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at the electroweak scale at colliders. However, the variation of the couplings as a function
of temperature need not be the same, raising the possibility that couplings in the early
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the universe through electroweak baryogenesis. We do so in the context of the Standard
Model augmented by higher-dimensional operators up to dimension 6.
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1 Introduction

The Standard Model (SM) of particle physics provides an elegant explanation for many
of the observable phenomena in the universe. However, it fails to explain a few criti-
cal phenomena, including one which is crucial to our existence, namely the origin of the
matter-antimatter asymmetry in the universe. Through cosmological observations from
the Cosmic Microwave Background (CMB) [1] and Big Bang Nucleosynthesis (BBN) [2],
this asymmetry is measured to be

Yp="8 10710, (1.1)

s
The SM fails to explain the origin of the baryon asymmetry of the universe (BAU) because
it does not satisfy two of the three Sakharov conditions [3]. While the SM has SU(2),

sphalerons which conserve B — L but violate B + L, it does not have enough C'P-violation,



nor does it contain the necessary out-of-equilibrium process. This failure of the otherwise
extremely successful SM is a compelling reason to demand new physics beyond the Standard
Model (BSM).

BSM models that address the problem of generating the BAU often include new fields
that couple to the Higgs field such that the electroweak (EW) transition becomes a first-
order phase transition, which provides the out-of-equilibrium condition [4-28]. In addition,
these new couplings can be the source of the additional C'P violation needed to explain
the BAU [29-40]. (For recent reviews, see [41-44].)

Both the C'P violation and the out-of-equilibrium processes involved in the generation
of the BAU depend on the gauge and Yukawa couplings at the time of the EW transi-
tion. For example, it has been shown that by modifying Yukawa couplings in the early
universe, C'P violation in the SM can be enhanced [45-49]. It has also been shown that
gauge couplings in the early universe can be different from their expected values given
renormalisation group running in the SM [50].

In this work we investigate how changes in weak and strong coupling constants during
the EW transition affect EW baryogenesis scenarios. To be more specific, we use an
Effective Field Theory (EFT) framework which encapsulates the interactions of light fields
with decoupled new physics. This formalism allows us to introduce the operators required
to satisfy the Sakharov conditions, as well as modify the SM gauge couplings. The effect
of operators required to ensure a first order phase transition and provide new CP violation
are well understood, and have been studied extensively in the literature [6, 7, 30, 51-53].
The novel aspect of our work is to include dimension-5 operators involving new scalar fields,
which change the effective gauge couplings in the early universe.

The effect of modified gauge couplings can be separated into two categories. The
most intuitive category is how changing the SU(2); and SU(3). coupling constants, oo
and «g, directly affect the rates of the EW and strong sphalerons respectively. Since
sphaleron rates for an SU(NN) symmetry group scale as oz?v, it is clear that even modest
variations in the coupling constants can result in large variations in the rates. Since EW
baryogenesis relies on out-of-equilibrium SU(2), sphaleron processes to generate a baryon
asymmetry, one would expect that making these processes more efficient should enhance
the production of baryons, as long as the same enhanced sphalerons do not subsequently
erase the produced asymmetry. Additionally, EW sphaleron transitions are more effective
in the presence of a chiral asymmetry (sometimes called a CP asymmetry), generated by
interactions on the wall of the expanding bubbles of true vacuum. This chiral asymmetry
is efficiently washed out by strong sphalerons, so that reducing their strength should also
help with generating the observed baryon asymmetry. The less intuitive category of effects
is how changing gauge couplings affects the finite-temperature Higgs potential, and the
calculation of the transport of particles in the vicinity of the true vacuum bubble wall.
These effects are mostly due to modified thermal masses of the relevant gauge bosons and
altered interaction rates.

We perform a calculation of these effects on the baryon asymmetry, as well as present
models which could give rise to the variation in the gauge couplings. We do so in a model
which would otherwise be ruled out by current electron electric dipole moment (EDM)
constraints, demonstrating the power of such variations in the gauge couplings.



In section 2 we present the EFT model we will use for our analysis. In section 3 we
discuss the EW phase transition, and the possible effects of modifying gauge couplings.
In section 4 we discuss in greater detail how we compute the baryon asymmetry, starting
from the requirement of new sources of CP violation, continuing with a discussion of how
the modified gauge couplings affect the computation of the obtained baryon asymmetry,
and ending with a discussion of how washout from enhanced SU(2); sphalerons in the
broken phase of EW symmetry can be avoided. This section, and in particular figures 3
and 4, constitute the main results of our paper. In section 5 we propose models which
could give rise to the required modifications of gauge couplings in the early universe,
which are consistent with current measurements. Finally, in section 6 we present our
concluding remarks.

2 Augmenting the standard model: effective operators

In this section we describe the general features of the model(s) we work with. The failure
of the SM to reproduce the observed baryon asymmetry requires the presence of new fields
and interactions. When there is a separation of scales between heavy and light fields,
the former can be integrated out. The effect of the heavy fields is then encapsulated in
the Wilson coefficients of higher dimensional operators involving only the remaining light
fields, suppressed by the heavy field scale. The SM augmented by such higher dimensional
operators involving only SM fields is commonly referred to as the SM Effective Field Theory
(SMEFT). In our analysis we will invoke additional fields that are near or below the EW
scale, so that it is a more general EFT framework. Current constraints on the scale of new
physics from the LHC can be enough to warrant the use of an EFT approach to study the
effects of decoupled new physics. Additionally, in the case of understanding mechanisms
of baryogenesis, the use of an EFT is further validated by the strong constraints on new
CP violation beyond the SM, coming from the non-observation of neutron and electron
EDMs.! Together these can constrain new physics up to the PeV scale in some models.

In this analysis, we consider a minimal set of higher dimensional operators that need
to be added to the SM to ensure successful baryogenesis in the context of varying as and
a3 in the early universe.

The EW phase transition in the SM is a crossover, meaning that the Sakharov condi-
tion of out-of-equilibrium processes is not satisfied. It has been shown that a dimension-6
Higgs operator is sufficient to turn this crossover into a first-order phase transition, thereby
satisfying one of the Sakharov conditions [51-53]. Therefore, (1) we include the opera-
tor Og = |H|® where H is the SU(2); Higgs doublet field, which contains the physical
Higgs field h.

The SM has C'P violation in the quark sector, but it is much too small to ensure
successful baryogenesis [56]. To compensate for this, in SMEFT, new CP violation through
effective Higgs-fermion operators are added. It is expected that the top-Higgs operator
is the most important due to the large top Yukawa. However, it has been shown that

IThere are also strong constraints on new sources of CP violation from quark flavour observables (see
e.g. [54, 55]), but these involve flavour-changing operators, which we do not consider here.



constraints on this term rule it out for generating the BAU [7]. We will show later that this
operator can generate enough C'P violation while being consistent with EDM measurements
when we allow for gauge couplings to vary during the EW transition. Hence (2) we add
the top-Higgs operator, O,y = QHtg|H|?, with H = iogH*, to our Lagrangian.

Finally, (3) we add dimension-5 operators parameterising interactions between new
scalar singlets and the EW and strong gauge kinetic terms, which will enable the variation
of ao and a3 in the early universe through the dynamics of these scalar fields.

