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We propose that the dynamics of a scalar ¢ of mass O(10) MeV that is weakly coupled to the Higgs can
lead to a first-order electroweak phase transition, fulfilling a key requirement for baryogenesis. The stability
of the model near the weak scale requires a suppressed—possibly vanishing—top Yukawa coupling to the
Higgs before the transition which rises to the Standard Model value afterwards. This can be accomplished
through the dynamics of ¢ via a dimension-five operator. We conjecture that the entire Standard Model
flavor structure could turn on, mutatis mutandis, after the electroweak phase transition, via dimension-five
interactions of ¢ suppressed by scales ranging from O(10°) TeV to near the Planck mass. Due to its
suppressed couplings, ¢ is long lived and can lead to missing energy signals in rare kaon decays, which can

be probed by the KOTO experiment.
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I. INTRODUCTION

It is widely accepted that the Standard Model (SM) does
not contain sufficient ingredients to generate the observed
baryon asymmetry of the Universe (BAU) [1]. This
motivates the introduction of new interactions that can
contribute to a successful baryogenesis mechanism.
Among the outstanding problems of particle physics and
cosmology, the origin of the BAU could be a good target for
laboratory experiments since it concerns the visible world.

One of the necessary conditions for viable baryogenesis is
departure from equilibrium, in order to avoid the erasure of
the generated BAU [2]. This condition could have been
provided through a first-order electroweak phase transition in
the SM [3]. However, the measured mass of the Higgs boson,
my =~ 125 GeV [1], rules out this possibility. The basic
reason is that at this mass, given the well-established vacuum
expectation of the Higgs (H) = v/v/2~ 174 GeV, its
deduced self-coupling Ay = 0.13 is too large to accommo-
date a first-order phase transition (FOPT).

To see the reason for the above situation, note that a
FOPT is typically assumed to be realized if at the transition
critical temperature 7. we have
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In the SM, the above quantity is governed by the thermal
contributions of the {W*,Z} gauge bosons and is given
by [4.5]
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where my =~ 80.4 GeV and m; ~91.2 GeV [1] are the
masses of the W* and Z, respectively. Hence, the SM
electroweak transition seems to be far from being first order
and thus fails to provide the necessary nonequilibrium
condition for successful baryogenesis.

The above circumstance motivates extensions of the SM
that could lead to a FOPT. Generally speaking, such
extensions require new physics close to the weak scale that
has non-negligible interactions with the SM. For example,
additional bosons with O(1) coupling strength to the
Higgs can enhance the value of the transition parameter in
Eq. (2) [6-18]. In that case, their masses could not be much
larger than the Higgs mass, so that their thermal population is
not Boltzmann suppressed at 7.~ my. However, see
Refs. [19,20] for mechanisms that effect a FOPT through
scalars of intermediate mass 210 GeV and weak coupling
with the Higgs. A model that achieves an electroweak FOPT
from a light axion-like particle was presented in Ref. [21].
Reference [5] examined a model that employs TeV-scale
fermions. See Ref. [22] for recent work using a dark gauge
sector leading to a FOPT.
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Another class of solutions for achieving a FOPT entails
the addition of higher-dimension operators (H'H)", with
integer n > 2. Such interactions would allow deviations
from the SM value of 4 in order to satisfy the condition (1)
and obtain a first-order transition [23,24]. In this class of
models, it is generally required that the higher-dimension
operators are suppressed by scales A ~1 TeV, which
implies the presence of new physics not far above my.
For a realization of such effective theories using weak-scale
fermions, see Ref. [25].

We see that, in general, one is led to introduce new
physics near the weak scale that couples to the Higgs with
unsuppressed strength. This situation can cause tension
with a growing body of data that typically does not seem to
favor the presence of the required states.

In this work, we propose an alternative approach to
generating an electroweak FOPT, where a light new scalar
¢, with suppressed couplings to the Higgs boson and other
SM particles, appears at energies well below the weak
scale. The main role of the scalar ¢ is to allow for a small
Higgs self-coupling before electroweak symmetry break-
ing, so that the ensuing transition is first order. After the
electroweak symmetry is broken, we arrange for the Higgs
self-coupling to attain its low-temperature value, corre-
sponding to the value deduced from experiment. This is
achieved by the vacuum expectation value (VEV) of ¢ that
becomes nonzero after the FOPT and drives the VEV of the
Higgs to v = 246 GeV, observed at low energies.

