10~2 GeV in benchmark A). Thus
we will instead include the weak sphaleron effects into our system of transport equations.

Using the previous approximations, we obtain the following set of coupled transport

equations:
w%nw(z) - Dwgin,p =— (FZWSZ- +Traps, + Fng/;SQ) (Z:Z - ZZ)
— T s, <ZZ + ZZ’) + Sy (4.20a)
wainL3 — DL3§22Z71L3 = (szsi +Traps, + FngS2> (Z:f — ZZS)
+ T s, (Z;f + Zij) —Tys (9ZZ + 2% + ZZ’) — SRV,
(4.20b)
w%ng - Dgaajzng = — 2lws (97;;1 + 2% n Zj:) : (4.20¢)
w%nq - ana;nq = — 9T (97;;1 + 2% + Z:) . (4.20d)

The relevant equilibration rates and CPV source terms are given by,

" d d
SEPY (2) = —2Im [Ny N Lo (vsl(z)dtUSQ(z) — ’USQ(Z)dt’U,gl(z)> A%, (4.21a)
12 ,
Plyus, = 73 Now1vsi (2) + Apyavs, (2)| " ALy, (4.21D)
12 )
Pryps, = T2 | Mol ” I (my, mr,msg,), (4.21c¢)

The A%jw are numerically evaluated integrals that appear when evaluating the rates arising
from the VEV-insertion diagrams. Similarly the Ir function is a numerically evaluated
integral arising from the Yukawa-loop processes that are dependant on the thermal masses
of the particles in the loop. The thermal masses are given in appendix B.1, and the formulae
for A0 and Ir are provided in appendix B.3 along with numerical values for the reaction
rates in benchmark A. We also consider a more complex system of transport equations,
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Benchmark A B C D
YEPPOX 1010 | 1.97 | 247 | 1.15 | 1.15
VAU 1010 | 1.95 | 2.45 | 1.14 | 1.14

Table 7. Baryon asymmetry generated by each benchmark point using the full and approximate
system of transport equations.

outlined in appendix B.2, which is suitable when the ¢ Yukawa is large and we can no
longer use some of the earlier simplifying assumptions.
Note that due to the mixing induced by the singlet VEVs the couplings leading to a

nonzero CPV source term SV

o Tm[A7 ;N 0], are a non-trivial function of the Az,
Aypis and their associated phases 61-03. The d4 phase does not contribute since introducing
its associated Yukawa coupling Yy, needs a Higgs-VEV-insertion. The only way to construct
self-energy diagrams of the type seen in figure 6(a) is to have two such insertions, leading
to CPV sources proportional to terms like Im [Y&Y’ ;Z] =0.

This system of four linearly independent ODEs are solved numerically using a technique
similar to the one outlined in appendix C of ref. [15]. The approach outlined there treats the
VEV and mass dependent rates as a step function across the bubble wall. We go one step
further and also treat the source term as a delta function, which introduces negligible error
for the bubble wall lengths that we consider. A more thorough treatment only becomes
important once the scale of the wall width L approaches that of the typical diffusion-
reaction distance, when we no longer have L < y/D/T". Once the transport equations are
solved, the asymmetry is given by dividing the baryon-density deep inside of the bubble
by the entropy density s,

2 2
Yp = gl +o0) 5= 72159*

T3 = 108.75. 4.22
38 ) .g* ( )

4.4 EWBG results

The resulting baryon asymmetries generated by each of the benchmark points are listed in
table 7, for both the simplified and full system of transport equations as given in section 4.3
and appendix B.2, respectively. The number densities obtained by solving the simplified
system of transport equations for benchmark A are shown in figure 7, where the bubble
wall is located at z = 0, with z > 0 corresponding to the interior of the bubble. The
number density profiles obtained for benchmark A are illustrative of those obtained for the
other benchmarks. The effects of varying some of benchmark A’s parameters (Aryi, Apyis
My, and Yy,), the bubble velocity w and the diffusion rate D, are illustrated in figure 8.
As the simplifying assumptions used to obtain the simplified transport equations no longer
hold when Yy, becomes large, we have used the full system of transport equations for the
contour plots.