Given these three additions to the SM, we may write the following Lagrangian for the
model under consideration

1 Cgy PY 1 Cgy P2
LD 11— B" B, — —5 | 1- 2= | wewg
g5 ( Ay ) " 4g3 ( Ag > ’W

~ L (1 - W’) GG, — Vi (H) = SIHI + iﬁpv QuHtr|H?,  (2.1)
6 CPV
where Vspr (H) = p2|H|?> + Ag|H|* is the SM Higgs potential and Ax are various new
physics scales, presumably unrelated to each other. At first, we will be agnostic regarding
how these higher dimensional operators are generated. In section 5 we propose two UV
completions for the dimension-5 operators, both of which will have testable properties.
The first three terms in eq. (2.1) are crucial elements of this work. These terms ensure
that the effective weak and strong couplings become field-dependent,

1 1 Cy; Pi
2;2<1—v‘7\%>. (2.2)
Jiet Yi i

Therefore, if the scalar fields ; have non-trivial dynamics in the early universe, this will
lead to a variation of the gauge couplings at early times/large temperatures that does not
immediately follow from the Renormalisation Group equations. We will eventually consider
UV completions for these dimension-5 operators which will enable us to change the values
of the gauge couplings at temperatures around the EW phase transition. The change in
gauge couplings will be parameterised henceforth by

da; = (et — Q3 SM) | T=Twy - (2.3)

In the following sections we investigate how this change in gauge couplings affects the EW
phase transition, the resulting gravitational wave spectrum, and most importantly, the
generation of the observed baryon asymmetry.

3 Varying the weak coupling constant and the electroweak phase tran-
sition

The strong and weak coupling constants feed into the calculation of the BAU in EW baryo-
genesis (EWBG) scenarios in several different ways and it is not always straightforward
to disentangle these contributions. In this section we describe how the order of the phase
transition changes with varying the weak coupling from its SM value while remaining ag-
nostic to the origin of this deviation. Note that the strong coupling constant does not



play a role in the EW phase transition. However, variations in a3 will be important for
generating the BAU, as will be discussed in the next section.

At temperatures higher than the EW scale (T° 2 100 GeV), the Higgs potential gets
finite-temperature corrections due to the interactions of the Higgs field, h, with particles
inside the plasma. The finite temperature Higgs potential is calculated extensively in the
literature. The effective potential can be written as a sum of zero-temperature and finite-
temperature pieces,

V(h,T) = Vo(h) + Vew(h) + Vr(h,T), (3.1)

where the first term is the tree-level potential and middle term is the zero-temperature
Coleman-Weinberg loop correction. Loop corrections include all particles that interact
with the Higgs. However, it is enough to focus on the ones with largest couplings, i.e. Higgs
self-coupling, gauge bosons and the top quark. For a given value of Ag/,/cg, the parameters
in the effective potential are fixed by requiring that the zero-temperature Higgs mass and
vacuum expectation value (vev) are given at 1-loop by their experimentally measured
values for a renormalization scale of u = mz. At finite temperature the renormalization
scale is set to the temperature p = T.? The finite temperature corrections to the tree-level
potential are

2

4

= > an 2JB [m +H}+ S n L T [Zfz] . (3.2)
i€bosons i€fermions
In the above the II; terms are Debye masses that result from a resummation and are
included to prevent the breakdown of perturbation theory, see, e.g., [58—60]. In appendix B
we give more details of the finite-temperature analysis, including analytical expansions
for Jp r in the high-temperature limit. However we use full numerical calculations in
our analysis.

In the SM, setting cg = 0 in eq. (2.1), the finite-temperature potential has a simple form

A
V(h,T) ~ D(T? = T3)h? — ETh® + Zh4 : (3.3)
where
D:2M5V+M§+2m3 E:2M5V+M§ o _mj
42 ’ 6rvd ’ 074D

and v = 246 GeV is the zero-temperature Higgs vev. As can be seen from the above
equation, the Higgs potential at high temperatures is dominated by the quadratic term
and as such the EW symmetry is not broken. As the universe cools down, the potential
acquires a second minimum at non-zero (h). At a critical temperature T, this minimum
becomes the global minimum and the Higgs field has a non-zero vev v..

The details of this transition are crucial for generating the BAU. Specifically, in order to
satisfy the out-of-equilibrium condition, a first-order phase transition (FOPT) is required.

*Note that the analysis of the thermal parameters has some renormalization dependence as shown in [57].
We find that this effect gets accentuated near the limits of our parameters space, i.e. daz ~ 0.1. Dealing
with this uncertainty through dimensional reduction techniques is left to future work.
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Figure 1. Ratio of the Higgs vev at the critical temperature T, to the critical temperature as a
function of day for different values of the dimension-6 operator, Ag//cs = 575,600,675 GeV. The
dashed line shows the required v./T. for a first-order phase transition given Ag/\/cs = 600 GeV.
Changing Ag/,/cs does not affect this dashed line substantially. For details see section 4.2.

The strength of the phase transition is measured by comparing v. and the the size of the
barrier that separates the false vacuum at (h) = 0 and the true vacuum at (h) = v.. In
the SM and in most BSM scenarios, this condition translates into v./T, 2 1. (In section 4

we will show how this condition is modified in our model.) From eq. (3.3), and taking

g2 — g2 + g2 at Ti, we get

ve 2B 1530 GeV? y (92 +3g2)3 o1 (g2 +dg2)3

2 3 3 )
T A T=T, mp 92 93

(3.4)

where we ignore variations in gy.? It can be seen that the condition for a FOPT is not
satisfied in the SM. From the above expression, it is clear that in order to get a FOPT,
the EW coupling must be considerably modified.* Throughout our paper we will refer to
ve/T. as the measure of the strength of the FOPT, as opposed to v, /T, the corresponding
quantities when bubbles of true vacuum begin to nucleate. Our use of v./T, is somewhat
conservative, as it is typically required to be larger than v,,/T,.

Alternatively, the barrier between the true and false vacua can be generated at tree
level via a non-renormalizable |H|% operator in the potential [51], giving rise to a Higgs

field 6-point interaction,
Voo e Lyt g (3.5)
07 2 4 8AZ" '

This is what we do, as included in the Lagrangian in eq. (2.1). In this case v, is larger

than T, for 538 GeV < \//\T% < 800 GeV with the lower bound set by the requirement

3We numerically verified that the dependence on gy is very weak.
4The obtained order parameter is actually smaller than the above scaling would suggest after one includes
all 1-loop corrections to the Higgs potential, including the so-called “daisy” corrections.
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Figure 2. Shown here are contours where the correct baryon asymmetry is obtained as a function
of das and the scale of new CP violation Acpyv/v/dcpy, for different choices of daz and a fixed
choice of Ag/ /¢ = 575 GeV. In light blue is where a3 is kept at its SM value, while the purple and
pink contours are shown for dag = —0.05, —0.1 respectively. The non-observation of an electron
EDM requires that Acpy/vdcpyv > 7.3 TeV, shown as the grey shaded region.

that thermal tunneling needs to be at some stage faster than the Hubble rate [53]. This
statement only applies in the absence of modifications to the gauge couplings. As will be
shown later, this range will be altered as a function of the modified couplings.

In figure 1 we show how the order parameter v./T, changes while varying das and
different values of Ag/,/cs. It can be seen that one obtains a large v./T. for small values
of Ag/+/Cs, as expected. Raising the weak coupling constant raises v./T. for small values
of daw. Large variations in the weak coupling has the opposite effect. We suspect at larger
values of daa, contributions from daisy diagrams become more important than the leading
order analysis, as in eq. (3.4).

Before moving on to calculating the BAU, we also note that changing the weak cou-
pling constant also changes the gravitational wave spectrum. expected from an EW phase
transition. We include a brief discussion of this in appendix A.

4 Obtaining the baryon asymmetry and avoiding washout

In this section we calculate the baryon asymmetry produced in a SMEFT scenario with
varying weak and strong coupling constants.