The above picture can generally lead to an unstable
scalar potential just above the weak scale. This is mostly
due to the quantum effects of the top-quark Yukawa
coupling y, = 1 in the SM that drive the Higgs quartic to
negative values with increasing energy scale. We hence
additionally propose that the top Yukawa coupling can be
small or vanishing before the transition, ensuring a quan-
tum-mechanically stable potential at energies well above
the weak scale. The nonzero ¢ VEV attained after the
transition is then postulated to set y, to its SM value through
a dimension-five operator. Motivated by symmetry consid-
erations, we are led to conjecture that all SM flavors may be
established in this fashion, through dimension-five operators
suppressed by mass scales ranging from ~10° TeV for the
top to near the Planck mass Mp ~ 10'° GeV for neutrinos.

The end result of our mechanism is that the Higgs
potential and couplings after the FOPT are to a very good
approximation those of the SM. The suppressed inter-
actions of ¢ imply that other new physical states are well
above the weak scale or else have small couplings to the
SM. The only other field that we explicitly introduce is a
scalar with a mass ~10 TeV after the transition and a small
coupling to ¢, which is therefore largely inaccessible. This
typically leads to the only observable new effects being
from ¢, which in our setup is a weakly coupled sub-GeV
state. See also Ref. [26] for a model that contains a light
scalar and relates flavor dynamics to an electroweak FOPT.

Our proposal would then generically be consistent with
the lack of significant deviations at or near the weak scale,
which is currently probed at the LHC and various precision
experiments. However, low-energy probes of rare phenom-
ena, such as certain kaon decay modes, could in principle
provide experimental tests of our scenario. Here we note
that if the FOPT generated in our proposal is to be part of a
larger framework for baryogenesis, there would likely be
other new states that couple to the SM and could give rise to
additional signals. Such signals will depend on the specific
features of baryogenesis models; we will come back to this
point later.

We will next introduce an explicit model that realizes our
FOPT scenario.

II. SCALAR POTENTIAL

Consider the following potential:

2
V(e Hon) = 87 ~ (3 + 2 ' H
- <,1 +2¢—2> (H'H)? + 5022, (3)
0 M2 4 s

where m(2)¢ > 0 is the initial mass of ¢, the positive
constants ,u(z) and Ay are the initial values of the Higgs
mass parameter and self-interactions for (¢) = 0, respec-
tively, and 0 < u < my. The scale M > my descends
from some ultraviolet (UV) dynamics that we do not
specify here. We have included an additional scalar #
coupled to ¢ with positive strength k < 1 whose role is to
allow a thermal “slow roll” for ¢, as will be described
below. The above potential is consistent with a softly
broken Z, symmetry acting on ¢.

There can be other possible terms in the potential
V(¢,H,n) that we may invoke later, but the above
interactions suffice to elucidate key aspects of our mecha-
nism, for now. We will assume that other interactions not
invoked in this work are suppressed compared to those that
we explicitly write down here and below. Also, we will
only examine if the chosen parameters can yield a con-
sistent phenomenology, regardless of whether they are
considered tuned or not. In particular, a more complete
model leading to our effective theory may be required to
avoid potentially large quantum corrections to the ¢ mass.
While we do not offer any concrete examples here, we point
out that ¢» only needs to emerge in our theory below scales
of A ~O(100 GeV) to affect the FOPT. In that case, loop
corrections to its mass could in principle be cut off at A.
The largest contribution to my~ few MeV would be from
interactions with # in our effective description. Assuming
x ~ 1074, as we will later, one can show that the required
tuning is O(1073) for A ~ 100 GeV.

In what follows, we will assume that a FOPT can be achi-
eved for v(T,)/T. ~ 1, in agreement with condition (1).
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Over the range of parameters that we will consider, we find
that the values of the SM SU(2), and U(1), hypercharge
couplings g and ¢, respectively, would not run significantly
and stay nearly constant. As my,m; < v, Eq. (2) then
implies that we will need 4y < 0.14y at the onset of the
transition to satisfy Eq. (1).