Figures 8(a) and 8(b) show the dependence of the asymmetry on the scalar Yukawa
couplings. If [Aryi| < |Ayyil, the role of the Ay, is to generate mixing between the 9
and L3 and produce large )\’Lwi which lead to a non zero CPV source term as given in
eq. (4.21a). The Ayy; play a dual role of both reducing the mass of the 9 in the singlet
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Figure 7. Number densities around the bubble wall for benchmark A using the approximate
system of transport equations. Using the full system of equations leads to no visual difference. The
green dashed, blue dash-dotted and red dotted lines indicate the i, L3, and total quark number
densities, respectively. The region z > 0 corresponds to the inside of the bubble, where SU(2)
is broken.

phase, and contributing to /\'sz‘ and hence the CPV source term. Note that in figure 8(b)
there is a ring where the generated asymmetry crosses through zero. This occurs due to a
cancellation of the imaginary parts of the AOqup function, which appears in the expression
for the CPV source term eq. (4.21a) and is given in eq. (B.6a).

Figure 8(c) shows the dependence of the final asymmetry on the bubble wall velocity
and 9 mass. The decrease in the asymmetry when w becomes large is due to the inability
of the particles to efficiently diffuse ahead of the wall, while the decrease for low w is a
result of the CPV source term being proportional to the velocity. Meanwhile decreasing the
1 mass increases the resulting asymmetry, with a resonance occurring when My, ~ my,,.

Figure 8(d) shows that variations in Dy, or Yy, results in a relatively small change in the
final asymmetry. The error introduced by utilising the massless fermion derivation of the
diffusion constant (D, = Dy) is thus likely negligible compared to other factors affecting
the asymmetry generation. The asymmetry is much more strongly dependent on Dj as
the left-handed leptons diffusing ahead of the wall are what directly bias the sphalerons,
and Dy, only acts to effectively modify the rate with which the L3 equilibrates.

5 Conclusion

We have investigated the capability of vector-like leptons and scalar singlets to generate
the observed baryon asymmetry, with an emphasis on the phenomenology of such a model.
The singlets are necessary to induce a strongly first order electroweak phase transition.
The vector-like leptons introduce the CP-violating interactions with the singlets and SM
leptons needed to generate asymmetry during the electroweak phase transition. Unlike
some other electroweak baryogenesis models featuring vector-like fermions [19, 20, 22], this
model shares a trait with multi-step EWPT models [15] in that the necessary CPV does
not come from interactions with the SM Higgs but from the new scalar content.
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Figure 8. Contour plots showing the variation in the generated asymmetry as some of benchmark
A’s parameters are varied, with the original benchmark values indicated by a red point. Y, and
Dy, are held constant and used as reference values for the axes. The colour-mapping is different for
each subplot. Darker colours indicate more asymmetry, brighter colours indicate less.

From collider constraints we found that the presence of the new scalars will generally
lead to a larger mass bound than minimal vector-like lepton models unless mixing is in-
troduced in the scalar sector. The scalar mixing then provides the primary contribution
to the electron EDM. However, the generated electron EDM is still a couple of orders of
magnitude below current experimental bounds. An increase in the lower bound on the
masses reduces the capability for asymmetry generation. This effect can be offset slightly
by using large Ayy; Yukawa couplings and selecting their phases to make the vector-like
fermions lighter in the early universe. However, the Yukawa couplings considered in our
benchmarks are already uncomfortably large, a factor of three larger than the top quark
Yukawa. Additional, it is these couplings and their phases that provide the dominant
EDM contribution. Hence increased collider constraints alongside more precise electron
EDM measurements will be sufficient to rule out this model.

The model examined in this paper, which is complementary to the one in ref. [18§],
indicates that scalar singlet plus vector-like fermion models can readily generate the ob-
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served baryon asymmetry during the EWPT. There are a number of areas in which further
work could be pursued, including more thorough investigations of the moving wall dynam-
ics, going beyond the high-temperature approximation for a more rigorous treatment of
the EWPT, and resolution of uncertainties in the accuracy of the VEV-insertion approxi-
mation formalism. A better understanding of these issues would lead to a more accurate
determination of the allowed parameter space of our model.
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A Electron EDM formulae