4.1 Baryon asymmetry with modified gauge coupling constants

Electroweak baryogenesis with CP violation entering through the top Yukawa coupling and
an |H|® operator to induce a first order phase transition is ruled out by the latest electron

EDM constraint [62], Acpv/vdcpy > 7.3 TeV. However, if the efficiency of producing a
baryon asymmetry can be otherwise enhanced, this scenario can be revived. In order to
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Figure 3. Viable parameter space as a function of dap and Ag/\/cs, for dag = 0. The grey
region at lower values of Ag/\/cs is ruled out due to bubbles of true vacuum not being able to
nucleate. The transparent grey region on the left shows where an insufficient BAU is produced
given Acpv/vdcpyv = 7.3 TeV. The red region is where sufficient BAU is produced outside of the
true vacuum, but the phase transition is too weakly first order and hence the EW sphalerons wash
out the BAU in the broken phase. The red, pink, light green and dark green contours correspond
to values of the ratio R, defined in eq. (4.14), of 1, 1.1, 1.3 and 1.5 respectively. Also shown are
contours corresponding to the 68% CL bounds from HL-LHC (dashed) and ILC-250 (dot-dashed),
as found in [61].
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Figure 4. Viable parameter space as a function of daz and Ag/./ce for daz = 0. The grey region at
lower values of Ag/,/Cg is ruled out due to bubbles of true vacuum not being able to nucleate. The
transparent grey region on the left shows where an insufficient BAU is produced. The red region
is where an initially sufficient BAU is produced, but the phase transition is too weakly first order,
so that the EW sphalerons wash out the BAU in the broken phase, assuming a washout factor
of Fiy = 10%, defined in eq. (4.6). The light and dark green contours correspond to obtaining
the correct BAU, and a factor of ten more than required, respectively. Also shown are contours
corresponding to the 68% CL bounds from HL-LHC (dashed) and ILC-250 (dot-dashed), as found
in [61].
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In figure 2 we show how the required scale of CP violation changes by varying the weak

=7.3TeV. (4.1)

and strong coupling constants.

Altering the gauge couplings in the early universe can dramatically alter the efficiency
for producing a baryon asymmetry by changing the weak and strong sphaleron rates. In a
first-order phase transition, bubbles of true vacuum (where the EW symmetry is broken)
nucleate and grow. Outside of these bubbles, the EW symmetry remains unbroken. CP-
violating interactions between the quarks and the bubble wall catalyze a chiral asymmetry
in front of the bubble. Due to its large Yukawa coupling, the most important particle
involved in these interactions is the top quark. This chiral asymmetry biases the EW
sphalerons to create a baryon asymmetry in front of the bubble wall, some of which is
swept up into the broken phase by the expanding bubble. Since the EW sphalerons are
responsible for generating the baryon asymmetry, enhancing them in the unbroken phase
can lead to a greater final baryon asymmetry. A detailed discussion of the effect of this
enhancement persisting in the broken phase can be found in section 4.2. In order for this
process to be efficient, the chiral asymmetry produced in front of the bubble wall should
not be washed out by strong sphalerons. Thus, while increasing the EW sphaleron rate
in the unbroken phase would increase the baryon asymmetry, likewise a suppression of the
strong sphaleron rate would lead to less washout of the chiral asymmetry, and therefore a
greater baryon asymmetry.

In order to get the most accurate results, sphaleron/instanton rates should be cal-
culated using non-perturbative techniques such as on a lattice. However analytical ap-
proximations exist for both the weak [63] and the strong sphaleron rates [64] in thermal
equilibrium and describe the underlying phenomena to a good degree,

Tws ~ 120057 and Tgs~132a35T . (4.2)

The weak sphaleron rate is given here in the symmetric phase, and is suppressed by an
exponential factor ~ exp(—Myy/T) in the broken phase. Eq. (4.2) shows the sensitivity of
the strong and weak sphaleron rates to the gauge couplings. We emphasize that the main
effect of modifying the gauge couplings is to change these sphaleron rates. While we apply
this variation of gauge couplings to a particular model in this paper, the inclusion of the
relevant dimension-5 operators of eq. (2.1) in any other model of EW baryogenesis can also
be investigated. We leave such studies to future work.

In computing the final baryon asymmetry, we start by finding the profile of the true
vacuum bubble. This step is required because we invoke a non-renormalizable operator as
the source of CP violation, so that the baryon asymmetry is sensitive to the bubble wall
width [6]. We obtain the bubble wall profile by solving the classical equations of motion
of the Higgs field across the spatial boundary between regions of true and false vacuum.
This solution is a smooth function, and can be fit to a tanh(z) function for ease in the
remainder of the calculation. We then make use of the vev-insertion approach outlined



in [65] to calculate the chiral asymmetry produced from CP-violating interactions with the
bubble wall.> We then calculate the resultant baryon asymmetry produced by the SU(2),
sphalerons as an integral over the left-handed fermion density ny, [67, 68]

= STws (a2) /0 ) —k—(as)y
Y5 = 5eDglan (@) ) o M Y € : (43)

The quantity x+ is defined as

vy £ /02 + 15Dg(a;)Tws(az)
2DQ(051) ’

Ky = (4.4)
where vy, is the wall velocity, Dg(a;) is the diffusion coefficient which depends on «; (see
eq. (B.14)), T'ws is the SU(2)y sphaleron rate, and s is the entropy density. A detailed
discussion of how we compute Yy is given in appendix B.

From qe. (4.3), we can observe that increasing the weak sphaleron rate in the unbroken
phase will increase the final baryon yield. The growth of Yp with a9 is quite dramatic since
the weak sphaleron rate grow as ag . However, the enhancement from modified sphaleron
rates will not diverge for the following two reasons. First, if we assume an exponential
profile for nr(z) in eq. (4.3), a linear term in I'yg exists in both the numerator and
denominator, so that for large enough I'wg the yield Yp asymptotes. In addition, while
initially increasing «g raises the masses of the SU(2) doublets my, such that CP-violating
interactions with the bubble wall approach a resonance, eventually as is so large that
my > mp, which leads to non-resonant interactions (further details given in the appendix
around eq. (B.19). Finally, as modifies the bubble wall profile which thereby changes the
profile of the CP-violating source. More details of how modifications of as enter every step
of the calculation are provided in appendix B.

The dependence of the baryon asymmetry on ag mostly arises from the suppression of
the strong sphaleron rate. The strong sphaleron rate relaxes the chiral asymmetry. There-
fore, if the strong sphaleron rate is decreased, then ny, the chiral asymmetry, increases.
Again this effect is quite dramatic due to the ag scaling of the strong sphaleron rate. In
addition the reduction in the strong coupling increases the quark diffusion coefficient which
tends to moderately enhance the BAU.% Finally this growth of the BAU is resisted slightly
by the fact that the C'P-violating sources are largest for my = mpr = 27" and the thermal
masses are decreasing with smaller as. We again relegate further details to appendix B.

We emphasize that the result of eq. (4.3) is the baryon asymmetry produced in the
unbroken phase and in front of the bubble wall, without accounting for dynamics in the
broken phase of EW symmetry. We discuss in the next section how this asymmetry can
be washed out if weak sphalerons are still active in the broken phase, inside the bubble.

5The accuracy of the vev-insertion approach is yet to be thoroughly tested and it remains unclear whether
it results in an under- or over-estimate of the baryon asymmetry. However, a more rigorous treatment of
a toy model did confirm the existence of a resonance-like feature [66]. Therefore, numerical values of the
baryon asymmetry we find should be understood as being indicative of the dependence of the BAU on the
parameters of the theory, as opposed to a precise calculation of the final baryon abundance.

SNote that the Higgs diffusion coefficient is also dependent on az. However, the change in the baryon
asymmetry from this effect is negligible.
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Figure 5. Contours of the sphaleron energy in units of 4wv/gs as a function of both das and
Ag/\/Ce, as defined in eq. (4.12).

4.2 Avoiding washout

The success of the mechanism presented here depends strongly on the enhanced sphaleron
rate in the unbroken phase of EW symmetry and across the bubble walls. It therefore also
depends strongly on ensuring that the enhanced sphaleron rate, if it persists in the broken
phase inside the bubble, does not wash out the generated baryon asymmetry. In order for
this washout to be prevented, it is clear that the phase transition should be strongly first
order. This would ensure that the change in the sphaleron rate between the unbroken and
broken phase is drastic, so that the enhanced sphaleron rate is nevertheless small inside
the bubble of true EW vacuum.