To find the requisite values of various parameters, we
obtain the vacuum solutions for the scalars, corresponding
to 9,V =04V =0,V =0, where h is the background
value of the Higgs boson, with (h) = v = 246 GeV. We
will set () = 0. Let ¢ denote the background value of ¢ at
T = 0. We find

2142
- uv M
=——>——7 ((IT'=0). 4
b= g T=0 )
Using Eq. (3), the SM Higgs mass parameter uy =~ 89 GeV
and self-coupling 1y =~ 0.13—which we will assume to be
the effective low-energy values—are given by
~ 72

Let us parametrize A, = ely, where € <0.1 is a small
quantity. In what follows, we will choose €, u, and M as our
input parameters that will determine the required values of
po and my,, setting h = v at T = 0. We demand mg,, > 0
and p3 > 0 so that the potential is stable and that electro-
weak symmetry can be spontaneously broken, respectively.
Then, using Egs. (4) and (5) we obtain

< u <=, (6)

III. MIXING WITH THE HIGGS

The mixing between the Higgs and ¢ is governed by the
angle

o~ (2&5”—’—‘) (7)

2 2
my \ M~ v

We will work in the regime |0| < 1 and hence the mixing
effect on the Higgs can be ignored, which yields
v = py//Ay. After diagonalizing the mass matrix, to a
good approximation, we will have my ~ \/2uy, as in the
SM. In that limit, the lightest scalar eigenstate, which we
will continue to denote by ¢, will end up having a mass
given by

v

which we will require to be positive to ensure a valid
solution for ¢.

Let us take € = 0.1 and M = 4.0 x 10 TeV as bench-
mark values, for concreteness. Using Egs. (7) and (8), one
can then obtain a range of values for m and € as a function
of u. By numerical inspection of Eq. (8), we find that the ¢
mass varies by a factor of ~2 over the range (6) and we
have

5 MeV S my <10 MeV, 9)

given our benchmark parameters.

For the region of parameters typical of our benchmark
choices, the lifetime 7, of ¢ corresponds to a macroscopic
decay length

8 108\ (7 MeV
o ~84x10° km<—2>< c > (10)
0 Yellly, 0 g,

CT¢ ~

where c is the speed of light and y, ~ 2.9 x 107 is the SM
Yukawa coupling of the electron. The above formula is
valid for ¢ masses below the muon pair threshold. Later, we
will introduce an additional ¢ coupling to the electron,
which however will not drive the ¢ lifetime away from the
above order of magnitude, set by Oy,.

IV. EVOLUTION WITH TEMPERATURE

Here, we will provide an estimate for the expected
critical temperature 7, of the FOPT. One could obtain
this quantity from the following expression (see, for
example, Refs. [4,5]):

T
TR (11)

" V1-E /(D)
where

_ 3(2my, + mY — 4my)

2 2
72 _ mgy — 8B
0 — k)

4D 64n%v* ’
D_Zm%,—i—m%—f—Zm% E_2m€V+m% 12
B 8v? ' 6w (12)

Inthe above, T'. corresponds to the temperature when there
are two degenerate minima, which allows a transition to
begin. Also, moy = /2y and v = u /Ay, corresponding to
the initial Higgs mass and VEV, respectively, at the onset of
the transition ((¢) = 0). The value of the field at the new
minimum, which will eventually become the new vacuum, is
given by h(T,) ~2ET /Ay At temperature T, the barrier
separating the two minima disappears and the originat 4 = 0
becomes a local maximum. Hence, the transition is complete
between 7. and T,. The value of the Higgs field at this
minimum is given by h(T) ~ 3ET,/ 4.