A.1 Mass basis weak currents and Yukawa interactions

As mentioned in the main text, the notation we use for the weak currents and Yukawa
interactions are selected to match the notation of ref. [26], such that it is straightforward
to apply their general electron EDM formulae if one makes the following replacements,

h07H0_>¢ia X(; _>5a>

Al
i — P, X5 = N A

We define a matrix M such that after moving to the mass basis the charged weak cur-
rents become,

1 1 -

kD —FyPPLy, + —=EAMN

Iw \/§ Y rLvr \/E Y (AQ)
= & (MFPL + MPPR) N,

where Py, p are the standard left- or right-projection operators. Similarly for the neutral
currents we define a matrix G such that,

1 1\ =
cwjg O 7y <s12ﬂ — 2IF’L) T+ (3121; — 2) EAME

=& (GRPRr + G'P) €.

(A.3)

For the Yukawa interactions we define matrices D; such that,

h _ _
7 (YpE + Y. 7) Ppr + Z si (Apgi B+ A\pyi™) PRE + h.c.
i (A.4)

- \gz & (DFpg + DFPL) €,
w
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Using the mixing angles and phases defined in section 2, these matrices are given by,

—1 | cosf sinéy —1 | cosfr O
V2 [— sin 6, cos@L] ’ V2 [— sin Og ()] ’ (A-5a)
2 1

ab_ (2 L)1 0 sw? — scos’fg  1sin(20p)
w2 01 2
[ \/ﬁ\)\,wﬂeiézpu + ﬂ|)\¢¢2|6i53'P13 + |Y¢|0R |Y¢| +6.Y,

% sin(20R)  sw” — % sin? O
€ [ V2(ALy1[efC1T00Pry + V260N o Prs + ORY, Vi — [Yy|0p
Sw _\/§ (ei62|)\w¢1| + |)\¢¢2|6i537323 + \AL¢1|ei(51+54)0L) —|Y¢‘P12 — \/§\>\¢¢1|ei5293

Gl =

] . (A.5b)

, (A.5¢)

S
2
|

DR ~— . . . . ’
”2 € V2 (DN Ly | + €N LyoPas — [Apyp1[€20r) = V2| AL [T — ProY;
(A.5d)
Dt 5w V2(EP vl = Apunle®Pas + P hr0fr) - —[YylPrs - ﬂl%wl@“”ﬂ
b3 € |V2 (€9 ALy — ALy |0 Poy — [Apyol€®0)  —v/2604 A0k — PisYs )
(A.5e)
L R
Dj, = (D). (A.5f)

In the expression for D; provided above we have dropped any terms second order in mixing
angles P; j«; and 0/, though the numerical calculations included these terms.

A.2 EDM formulae

Using the notation introduced in section A.1 and the results from refs. [17, 26, 89], the
primary contributions to the electron EDM are given by

3
=3 ) el o
i=1
Py me L0, 2am)
poi_ €@*Pa e Im(D? VM / g 20=)) A7
e 8\/§7T2312U mwmi ; ( d)v,,aa) Ea 0 :L'(l — l’) ( )
eaPy (s2 _;) m 2
dZ<Z5z' = 2 w 2 e Im GRDR_ —GL DL_ -
‘ 8V2r2c s, mwm3, G%Z:I (GabDgipa = Gab Dgpa) e,
1
L. Lreh +(1—JJ)’/’5 bi
e p o A8
g /0 Y (7’2@, z(1 —x) ’ (A.8)
2 2
“W— e MeMe, MA/; s iR
de "= - Z o m (Mg M)
s BTcwmyy
1 1—21 Zl Kaz'
x/ dzl/ 2y 22082 )z e (A.9)
0 0 (Kai - Z) Kai -7
Where we have used,
j(:U,y):i7 Z = (21 + 2)(1 -2z — ),
Y (A.10)

2

m
Ko =ryw + 2(re,w — W)y Taoy = —m;
y
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Particle | Q,d,u | L T H
D, T 6 100 | 380 | 110

Table 8. Diffusion constants for the transport equations as derived in ref. [78].

Particle om?/T?

H 203+ =07+ 3V P+ 2A+ 55 (b11 + bao)
S1 Fa1111 + $b11 + 5701122

Sy 302222 + §b22 + 5701122

Qi Lod+ B0+ gt + 5 (Yl +1¥a )
ui §93 + 1591 + g Y|

d; 193+ g0t + 1 Ya
Lis 5395 + 3391

Ls 3*?)29§+$9%+1L6(|YT/|2+|/\/Lw1’2+‘XLw2|2)
" Sof + 30Y/ P + [V

Y 593+ 3593+ 15 (Npua |+ Vol + 151" + Vo + Mool

Table 9. Thermal mass contributions for the fermions.