Inside the bubble of true vacuum, baryon number density np is depleted according to

13NE Tgpn(T) ng oc —eBepn/T

B VT3 ng, (45)

onp = —
where Egp), is the sphaleron energy. Given a phase transition duration tp, we may define

a washout factor as given by
np(ter)
np(0)

which will provide a bound on the degree to which washout is tolerated in a model of baryo-

Fy = (4.6)

genesis. This bound can be incorporated into an approximate baryon number preservation
condition (BNPC) as a function of v./T. [69], which is

47TE()‘H7 g2, C6) &

t
— 6log Ve s _ log(—log Fyy) — log T 4 log yn + logk, (4.7)
g2 Tc Tc ty

where

XN = [(13;\[ F) Niz(NV)sor (“’;ff)] : (4.8)

- 11 -



tg = 1/H(T) is the Hubble time, k is the fluctuation determinant ratio that goes into cal-
culating the EW sphaleron rate, w_ is the frequency of the unstable mode of the sphaleron,
Np is the number of fermion families, and N (NV);or ~ 7000 are translational and rota-
tional model factors which also enter the sphaleron rate and were computed in [70].

The fluctuation determinant ratio & is a sensitive function of Ay /g3, and was computed
in [71] for four values of Ay /g5 = 0.1, 0.3, 1, 10, from which an extrapolation in the range
5x 1072 < A /g5 < 10 was presented. In that analysis, it was found that for Ay /g3 ~ 0.3
as in the SM, logkx ~ —2.2, while for Ay/g3 ~ 0.1, logx ~ —7.9. Since our model
increases go, it pushes us to values of Ay/g5 < 0.3 and we enter a regime where log & is
quite sensitive to the precise choice of das. The largest deviation from the SM we will
consider is dag ~ 0.1, which corresponds to Ay /g3 ~ 0.08. This is at the lower limit of
the interpolating curve shown in [71], which gives log x ~ —11. Since an explicit numerical
calculation of the fluctuation determinant ratio as a function of dag is beyond the scope of
our study, and the calculation of [71] was only performed for four specific values, our choice
of log k has an inherent uncertainty which we are currently unable to quantify. However,
the perturbative calculation of log x gives substantially larger values than the numerical
results of [71], so we can hope that the true value of log k(dcaz) is not smaller than that
which we use, meaning that our estimate might be conservative.

In our analysis of the washout avoidance condition, we will take
—log Fyy ~ min[0.1, logYz/Y5™], (4.9)

which corresponds to a washout factor of either 10% or the amount by which our mechanism
overproduces a baryon asymmetry. We use this washout factor because we find that for
large das we can obtain a substantially larger BAU than is required, and therefore tolerate
a significantly larger washout factor.

The function E(Ag, g2,¢6) appearing in eq. (4.7) is the sphaleron energy in units of
4mv/gy. This function can be obtained only by computing the sphaleron solution of the
effective field theory by starting with the usual ansatz of [72] for the gauge and scalar fields

v

a_a __ _% . -1 - 0
Wag® = ng(g)azUU . H ﬂh(g)U <1> (4.10)

(]

where U is an element of SU(2), and £ = gour is a dimensionless radial coordinate. In
the presence of the {%|H | operator, the usual coupled non-linear differential equations of
6

motion for f(§) and k() are modified and can be written as [51]

2—d2f—2 1 1-2 2h2 1
i Ja—=f)1- f)_Z 1-1)),
d [ ,dhY o AH .20 30%6 10, 0 2

We solve these differential equations numerically using the Newton-Kantorovich Method
(NKM) as described in great detail in [73].
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The sphaleron energy at 7' = 0 is given by Egp = [ d3xT™, where T is the stress-
energy tensor, and may be written as

47TUE()\H> 92, CG)

Esph:
g2
N AN L8 o 1<dh>
= d§(4<d§) TR
R R4 Mg _qp e O g ) (41g)
493 893§ ' '

In practice, we compute this integral numerically from the solutions h(§) and f(&) obtained
using the NKM. We use a symmetric numerical integration procedure, where

dX  Xiy1— X

iy vt (4.13)

where X; = f;, h; corresponds to the value of the function at step 7, and A is the separation
between steps. The result for E(Ag, g2,c6) is shown in figure 5. The behaviour is as
expected, in that at large dag, or correspondingly, small Ay /g2, the normalised sphaleron
energy asymptotes towards a fixed value E ~ 1.6 as go — oo. For larger suppression scales
than those shown in figure 5, the sphaleron energy increases (because we have chosen
cg > 0) until we recover the SM Higgs sector in the limit Ag — oo [51, 73].

The sphaleron energy is used in the calculation of the BNPC of eq. (4.7). This enables
us to compute the required value of v./T. that ensures that sphaleron rates are sufficiently
suppressed inside the bubbles of true vacuum, so that our produced baryon asymmetry is
not washed out. This requirement must then be contrasted with what is actually obtained
in our model. We define the ratio

R— Uc/Tc‘obt. (414)

Uc/Tc |req. ’

to parameterize the extent to which the baryon asymmetry produced by the enhanced
out-of-equilibrium sphalerons is not washed out by the sphalerons remaining enhanced in
< 2.8, with

~

the broken phase. The values of v./T. required range between 1.4 < v./T,
the larger values being required at large day. Meanwhile the values of v./7T. obtained are
typically no larger than v./T. ~ 2, and the largest values are obtained for low Ag/,/c¢ and
low dag, as can be seen in figure 1.

4.3 Discussion of results

Due to the large number of moving parts in the calculation of the final baryon asymmetry
obtained when varying gauge couplings, we discuss here briefly the main results, which are
shown in figures 2 to 4.

In figure 2, a particular choice of Ag/\/c6 = 575 GeV was made to show how the scale
of new CP violation that yields the correct baryon asymmetry varies as a function of das.
As mentioned, new CP violation in the top quark sector is ruled out by non-observation

~13 -



of the electron EDM if das = das = 0. This can be seen by the light blue contour only
appearing for values of das 2 0.02. The location of these contours would shift downwards
for higher values of Ag//cs. All of this parameter space could potentially be probed in
future electron EDM searches [74-76].

In figure 3, we show the viable parameter space when we vary only dao and Ag/+/Cs,
taking dag = 0. Here, three effects compete to reduce the viable regions. On the one
hand, if Ag/,/c6 is too low, the tunneling rate is too low, and bubbles of true vacuum
cannot nucleate, as shown in the lower grey shaded region. On the other, the observed
baryon asymmetry cannot be reproduced if das is too small, due to the constraint from the
electron EDM on the scale of new sources of CP violation. Finally, while a large baryon
asymmetry can be produced by the enhanced sphalerons in a wide region of the parameter
space (above and to the right of the grey shaded regions), it is also washed out by the other
side of the double-edged sword that is a higher sphaleron rate. Indeed, as one increases das,
the baryon asymmetry grows rapidly, and is often overproduced. However, if the sphaleron
rate remains enhanced in the broken phase, for too large dag or Ag/\/cs, the strength of
the FOPT is insufficient to prevent washout of this initial overproduction. Thus, the viable
parameter space is restricted to certain values of v./T. which lie below the red contour of
R =1 (See eq. (4.14)).

In figure 4, we show the parameter space when varying only daz and Ag/,/cs, given
dag = 0. The region in which bubbles of true vacuum do not nucleate is determined by
our choice of das, such that for positive non-zero values of das, this exclusion region would
shift upwards. The region in which the initial BAU cannot be achieved would shift to the
left if dag > 0 were allowed. Meanwhile, the region ruled out by sphaleron washout would
be lower for fixed washout factor Fyy ~ 10% if das were varied. This choice corresponds
to a conservative estimate, since this constraint can in principle be relaxed if we were to
take advantage of the initial overproduction of the baryon asymmetry.