For the benchmark values of this work, and with y in the
range (6), we find that 0 < 7. <95 GeV, with T, =0 at
the upper limit of the range u = u%/(2¢) ~4.1 MeV.
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We do not consider this end point to yield a sensible
cosmology and hence will only consider

3.7 MeV <y < 4.0 MeV (13)

as a possible range, corresponding to 38 GeV < T, <
90 GeV and 37 GeV < T < 87 GeV. A narrower range
can also be considered, if desirable. Note that in the above,
m, is the top mass at the onset of electroweak symmetry
breaking, which we set to m, = 0. Later, we will discuss the
reason for this choice, which is motivated by the vacuum
stability of the Higgs potential above the weak scale. A
mechanism for achieving the SM value after the FOPT will
be provided below. Thus, here we use m, = 0 to obtain 7.
from the above expressions.

In order to make sure that the jump in the order
parameter of the FOPT remains effective during the
transition, the evolution of ¢ away from zero cannot be
too prompt; this has been an implicit assumption in the
preceding discussion. In particular, if ¢ becomes large once
h tunnels to the new minimum, the Higgs quartic coupling
could approach O(1) values and the condition in Eq. (1)
may no longer hold. To see why this could be a problem,
note that the Hubble scale around the time of the phase
transition is roughly 72/Mp ~ 10712 MeV, whereas the
initial mass of ¢ is O(MeV). Hence, in the absence of some
plasma effect, the evolution of ¢ could in principle be much
faster than the relevant time scales for the completion of the
transition. To avoid this possibility, we will employ thermal
effects from the interactions of ¢ with 7, introduced earlier
in Eq. (3). The scalar 5 generates a temperature dependence
 k for the ¢ mass [4],

T Ko (14)

2 — 2
mq‘)(T) - m0¢ + M2 24

where h(T) is the Higgs background value at temper-
ature T.

By inspecting the expression in Eq. (4) for ¢, we see that
a sufficiently large thermal mass for ¢ will keep it pinned
near ¢ = 0. Once T is low enough, ¢ can reach its late-time
values. We plot values of

$(T) _ ph*(T)
M _m;;‘,(T)M

(15)

at T, (solid) and T (dashed) in Fig. 1. We have taken
k = 107* as a reference value. As one can see, over the
range (13) of u considered in this work, ¢/M remains
sufficiently small that one could assume [as implied by
Eq. (5)] that the Higgs parameters remain near their initial
values (ug, o) during the transition, to a good approxi-
mation. Numerical inspection shows that ¢/M remains
small compared to unity down to 7 ~ 10 GeV. For these
temperatures, we have checked that x < few x 107 yields

- X|&

00005F _______—--

0.0004 [
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0.0002 -

P T S E S By 1 ()" [-\Y)
3.75 3.80 3.85 3.90 3.95 4.00

FIG. 1. Values of ¢/ M at T (solid) and T, (dashed), assuming
the benchmark parameters, from Eq. (15). Here, x = 10™* has
been assumed for ¢p — n coupling in V(¢, H, 7). The smallness of
¢/ M implies that the Higgs parameters in Eq. (5) remain close to
their initial values during the transition.

¢/M = 0.1 where the Higgs quartic starts to become large
compared to Ay~ 0.01 and hence we do not consider
k < 107, to be conservative.

The delayed evolution of ¢ could possibly lead to a period
of inflation which could result in unwanted effects, such as
dilution of any BAU generated during or before the FOPT.
To examine this question, we note that any such inflation
may occur if the potential energy stored in ¢p—which we esti-
mate to be at most 5V ~ mg,$* ~ 10° GeV* for our choice of
reference parameters—dominates the cosmic energy budget.
The radiation energy density is given by pg ~ g, T*, where
g, ~ 100 is the number of relativistic degrees of freedom. For
T ~ 10 GeV, below which (as mentioned above) ¢ starts to
evolve significantly towards the minimum of the potential,
we find pg ~ 10° GeV*. Thus, we see that such an infla-
tionary period is not a typical expectation for the regime of
parameters considered here.

An implicit assumption in the above discussion is that ¢
and # are in thermal equilibrium during the phase transition.
To see why this is the case, note that the ¢-Higgs coupling
leads to HH" — ¢ atarate I' ~ y>/T, with y ~ MeV. The
Hubble rate is roughly given by H ~ T?/M p. Demanding
I' Z 'H, in order to populate a thermal bath of ¢ states, we
obtain the condition T < (u>Mp)'/3. For u ~ MeV, we then
find 7 < 10* GeV. Since # is initially massless, its pro-
duction via ¢p¢p — nn has a rate ~x>T. Hence, it can be in
thermal equilibrium for x = 10~* (used as a reference value
above) as long as 7 < 10'' GeV. We thus conclude that
these considerations do not pose any restrictions on the
FOPT—which only begins at 7. < 100 GeV—and we can
have ¢ and # in thermal equilibrium with the SM.