Substituting the matrices defined in eq. (A.5) one finds that in our case d¥¥ "~ = 0. To
first order in the mixing angles the only nonzero contributions to the EDM come from
terms proportional to (Di;R)ll, which correspond to Barr-Zee style diagrams involving an
ET-E~ loop.

B Thermal properties and transport equation functions

B.1 Thermal properties

The thermal mass formulae and diffusion constants used are given in tables 9 and 8 respec-
tively. For massless fermions the thermal widths at zero momentum are given by [90]

2
giTCR;
re YR (B.1)
(A

where C'r denotes the quadratic Casimir invariant. In the limit of masses heavy compared
to the temperature one instead has,

2
3 9; TCr
(]

which differs from the massless case by a factor of a half. The resulting widths for the

relevant particles are given in table 10.
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Particle r/T
v i

Table 10. Thermal widths used for the VIA approximation calculations.

B.2 Full system of transport equations

If the 7 and @ Yukawa couplings are not negligible, the system of transport equations
becomes significantly more complicated. We must then consider ngy, ng,, ny, in more
detail. Neglecting the Yukawa interactions of the lighter fermion, instead of eqs. (4.18a)
we will get

KLy = HLoy  HQ1 = HQ2s  Huy = Hup = Hd,- (B'3)

The full system of quantum transport equations to be solved is then,

w_ Ny Nrp  NH - Ny N
Opdy = = Vyrpn <kw -~ k‘H) - (Fngsi +Prsps; + FLsz/zSz> (1% - ,@3)

TR
n nr _ nw n+
-t &y s T R
Laps: (kw i kL3> et (kw ’%)
-t T T ) 4 gCPY (B.4a)
YyrrH Ky k’T‘R 3P
T nr, _ Ty nr
8#‘]153 :Fzsti (kw + kL3> + (F Lss; T Lyrys, + F¢L352> (kw kL3>
3 3
nr, Ny ng _ nr, n,
—TIy. = _ TR _ _Z )T — _ £ B.4b
farnil (kLs kTR kH) Letrll (kL;a kTR) ( )
3n nr,.
Lol \ kp, krq z]: ng k;Lj o
3nQ. ny.
b
ulr,, = —Tws ; ( ijJ + ij) ; (B.4c)
Thyp Nr ng _ Ty Nrg + Ty Nryp
T v TR i) T i)
Ol = Limu (’% Krp kH) v <kw km) v <k¢ i km)
L nr ng — nr nr
T s _ e _ NH Ly _ Ntr
T L (kLs kTR kH) - Letnll (kLs. kTR)
ny Ny
r; — A B.4d
+ LstrH (kL + k‘rg) ’ ( )
2nq; Nd., 3ng, nr;
0,Jh = —2T J————] —3r J 2 B.4
HYQ1,2 SSZ(kQ] u]- kdj> WS;(lﬁQ +ij)7 ( e)
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y | 3 |
ultl. = _2PSSZ< Lol —ZZ) —3PWSZ< no; +Zi) (B.4f)
uj : i

kq, ; — \ kg,
S <sz - Z—z + Zg) o <Z§: - sz>
~ Cgust (ZS: + Z::) ) (B.4g)
Oudly oy =0l , = Tss ; (2;23' - Zu“j - ZZ) : (B.4h)
Ol =8, J8 — 8,08 + 0, (B.4i)
0Tt = —Tovustt <Zz: - ZZ: + Zi) T (ZZ - % - 7;5) (B.4)

N, Nry  NH
r - — - —].
T Lerall (kLs kTR kH)

Here nyg = ny+ + nyo are the Higgs densities, and the scalar singlets do not appear as
they have zero chemical potential. Some of the relevant equilibration rates and CPV source
terms are given in egs. (4.21) while the remainder are given here,