We do not present a combined analysis of simultaneous variations of ay and ag. As
will be discussed in the next section, the UV completions envisaged to modify the gauge
couplings in the early universe tend to not apply simultaneously to both ay and as.

Interestingly, the vast majority of the open parameter space can be probed by con-
straining the triple-Higgs coupling App, at High Luminosity LHC (HL-LHC), and all of it
(if only aq is varied) could be probed at the ILC running at /s = 250 GeV [61, 77, 78].
Shown in figures 3 and 4 are 68% CL limits on Ag/,/cs as obtained from a global fit, which
for ILC assume a combination with HL-LHC. The 95% CL bounds for HL-LHC do not
appear in the figure shown. The proposals to run ILC at /s = 250, 350,500 GeV, or the
FCC-ee at /s = 240, 350 combination could place 95% CL bounds on the entire parameter
space shown in figures 3 and 4.

5 Models for modifying the gauge couplings

In this section we discuss two different mechanisms for generating the dimension-5 oper-
ators in the effective Lagrangian in eq. (2.1) which control the size of the various gauge
couplings at temperatures near that of the EW phase transition. We discuss how each
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mechanism can only serve to modify one of either the weak or strong gauge coupling at a
time, with experimental constraints preventing the simultaneous modification of the other.
The first mechanism, which involves an ultra-light scalar with a non-zero energy density
which scan values of the gauge couplings, additionally requires modifying the hypercharge
gauge coupling so as to evade constraints during Big Bang Nucleosynthesis and from mea-
surements of stars at O(1) redshifts. The second mechanism requires the existence of an
additional scalar field near the EW phase transition scale which obtains a vev. In order for
this scalar to couple to gauge bosons sufficiently, a large number of new states must also
exist near that scale, leading to possible experimental signatures.

5.1 Scanning coupling constants

We first discuss the first mechanism, whereby an ultra-light scalar field, ¢, scans values of
the gauge couplings as it evolves in time. Such a scalar field may be treated as a coherently
oscillating classical field whose energy density behaves like non-relativistic matter as long
as its potential is dominated by the ¢? term [79]. This ultra-light scalar could be a light
modulus or dilaton-like field, which we will henceforth treat as making up some fraction of
the Dark Matter (DM) energy density ppm, denoted fpy. We therefore write the field as
o VAIDMPDM oy (5.1)
My
where m,, is the mass of the ¢ field.
If this field has couplings to the field strengths of the SM gauge groups, we may write
these as

1 Cqy P 1 Cgy P
LD (1— 24 )B‘“’BW—<1—92 )WG’WW[Z,

- 493 Mp, 493 Mp,
1 2cq g3 83 ¢ A A
— (14 =) g 5.2
4g§ < * Mp] g ( )

where By, W, Gﬁy are the U(1)y, SU(2)r, SU(3). field strength tensors respectively
and we have set Ayz3 in eq. (2.1) to a slightly modified value of the Planck mass,
Mpy = (47Gx)~1/? = 3.4 x 10'® GeV, to match the literature on dilaton couplings.” The
normalizations of the scalar couplings cg,., cg,, ¢4 are also chosen to match the treatment
of dilaton couplings [80-82]. This choice of normalization requires a coupling of the scalar

to fermion masses

c _
Pl ¥

8 This formulation of the

such that the coupling ¢, appears in a RG-invariant manner.
coupling ¢, is such that it is equivalent to coupling ¢ to the anomalous part of the gluon
stress-energy tensor, which in turn ensures that ¢, is a measure of the coupling of ¢ to the

gluonic energy component of the mass of a hadron.

"Note that with our definition, Mp; = \/imp, where mp is the usual reduced Planck mass.
8The RG-invariance holds only up to electromagnetic corrections which are agzas suppressed.
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These couplings of the ultra-light scalar to the gauge kinetic terms amount to a change

in the effective gauge coupling, now given by

9i

ioff = — 5= 5.4
Gieff (1 _ c]\g/[ipglp)l/Q 5 ( )
for the U(1)y and SU(2)r couplings. The SU(3), coupling modification is not written out
because as we will discuss later, constraints on ¢4 are such that no substantial modification
of ag will be possible by this mechanism. Indeed, the constraint is such that only for
my, < 10732 eV can one achieve dag > 0.03 as required for successful baryogenesis in our

model. This value of m,, is barely compatible with the picture of a coherently oscillating
> 3Hy ~ 10733 eV, where Hy is the value of the Hubble

~

scalar field, which requires m,,
constant today [83]. Since this is at the boundary of compatibility with constraints, we
will only consider modification of ay and s in this discussion.

If the scalar ¢ behaves as non-relativistic matter, its energy density will evolve as
T3 from Teq ~ (mprl)l/ 2 to the temperature now, Tp, so that the field value of ¢ was
(T/Tp)3/? greater at a temperature T < Teq than it is now. Therefore, g; . will vary as a
function of the temperature between now and Ty. At temperatures above Ty, the value of
the scalar ¢ behaves as dark energy would, and therefore does not change. In this section,
we only consider scalars with masses below m, < 1075V, i.e. Teq < TewpT, so that
during the electroweak phase transition the scalar ¢ is not undergoing oscillations.

5.1.1 Constraints on scalar couplings

The couplings of ultra-light scalars have been strongly constrained by searches for long-
range Equivalence Principle (EP) preserving “fifth forces” and for EP-violating forces.
They have also been strongly constrained by searches for variations in the fundamen-
tal constants.

At low scalar masses, the strongest constraint on the coupling ¢, comes from a search
for deviations in the gravitational lensing of the sun, performed by the Cassini space-
craft [84]. This search places a constraint on the Eddington parameter ~:

1—y~2c <(21+£23)x107°, (5.5)

such that |c¢;| < 6 x 1073 at 20. Hence any modifications of the SU(3). coupling will be
minimal, as claimed above.

The searches for long-range forces are conducted at energies well below the EW sym-
metry breaking scale, and so they typically refer to the coupling to the photon kinetic term
as opposed to separating into the U(1)y and SU(2)y, kinetic terms. Thus they constrain a
coupling ce, which appears in the Lagrangian as

1 Ce
LDO——|(1- AP A, . 5.6

= 462 < MP1> Hv ( )
Using the relationship between electromagnetic (EM) coupling e and the U(1)y and SU(2),
gauge couplings,

_ gy g2
TG R (57)
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we can express the coupling of the scalar to the EM kinetic term in terms of the couplings
cg, and cg,. as

Ce = QyCg, + Q2 Cgy . (5.8)

In turn, we may now discuss the constraints that have been set on variations of the EM
fine structure constant agy in terms of constraints on the scalar couplings to the U(1)y
and SU(2)r, kinetic terms. The variation of the EM coupling as a function of the scalar

(AaEM> ey 59

- b
QEM Mp) —ce ¢

field value ¢ is

which will enable us to constrain c,, and in turn ¢4, and cg,.

There exist strong constraints on the variation of the EM coupling from astrophysical
data, taken at redshifts between 1 < z < 4. A meta-analysis of recent measurements yields
a weighted mean [85]

A
( aEM) = (—0.64 £ 0.65) x 107°, (5.10)
QEM astro, '17
which is consistent with zero at 1o, while a previous analysis [86] found
A
< O‘EM> = (—2.16 £ 0.86) x 107°, (5.11)
QEM astro, '10

which indicated a possible variation of the EM coupling at high redshift, but remained con-
sistent with zero at a little over 20. The first average above for Aagy/agy corresponds to

25 [ My \ —1/2
Ce ~ —8+8x 10 <eV> DM > (5.12)
assuming a central observation redshift of z = 2.5 and a gravitationally-suppressed

¢ interaction.
Additionally, there is a strong constraint on the variation of the EM coupling from the
Oklo natural fission reactor [87], which constrains

Aagm

—09x%x1077 < < > <12x1077, (5.13)
Oklo

QOEM

which also constrains the annual variation of the EM coupling to be less than one part in
~ 10'7. This constraint corresponds to a constraint

-1
—6x10% < ¢ (Z};) 12 <8 10%, (5.14)

for a gravitationally-suppressed ¢ interaction as above.