We note that once the final values of the fields have been
achieved, n obtains a mass m, ~ k'2¢p ~ 10 TeV through
its coupling to ¢. Since we are assuming that # has a
thermal population in the early Universe, we need to make
sure that its number density is sufficiently depleted, so that
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it would not lead to excessive contributions to dark matter.
One could in principle entertain the possibility that # is dark
matter, which would require arranging for suitable inter-
actions that would yield an acceptable relic density for it.
We do not pursue that option here, though it would be an
interesting complement to our model. However, in lieu of
such model building, one may simply postulate a dimension-
five operator, say, nF,, F**/M,, where F,, is the photon
field-strength tensor and M, some UV scale, to deplete the
number density. This operator would lead to # — yy suffi-
ciently fast—that is, before big bang nucleosynthesis (BBN)
at T~ MeV—as long as M, < 10" GeV, and would

remove 7 from the cosmic energy budget.

V. UV STABILITY OF THE POTENTIAL

So far, we have shown that the proposed model can in
principle yield a FOPT. However, the central feature of our
setup, namely, a small initial quartic coupling A, for the
Higgs, can lead to an unstable potential due to running
which would drive A, negative at large energy scales.
Denoting the top Yukawa coupling by y,, the running of the
initial Higgs quartic coupling is given by (see, for example,
Ref. [27]; note that this reference defines the Higgs quartic
with an extra factor of 1/2 compared to our convention)

di
167r2d—t0 = 2422 + 29(12y% — 9¢* — 3¢/%) — 6y?

9 4 3 /4 3 2.2

AR AR T (16)
with  =In Q/Q,, where Q is the renormalization scale and
Q, is a reference scale. We will set Oy = 100 GeV as the
typical scale of the electroweak symmetry breaking. As was
discussed before, within the regime of parameters in this
work, the critical temperature 7. < 100 GeV and hence
this choice of Q, is reasonable.

Let us set y,(Qp) = V2160 GeV/v~0.92 and the
gauge couplings to their SM values near the weak scale.
For our benchmark choice, 1y(Qg) = 0.013, using Eq. (16)
we find that this parameter goes negative at energies above
~170 GeV, not far from the electroweak symmetry break-
ing temperature, as shown in Fig. 2 by the dashed line. This
is largely due to the quantum effects of the top quark that
couples to the Higgs with O(1) strength and drives 4, to
negative values. Hence, as it is, the validity of the model
above such energy scales requires the introduction of new
bosonic degrees of freedom that would stabilize the Higgs
potential. Such a solution, however, would lessen the
motivation for our mechanism since new weak-scale
bosons that couple to the Higgs with O(1) strength could
also provide the necessary ingredients for a FOPT, as has
been studied extensively before. As we will discuss below,
the dynamics of ¢ itself offers a way to stabilize the Higgs
potential without introducing additional weak-scale bosons
with significant coupling to the SM.

e=0.1; yo¢t=0
----- €=0.1; yot=Ysm -------- SM

0.100

0.050 -

0.010 7

0.005 -

. . . . _ Q(GeV)
1000 10 10° 108 107

FIG. 2. Running of 4, for Ao(Qy) = 0.14y, corresponding to a
top Yukawa coupling that is initially vanishing (solid) or at the
SM value (dashed); for the latter choice the Higgs self-coupling
goes negative at an energy scale Q 2 170 GeV. The dotted curve
corresponds to the running in the SM, with 44(Qg) = 15 = 0.13.
The reference scale is chosen to be Qg = 100 GeV.