D n(2) = 73 [Yoon (o) AL, (B.50)
U7 ait(2) = i [Vion () AT, (B.5b)
T ugi1(2) = 7 Voo (2) 2 A (5.50)
Upgrpn = % |YT'|2 Ip(mp, Mey, mp), (B.5d)
Cyrpir = 12 |Yw\ Ip(my, mey,, mp), (B.5e)
T Quuatt = i T2 Vo T g ). (B.56)

B.3 Transport equation formulae

The relaxation rates and source terms used in eqs. (4.21) and (B.5) were derived using
the VEV insertion approximation as outlined in ref. [55]. For the SM fermions, which
are massless prior to EW symmetry breaking, we make use of the interacting thermal
propagator that has particle (P) and hole (H) poles at energies k® = 5?_—,(7 (k) with residues
Z]);.f 1 (k), where we use X and Y to denote some SM fermion species. As the v Dirac mass
is significantly larger than the thermal mass, we can safely utilise the free, non-interacting,
thermal propagator. Following ref. [55], we introduce the thermal widths listed in table 10
by taking wy — ie = E(k) = wy — iI'. The rates and source terms are then given by,

k2 £y +k

Axw_lm/ nww{ 7 (Ep + EX)? (ns(8) % s (Ep)

Ey —k %

figw(”f(gw)—nf(gg )
P

Z*
+P(5¢
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Ey—k
Z s (ny (€ £
+ g, +EX) (np(Ey) +np(Eq))
Ep+k
X% P X
+ 2 &, — X (ng(Ep) —ng(E™)) | (B.6a)

< E2dk Ey+ k
Agy= -1 / ZE S0 () F hy(EX

* g _k *
+ 25 T (hy(Ey) F hy(E5))

Pe,—ex
Es—k
+ Zﬁ%jy{ (hy(Ey) F hy(Eir))
H
. Euth .
2 (e T (e |, (B.6b)
() H
*R2dk[ ZxZY
Ai:l/ PEE (hy(EX) F hy(€)
yx T g [51)3(+5113/(f(P)¢ 1(€p))
ZXZY* .
+ o (b E) F () + (P o m. (B.60)
. . 1
Ep(k) =wy(k) —iTy = \ k2 + M3 —ily,  np(x) = o (B.6d)
, et/ T

The formulae £ 1)3(, y(k)and Z ])Df (k) are derived in ref. [91]. Due to the large vector-like mass
the primary contributions to the integrals in Ag&i come from regions where the momenta
are much larger than the thermal masses of the SM fermion. In this large momentum
limit we have ZI)D( ~ 1, Z;{( ~ 0 so that these integrals are in agreement with those used in
refs. [18, 21, 87].

The Yukawa-loop self energy function Ir is taken from ref. [80],

1 > o
Ir(my,ma,my) = W(m% +m3 — m@/ dwr /_ dwg
mi w¢
X {nB(w¢)[1 - nF(wl)]nF(Wl - qu)
X [9(m1 — Mo — M¢) — 9(m¢ —mi1 — mg)]

+ nB(w¢)nF(w1)[l — np(wl + w¢)]0(m2 —mi — m¢)}, (B.7a)

1
wqf :m<w1]m%+m1 —ms

it = ) (o))~ (2 ) ).
(B.7b)

In the event where Ir = 0 due to the mass-thresholds we utilise the approximation for
the four-body rates introduced in refs. [15, 80]. For our benchmarks this is only relevant
for Yg,u;m- Due to the insignificance of quark and Higgs densities this approximation is
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Rate | I'(z < 0) (GeV) | I'(z > 0) (GeV)
T'}.s, —-1.84-1073

T' s, 1.63-1072
Ty u 0 3.63-1077
U 0 2.52-1076
Tt .o 0 7.59-107°
| 0 3.49-1074
T3 sl 0 9.43-107!
U0usti 0 4.88 - 10"
TLys, 1.95 - 1072 2.07-1072
Crrnn 7.95-1076 3.27-107°
Cyrpm 1.38-10° 1.02-10°
LQyus i 1.42 1.42

I'ws 5.05-1074 0

I'ss 1.55

Table 11. Numerical values for reaction rates used when solving the transport equations for
benchmark point A.

expected to introduce negligible error. In units of GeV, the rates evaluated for benchmark
point A are given in table 11. In this benchmark the CPV source across the bubble wall is,

/ dzSgy"Y (z) = —8.60 - 1072 GeV? (B.8)
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