There are also constraints on the variation of agy from Big Bang Nucleosynthesis
(BBN), which can be of similar strength if the variation is coupled to variations of other
fundamental parameters [88]. However, since these coupled variations are not considered
in this paper, we will not discuss them further.?

9One might be concerned that BBN should constrain variations in as due to the sensitivity of the final
Helium abundance to the neutron lifetime, which is a weak process. The neutron decay rate can be written
so that T, oc (g2/Mw)?*, so that it is sensitive to the Higgs VEV during BBN, but not g» directly, at
tree level.
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Figure 6. Constraints from EP-violation searches from the E6t-Wash experiment [89] on ¢, ¢4,
and cg4, (blue, red, yellow) as a function of |¢,4|, which is allowed to vary up to its maximum of
leg| ~ v/1075 as discussed in the text. The discontinuity at small values of |¢,| corresponds to when
the strongest constraint is on Im(¢;) as opposed to Re(c¢;).

There exist also constraints that can be set independently on m, and fpyu, coming
from searches for EP-violating interactions. The strongest constraint was set by the Eot-
Wash experiment [89], which compared the relative acceleration of Beryllium and Titanium
test masses. Following the analysis of [81, 82|, we find that this constrains the combination
of ¢, and ¢, to be

—4.2x1077¢? = 1.4 x 10 %cecy + 6.6 x 1073¢] | < (0.34+1.8) x 10713 . (5.15)

We use this constraint in figure 6 to show the upper limit on ¢, and the re-interpretation
as an upper limit on ¢4, and ¢y, in the absence of the other respectively. In the mass
range of interest for ¢, this, combined with the Cassini constraint on ¢4, provide the
strongest constraints.

Given these constraints, we see that the maximum scalar coupling to the SU(2)p
kinetic term in the absence of tuning is |cg,| ~ 1072 if ¢, saturates the Cassini bound, or
cgo| ~ 6 x 1074 if |cy| = 0. This constraint is so strong that a change in das would not
be possible, since the required scalar mass would be so small it would not be coherently
oscillating now. These constraints might have been relaxed if a chameleon mechanism were
present [90]. However, given the requirement that the ¢? term in the potential dominates
over potential cubic and quartic terms, the Cassini constraint will still apply [91].

Crucially however, these constraints are not directly on cg,, but instead are interpre-
tations of constraints on ¢, on the former. If we can impose that ¢, = 0, then there would
be no existing constraint on c,4, explicitly derived. This can be achieved if we impose a
fine-tuning of the relation between cg4, and cg4,, namely

Sov _ W (5.16)

Cg2 Qa2

which could have its origin in some symmetry. This relation corresponds to writing
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Figure 7. Left: contours of constant das for varying scalar mass and DM fraction fpus. The blue
shaded region is excluded by CMB and large-scale structure (LSS) data [93], while the dashed black
line corresponds ap — 0o, with ap < 0 above. The scalar coupling has been set to ¢g, = 1. Right:
the variation in the weak coupling das as a function of the mass for different choices of the scalar
couplings ¢g4,. The DM fraction has been set to fpa = 0.025 to be free of CMB/LSS constraints.
We allow large ¢4, by enforcing ¢, = 0 as discussed in the text.

eq. (5.2) as

1 1
LD _@BMVB#V - TgQWG,MVWgV _ <092(‘0> (BMVBWI - W(IMVW;L/) , (517)
Y 2

with ¢4 being set to zero. The B? — W? structure can arise, for example, from a left-right
symmetric UV completion similar to that of [92], with ¢ coupling to W3 — W7. This
structure can be postulated at a given scale u, in which case a concern might be that
unless it is enforced by an unbroken symmetry, it will not be invariant under RG flow. We
will not consider this possibility here, and instead assume that the relation of eq. (5.16)
holds in the IR.

In principle, in the limit ¢, = 0, a constraint on ¢4, can nevertheless be obtained
by computing the EW matrix element of the proton and neutron. Variation of as would
then lead to a small variation in the proton and neutron masses, which can be constrained
by the Edt-Wash result. We expect this constraint to be roughly as/apm X GeV? /m%/v
weaker than the constraint on |c.|, which would translate into a bound |cg4,| < 10 (0.8) for
lcg] =0 (6 x 1072). A computation of the exact bound is left to future work.

5.1.2 Scanning of as

Having established that ¢4, can be non-zero, and indeed could be sizeable if ¢, is set to
zero by the tuning condition of eq. (5.16), we now continue with the analysis of how s
can be scanned by an ultra-light scalar.

The shift in the weak structure constant can be written as

Cgo @/MPI

, 5.18
1 — cg,0/Mpy (5.18)

50&2 = (9
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with ¢ given by eq. (5.1) such that

€2V /DM ) : (5.19)

dag ™~ Qg
(2.5 x 106 ()" — ¢ v/ Ton

so that appreciable shifts in the weak structure constant will only occur for very small

fom
0.02

that if ¢ is to successfully scan as an appreciable amount, it must be ultra-light.

scalar masses, in the vicinity of the pole at m, ~ 10733 eV (%)4 (

)2. This means

Given this expected range for the scalar mass, one must ensure that the ultra-light
scalar is nevertheless sufficiently heavy that it is coherently oscillating at the present time.
As discussed previously, this requires that the mass satisfies my, 2 3Hg ~ 10733 eV, where
Hy is the current value of the Hubble constant. Scalars satisfying this condition begin
to coherently oscillate with an amplitude set by an initial misalignment in the field. In
turn, this results in homogeneous energy densities that redshift with the scale factor a(t)
as a(t) 73, just like non-relativistic matter.

< 1072V, small-scale structure formation is suppressed on

~

For masses below m,,
observable length scales [83, 94, 95]. However, a scalar with a light mass can still make
up a fraction of the dark matter [93, 96]. In the range of masses we will be interested in,
the scalar may contribute to dark energy for some period of time after matter-radiation
equality, before contributing to dark matter. This can change the heights of the acoustic
peaks, meaning that measurements of the cosmic microwave background (CMB) are also
strongly constraining in this regime. For masses between 10732 eV < m,, < 10720 eV, the
scalar can only make up about 5% of the dark matter energy density at 95% C.L. [93].

Taking these constraints into account, we present our results in figure 7. We see from
the left plot that for a shift das ~ 0.01 — 0.08 as required to obtain the required baryon
asymmetry (see figure 3), if ¢y, = 1, the scalar must have a mass 107295 eV < my, <
10726 eV for 0.01 < fpy < 0.03. The minimum fraction of dark matter the scalar could
make up is bounded by the requirement m,, 2 3Hqy ~ 10733 eV, and is about fpy = 1074,
From the right plot, we see that relaxing the assumption that ¢4, = 1 but imposing that
fom ~ 0.025, the scalar must have a mass 10732 eV < my, < 10720eV. If ultimately
it turned out that the E6t-Wash bound on ¢g4, is O(10) as might be expected based on
the discussion above, this mass range could be extended up to m, < 10~ eV, since the
allowed fraction of dark matter would increase as well. Thus we find that our mechanism
of scanning the weak coupling constant to be viable for a wide range of ultra-light scalar
masses, and a variety of fractions of DM.