To see how ¢ can help with the stability of the potential,
first note that it is the large top Yukawa coupling that is the
origin of the problem, as mentioned before. Thus, if we set
the initial value of this coupling to be smaller than the
SM value, we can in principle avoid having a negative
Higgs self-coupling just above T'.. However, we still would
need a mechanism to restore y, to its SM value at the weak
scale. Since this is what we have achieved with 4 through
the dynamics of ¢, we can extend the mechanism to y,. To
do this, we introduce a dimension-five operator

¢

0,=~-
M,

H*GQLtR+H.C., (17)

where M, is a new UV scale and ¢ is the two-dimensional
Levi-Civita symbol for isospin indices. In Eq. (17), Q; is
the third-generation quark doublet and f; is the right-
handed top quark, which we assume has odd Z, parity.
Once (¢) # 0, this operator contributes to the low-energy
Yukawa coupling of the top quark y$M(Q,) which we
assume has the SM value, as the notation suggests.

If we denote the initial value of the top-quark Yukawa
coupling at 7 > T by y,,; we then have

I

y¥M(Qo) = yor(Qo) + M (18)

We will choose y, = 0 so that the Yukawa coupling for the
top vanishes before the FOPT when (¢) = 0, consistent
with the assumed Z, symmetry. With y?M(Q) ~ 0.92, we
find M, ~ 1.1 x 103 TeV. Hence, before electroweak sym-
metry breaking, the running of A, in Eq. (16) will be
governed by y; = yo; = 0, which is shown in Fig. 2 as the
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FIG. 3. One-loop process for generating the fermion f Yukawa
coupling. The vertices marked by @ and m refer to the Z, soft-
breaking interaction « y and a dimension-five operator of the
type in Eq. (20), respectively.

solid curve. As one can see, the initial Higgs potential
remains stable up to very high scales, beyond the scale M of
our effective theory. In the figure, we also show the running
of Ay in the SM, given by the dotted curve, which is what
we would obtain after electroweak symmetry breaking.

Note that due to the soft breaking of the Z,, one could in
principle generate a Yukawa coupling for the top at one-
loop order, before the FOPT. However, this contribution is
estimated to be

8y (Qo) ~ In(M,/ Qo). (19)

K
167°M,
which for our reference values is O(107'°) and hence
completely negligible. The Feynman diagram of the above
one-loop process, for a fermion f, is shown in Fig. 3.

VI. FLAVOR FROM ¢ DYNAMICS

Here, we will examine whether we can generate all
Yukawa couplings y;, where f is a fermion in the SM, from
the dynamics of ¢. In the context of our model, the
motivation for this would be the Z, symmetry that is so
far assumed to be only softly broken. That is, since we have
assumed that 7z is odd under this parity, we cannot write
down a generic tree-level Yukawa matrix for quarks with-
out violating the Z,. Also, there is no obvious reason in our
model that ¢ should be fundamentally different from other
spin-1/2 fields. The extension of the same charge assign-
ment to all fermions in the SM, while not rigorously
required, can nonetheless be a natural assumption.

Let us consider the operator

0 = D HF, fe+cC. (20)
M,

where F denotes an SU(2), doublet containing the f
flavor; this expression is a schematic representation and the
proper contraction of gauge indices is assumed depending
on the fermion.' In the above, the scale M, needs to be
chosen so that the correct SM Yukawa coupling value is
obtained via

'Similar operators have been considered in other contexts; see,
e.g., Refs. [28,29].

¢
SM Q =) 21
Yy (Qo) M, (21)
implying
M (Qo)
My =——-=M,. 22
! }’§M(Q0> 22)

The above interaction generates a direct coupling of the
fermion f to ¢ given by

&= (H)/ My, (23)

which can potentially lead to phenomenological problems
if it is too large. We will show that if the mixing angle 0 is at
an acceptable level, the direct coupling &, is also generi-
cally allowed. To see this, first note that in our model
(¢/M)?* ~ 0.1 in order to attain Ay after the FOPT. Then,
Eq. (6) implies u ~0.1v>/¢ and hence one can deduce
0 ~ v/¢. Using Eqgs. (21) and (23), we obtain

Since we have both mixing-induced and direct couplings
for ¢, its total coupling to fermions is given by

Effff‘ng?-M. (25)

Given the range of allowed values for @ [30], which covers
about an order of magnitude for our reference values of m,,

¢y couplings are also acceptable, since they are within a
factor of ~2 of @y, as implied by Eq. (24).