5.2 Symmetry breaking

It has been shown that gauge couplings can be altered in the early universe via scalar
fields that acquire a vev [50]. Following this approach, we interpret @23 in eq. (2.1) as
two real scalar fields, that are in a symmetric phase, with (¢;) = 0, at high temperatures.
The fields go through a symmetry breaking transition at a temperature Ty, = 100 GeV,
at which point they gain a non-zero vev (¢;). (The two symmetry-breaking scales and
the vevs might be generated through separate mechanisms and does not necessarily have
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Figure 8. The absolute value of the dimension-5 operators in eq. (2.1) for a given change in as 3.
In this scenario we assume the scalar field @9 3 acquires a vev (s 3) before the EW phase transition,
shifting the gauge couplings by das 3. In the purple shaded (on the right half of the plot), the BAU
is produced without any change in ag, while in the blue shaded region (on the left half of the plot)
BAU is produced without changing as. Note that the produced asymmetry could be larger than
observed in these regions.

a common source.) Due to this contribution, the gauge couplings are different than their
SM values at the EW transition temperature.

In the simplest scenario the dimension-5 terms in eq. (2.1) are generated by integrating
out Ny vector-like fermions in the representation R of the gauge group, with mass My and
a Yukawa coupling y¢, charged under either SU(2)y, or SU(3).. In this case we have

207 (p3)
3 My

i) N C(R) ys (5.20)

A;

The invariant C'(R) is related to the quadratic Casimir operator, Ca(R), through the rela-
tionship C(R) = %CQ(R), where d4,dr are the dimensions of the adjoint and R respec-
tively. For simplicity we turn on the interactions in eq. (2.1) one at a time, keeping one
gauge coupling at its SM value while we change the other one. (See figure 8.)

Changing a2: as discussed in section 4, successful baryogenesis in the SMEFT scenario
we consider can be achieved with a larger than expected as at T, ~ 100 GeV. As can be

seen in figure 3, for dag = 0, successful baryogenesis requires dag 2 0.01. We can see from

figure 8 that this requires %‘ ~ 0.2. Taking y; ~ 1, )% ~ 1, this change in apg

requires Ny C(R) 2 270 fermions charged under SU(2); with M; ~ O(TeV). Although
it has been argued that SU(2); has an asymptotically safe fixed point with such a large
number of weak-scale fermions, the UV behavior of this scenario is not well understood.
For example, it is expected that the theory be confined at very high scales, without a
clear expectation to go into an unconfined phase below the Planck scale. Thus, within this
scenario, we do not let the weak coupling to change from its SM value.

- 21 —



Temperature

{p) =0
Ty +
(p) #0 Gauge couplings vary from their SM values due
to contributions from f dds that acquire
Tew + O6a=0  vacuumexpectation values
Tsr - (p}=0 T he symmetry is restored and the gauge
couplings return to their SM values before BBN
Teen A =0gy

Figure 9. An example of the cosmological history that is expected in the symmetry-breaking
scenario.

We also note that ag can be altered via the RG running, by adding fermions charged
solely under SU(2) . However, the required number of new charged fermions is vastly more
than allowed by constraints on the EW precision parameter W, which was constrained by
LEP to be smaller than AW < 8 x 1074, Additionally, strong LHC constraints can be
placed on new SU(2), charged fermions through modifications to the Drell-Yan process [97].

Changing a3: on the other hand, the BAU can also be generated by decreasing aig during
the EW phase transition. In this case, with das = 0, one needs dag ~ —0.03, which is
% 3)] ~ 1 and Ny C(R) ~ 60, much less than the

achieved for s/
number of fermions required to change s by an amount that would generate the BAU. Such

‘ ~0.4. For yy ~ 1,

My

new fermions would likely be vector-like, in which case strong limits of My 2 O(TeV) apply
from searches at the LHC if they have either U(1)y or SU(2)z, charges (see e.g. [98-101]).

The couplings must return to their SM values sometime before BBN since the formation
of light nuclei is well described within the SM. This can be achieved by another transition
that restores the symmetry that was broken by (p;) at a temperature Ty, < Tg. We
assume this symmetry restoration happens before BBN, Ty, = MeV. (We will be agnostic
as to whether these transitions are first order or not.) Thus, although the gauge couplings
might differ from their SM values for a period of time in the early universe, we recover the
SM before BBN. Such a symmetry breaking pattern can be present if there are multiple
scalar fields which go under symmetry-breaking and restoring phases. (Similar symmetry
breaking patterns have been studied in the literature. We especially draw similarities to the
vev-flip-flop scenario described in [102, 103], where the restoration of ¢ symmetry follows
from EW symmetry breaking.) A more detailed work on such a scenario is in progress [104].

6 Conclusions

We study the effects of varying weak and strong couplings in the early universe on the
production of the observed baryon asymmetry. We do this in the context of the Standard
Model with additional non-renormalisable operators, with the Lagrangian given in eq. (2.1).
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We show that by raising the weak coupling constant and/or lowering the strong coupling
constant around the EW phase transition scale we can easily produce the required baryon
asymmetry. We do this in a model that was previously ruled out for baryogenesis purposes
to demonstrate the power of these variations. The main reason for this success is that a
larger weak coupling constant raises the weak sphaleron rate, which in turn produces a
larger baryon asymmetry, despite the risk of increased washout by the same sphalerons in
the broken phase of EW symmetry. Hence, the required extra CP violation can be smaller
compared to more traditional models. Similarly, lowering the strong coupling constant
weakens the strong sphalerons, preventing the washout of a chiral symmetry, which, again,
raises the produced baryon asymmetry. These effects can be seen in figures 2 to 4. The
viable parameter space can be almost entirely probed at HL-LHC, and entirely covered at
proposed future lepton colliders.

We identify two types of models that would generate deviations in weak and strong
coupling constants in the early universe. In one of these models, a light scalar couples
to the SU(2);, and U(1)y field strengths. This scalar field could constitute part of the
dark matter and the couplings are constrained by various astrophysical and fifth-force
experiments. Another model relies on a scalar field that undergoes symmetry breaking
and symmetry restoration phases in the early universe. This model requires O(50 — 300)
fermions with O(TeV) masses, that are charged under SU(3). or SU(2);, and is expected
to have collider signatures.
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Note added. While this work was in completion, [105] appeared on arXiv, which has

overlap with section 5.1.

A Gravitational wave signals with a varying weak coupling constant

It is well known that a strong first-order EW phase transition in the early universe pro-
duces gravitational waves (GWs) that are potentially visible at LISA [106, 107] and DE-
CIGO [108]. In this section we study the GW spectrum produced in an EW phase transi-
tion, which is modified by both a |H|® term and by a change in das.

~ 93 -



The gravitational wave spectrum from a first-order cosmic phase transition includes
three contributions [109]

Q(f)h? = Qearh? + Qswh? + Quunh? . (A1)

Here the first term is generated via the collisions of bubbles. The soundwave contribution
is due to the interactions of the bubbles with the plasma while the last term is due to
turbulence. The sound wave contribution usually dominates when the Lorentz factor for the
advancing bubble wall does not diverge [110]. Indeed this is the regime we find ourselves in
our scenario [111-115]. The spectrum for the sound wave contribution is given by [110, 116]

2 —¢ (100 e B\ 2774
h*Qsw = 8.5 x 10 < > <> LU v Ssw(f) (A.2)
G H

where g, is the number of degrees of freedom, I' ~ 4/3 is the adiabatic index and 5/H
describes the inverse duration of the phase transition with respect to the Hubble rate H.
The rms fluid velocity is given by UJ% ~ (3/4)kf o, where o defines the strength of the
phase transition as the ratio of the latent heat and the entropy. We estimate the bubble
wall velocity v, = 0.5¢, for which the efficiency is well approximated by [117]

K o7 (A.3)
770,017 + (0.997 + )2/5° '
The spectral shape is given by
7/2
3
7

with the peak frequency

B _ 1 15} Tn Jx 167,
fow = 8.9 x 10" Hz (%) <H> (GeV) (10()) (fg) (A.5)

where Ty is the nucleation temperature and z, is a simulation factor which we take to
be 6.9 [110]. Recent work has argued that for a SM Higgs potential modified by a higher
dimensional |H | operator, the sound waves do not last longer than the Hubble time [114,

115]. This implies that simulations have overestimated the strength of the transition by a
factor of

v (87)1/3 @)1 3;” ~ O(10%) . (A.6)

We present the GW spectrum with this suppression factor in the sound wave peak ampli-

tude in figure 10 for various values of dao. Note that by including this suppression factor, we
are presenting a pessimistic scenario. Recent simulations point to a more optimistic case.