Using Eq. (22), we find M, ~3.3 x 10'"" GeV. The
interaction (20) generates a direct coupling &,¢pe;er+
H.c. Let us choose my =7 MeV [typical of the range (9)]
as a representative choice, for concreteness and illustrative
purposes. From the results of Ref. [30], we find that the value
of 8y, for my ~7 MeV must lie approximately in the dark
shaded region between the two dashed lines in Fig. 4. The
lower bound is set by supernova physics constraints, which
were revisited and found to be less severe in Ref. [31]. In that
case, the new lower bound moves to the lightly shaded region
marked by the dotted line, which is set by requiring a
sufficiently short lifetime for ¢, i.e., below ~1 s, from BBN
requirements.

As we can see from Fig. 4, our benchmark parameters
yield acceptable values for #y,. However, we must also
include the effect of £, if we assume the flavor scenario
presented above. Accounting for both ¢-Higgs mixing and
&, > 0, we have plotted the value of £, in Fig. 4, which as one
can see lies inside the allowed region of ¢ — e coupling, in
agreement with the preceding general discussion. Also, note
that the overall magnitude of the coupling remains close to
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----- - l6l yg

1.x10°F

5.x10710 |
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5.x107" ¢

“1““1““1““1““1‘“1ﬂ(MeV)
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FIG. 4. Values of ¢ coupling to electrons. The solid line
corresponds to the total coupling &, and the dot-dashed line
only accounts for ¢-Higgs mixing, for € =0.1 and M =
4 x 10° TeV, as a function of y in MeV. The shaded region
between dashed lines approximately corresponds to the allowed
values from Ref. [30] and the shaded region extended to the
dotted line is set by demanding that ¢ decay by BBN [30], based
on a revised supernova constraint from Ref. [31]. Here, we have
assumed m, = 7 MeV, as a typical value from the range (9), for
our benchmark parameters.

that from mixing alone and hence ¢ remains long lived, as
deduced from Eq. (10), via the replacement Ay, — &,.

We note that the interaction in Eq. (17), analogous to the
case of the electron, induces a coupling of the top quark to
¢ given by &ptptp + H.c. For our benchmark choice
of parameters, we find & ~ 1.6 x 107, This is of order
a ¢-top coupling induced by the ¢-Higgs mixing angle 6,
because the top Yukawa coupling attains its SM value
y?M ~ 1 after electroweak symmetry breaking in our model.
Assuming no cancellation between the two effects, we
find & ~ 2.6 x 10~* for our benchmark values, which can
accommodate known constraints [32].

For Dirac neutrinos, we have y$M(Q,) ~ 1072, which
suggests M, ~ 4 x 10'® GeV close to, but below, the Planck
mass. We hence see that it is in principle possible that the
physics of flavor in the SM is governed by the dynamics of ¢,
with UV scales ranging from O(10%) TeV all the way up to
near the Planck mass. Alternatively, this could signify an
exponential hierarchy of flavor-dependent couplings
between ¢» and some UV physics responsible for mediation
of the SM flavor structure at scales of O(10%) TeV.

Before closing the discussion of flavor in our model, we
briefly address how the transport of chiral asymmetries
invoked in electroweak baryogenesis may be realized if the
SM Yukawa couplings arise only after the FOPT.
Nonetheless, we first emphasize that the viability of our
FOPT scenario only requires that the top Yukawa coupling,
and perhaps by extension quark Yukawa couplings, remain
small until after the transition. This could still leave lepton
Yukawa couplings as a possible avenue for generation of
the BAU; see, for example, Refs. [33—35] for work along

TABLE 1. Benchmark parameters {e, x,M,M,}, treated as
input choices.

K M (TeV) M, (TeV)
0.1 10 4.0 x 10 1.1 x 10°

this direction, in different contexts. However, even if we
adopt the view that all SM fermion Yukawa couplings are
generated only after the FOPT, other interactions may be
present, as outlined below.

For example, consider a singlet Dirac fermion y that
carries a unit of lepton number and whose right (left)-
handed component is even (odd) under the assumed Z,.
One can write down a Yukawa coupling AHyrL + H.c.
that involves the SM lepton doublet L, providing a potential
route for generating chiral asymmetries. We may also
include an interaction A'¢y; yr+ H.c. that would allow y
to become more massive than the Higgs once (¢) # 0 to
avoid inducing a large deviation, governed by 4, in the
Higgs width. Note that these couplings would not lead to
large masses for the observed neutrinos, even if 4 2 0.1.
The above interactions point to possibilities that may allow
our proposed ¢-induced SM flavor structure to be consis-
tent with viable electroweak baryogenesis. A fuller treat-
ment—which is beyond the scope of this work—is required
for quantitative conclusions.

We collect the benchmark parameters used in the
preceding discussions in Table I.

VII. LOW-ENERGY TESTS AND OTHER SIGNALS

From Eq. (10), we see that in our scenario ¢ will be
typically identified as missing energy in laboratory experi-
ments. This provides a possible avenue for testing our
proposal in rare meson decay experiments, such as KOTO.
This experiment aims to measure the branching fraction of
the rare kaon decay K; — %01, which is predicted to be
3.4 £0.6 x 107! in the SM [36,37].

The KOTO experiment observed a few events [38] that
appeared to point to an excess, but at low statistical
significance [37]. The study in Ref. [37] considered an
interaction of the type in Eq. (17) and the results of their
analysis suggests that with a ¢-Higgs mixing parameter or a
¢-top coupling ~2 x 10™* and my < 50 MeV, one could
obtain a 20 explanation of the seeming KOTO excess. This
results from the coupling of ¢ to the top quark in the one-loop
penguin diagram that mediates K; — 7%, with the
“invisible” ¢ mimicking the missing energy from v (see
also Ref. [39]). Hence, parameters quite close to our bench-
mark region could explain that excess with &, ~ 2 x 107#, at
around 2o.

The above measurement was recently further studied by
the KOTO Collaboration, leading to the identification of
new sources of background [40]. The experiment has now
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determined that the observed events are statistically con-
sistent with the level of background. Thus, one may not
need to invoke new physics to explain the data.
Nonetheless, the target precision of the KOTO experiment
for the branching fraction of K; — %0y, which is at the
10% level, suggests that it could potentially probe values
of & < 1072 in the future, providing an experimental test of
our model and its variants over a significant region of
parameter space. We note that in our model the penguin
diagrams that mediate K; — 7°¢ [37] are dominated by the
top quark, since the couplings & + scale with fermion mass.

Before closing, we would like to point out that it can be
typically expected that the FOPT in this scenario would
lead to primordial gravitational waves, corresponding to
temperatures ~7 .. This signal may be detectable by future
observatories like LISA (see, for example, Ref. [41]). We
leave a quantitative examination of this potential signal of
our model to other work.

VIII. SUMMARY

In this work, we have introduced a model for a first-order
electroweak phase transition which employs a light sub-
GeV scalar ¢ that is weakly coupled to the Higgs. Such a

“See the experimental proposal at https://koto.kek.jp/pub/p14
.pdf.

phase transition provides a necessary ingredient for a
successful baryogenesis mechanism. The consistency of
the model requires new interactions between ¢ and the top
quark, for stability at scales 2100 GeV. This interaction
can be consistent with a softly broken parity of the scalar
potential. We proposed that such interactions could be the
source of the entire SM flavor structure, via the dynamics of
¢. The low-energy effective theory in our proposal is to a
good approximation that of the SM. Nonetheless, precision
low-energy data, such as from measurements of rare kaon
decays, can provide tests of our model. We expect the
KOTO experiment measurements of K; — 7%+ “missing
energy” to have significant reach for the regime of
parameters discussed in this work. General considerations
regarding a strong first-order phase transition at the weak
scale also suggest that primordial gravitational-wave sig-
nals of this scenario could be detected by a future
observatory, such as LISA. In that case, our model provides
an interesting scenario where primordial gravitational-wave
signals are related to rare phenomena at low energies.
Definite quantitative conclusions on that possibility, how-
ever, require further analysis that we leave to other work.
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