The action for a critical bubble can be found using the public package BUBBLE
PROFILER [118, 119]. From the action as a function of temperature and dae, we calculate
the nucleation temperature and $/H. The general trend is that the peak amplitude reaches
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Figure 10. Gravitational wave power spectrum generated by Ag/\/c6é = 560GeV (dark) and
600 GeV (light) and day = 0,0.03,0.1 for v, ~ 0.5. Note that das = 0.1 does not give the observed
BAU due to washout from weak sphalerons as discussed in section 4.

a maximal value for a moderate boost to daso, beyond which the amplitude is suppressed.
We conjecture the following explanation for this behavior. There is a competition between
two effects when varying as: (i) the thermal barrier is larger due to the contribution from
a larger coupling and (%i) the Higgs potential evolves faster due to larger contributions to
the thermal masses. The former effect enhances the GW signal while the latter suppresses
it. This means there is an optimum value of ay that maximizes the GW strength.

B Details of the baryon asymmetry production

The calculation of the final baryon asymmetry can only be performed rigorously in toy
models [66]. The approximate framework we use is known as the vev-insertion method.
This method has a number of assumptions that have never been properly tested, although
there is ongoing work in this regard. These assumptions are as follows.

e We can use the mass basis of the symmetric phase and ignore flavor oscillations. This
is the assumption that most of the baryon asymmetry is produced in front of the wall
where the vev is small and the mass matrix for quarks is basically diagonal with only
the thermal masses.

e The dominant source of CP violation comes from the collision term in the Boltzmann
equations. We treat the semi-classical force as sub dominant. If the first assumption
is valid then this second assumption appears to be also valid since this source of CP
violation tends to be couple orders of magnitude larger than the semi classical force.

The baryon asymmetry is then calculated in three steps.

1. Calculate the bubble wall dynamics.
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2. Use the output of step 1 to input into a set of transport dynamics which governs
the behavior of number densities near a bubble wall. This will result in calculating
a net chiral asymmetry that results from the CP-violating source. Such a chiral
asymmetry will be relaxed by strong sphalerons which wash out chiral asymmetries.
It also acts as a seed to bias the weak sphalerons. That is, weak sphalerons convert
the chiral asymmetry to a baryon asymmetry with an efficiency controlled by the
weak sphaleron rate.

3. Calculate EDM observables to make sure the CP-violating parameters are not ruled
out by experiments.

B.1 Step 1: phase transition

First one needs to calculate the effective potential at finite temperature. This is achieved by
calculating the one loop corrections to the effective potential using the finite temperature
propagators. The effective potential can be written as a sum of zero temperature and finite
temperature pieces,

V(h, T) = ‘/E)(h) + Vcw(h> + VT(h, T) (B.l)

where the first term is the tree level potential and middle term is the zero temperature,
Coleman-Weinberg loop correction. Loop corrections will include all particles that interact
with the Higgs. However, it is enough to focus on the ones with largest couplings, i.e.
Higgs self-coupling, gauge bosons and the top quark. There is also a question of gauge-
dependence, as the calculations are necessarily done in a certain gauge choice. Physical
quantities like the sphaleron energy is gauge-independent, while the measure of the order
of the phase transition, namely v./7. is gauge-dependent. Although a gauge independent
proxy has been developed [69], it is not necessary to worry about this numerically.
The finite-temperature corrections to the tree level potential are

= Y g A {m +H}+ ) T4JF {’;j] . (B.2)

i€bosons i€fermions

In the above the II; terms are Debye masses that result from a resummation and are in-
cluded to prevent the breakdown of perturbation theory. See,e.g., [120]. While in our
numerical analysis we use the full finite-temperature corrections given in the above equa-
tion, it can be helpful to gain some intuition for their behaviour by studying a simple
analytic expression for the boson and fermion functions in the high-temperature limit. Ig-
noring temperature corrections to the cosmological constant, one may write this high-T
expansion for the thermal functions, that are correct up to m/T < 2, as

7r2m2 7'1'2777/2 7rm3

2 )2
Ty~ ———, Jp~——% — ——= . B.3
F(m/ ) 24 T2’ B 12 T2 6 T3 ( )
In this expression, we have dropped a log term which cancels the CW potential for a
judicious value of the renormalization scale pu ~ T
At very high temperatures, the Higgs is in a symmetric phase with v = 0. As the

temperature drops, the potential acquires a second minima at non-zero vev. At a critical
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temperature T, these two minima become degenerate. The proxy for the strength of the
phase transition is the ratio of the vev at T, to the critical temperature. The critical
temperature is calculated by

av

= =0, V(e Ts) =V(0,T,) . (B.4)
dh h=v.,T=T,

In order to obtain a large BAU, one requires % > 1. In the SM this is approximated as

Ve (g2 + 0g2)?
— ~ 0] =" B.5
T. 9 (B:5)

In principle this suggests that a large dgo can catalyze a strongly first order phase transition.
In practice, it is not possible to get larger than v./T, ~ 2/3 for large values of dgs.

Another way to get a strongly first order transition is by having a tree level barrier
between the true and false vacuum that persists at zero temperature. This can be achieved
by a single non-renormalizable operator added to the potential

2
P 1 4, % ;6
Vo=—=—h"—-Agh” + —=h>. B.6
072 FRCLT Y (B-6)

The alternating signs between the different powers of the Higgs fields allows for there to
be a barrier between the true and false vacuum even at zero temperature.

The last quantity we need to calculate is the bubble wall profile. This comes from
finding the bounce solution to the classical equations of motion

2., dV

" !/

R+ ;h = (B.7)
where the prime denotes a radial spatial derivative. The non-trivial solution to this equation
is the bounce solution where one varies continuously from the true vacuum to the false one.
The spatial profile of this solution approximates a tanh solution with three parameters:
a bubble wall width L., the offset § and the field value deep within the bubble hg. We
feed a numerical fit of the tanh profile into the transport equations described in the next
section. This means the bubble wall parameters become functions of the temperature-
varying couplings, i.e. L, — L, (daz), etc. The bubble wall profile needs to be calculated
at the nucleation temperature Tn. This temperature is defined when the action evaluated
at the bounce satisfies

SE TN
2E 171 — 41 —2lng,, B.8
TN nGeV ng (B.8)

where g, is the number of relativistic degrees of freedom. This condition implies there is
at least one critical bubble in the Hubble volume.
B.2 Transport equations

In calculating the production of the baryon asymmetry, we split the calculation into two
steps. First we calculate the baryon-conserving but CP-violating interactions with the
bubble wall including baryon- and CP-conserving diffusion, scattering and decays. This
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allows one to calculate a profile for the total left-handed asymmetry. Then we feed this
solution into the transport equation with weak sphalerons. Separating the calculation into
two steps is justified on the grounds of the typical timescales involved in the first step 7yt ~
1/T is small compared to the time scale that governs baryon production tspn ~ 1/Tgpn.
Remarkably even when this is not true, the separation of the calculation into two steps
only produces a few percent error.

The transport equations that govern the first step given in the rest frame of the bubble
wall for the right-handed top quark density n;, the left-handed top doublet number density
ng and the Higgs density ny are

r "_ nQ M _ T NH _NQ
vyny — Dyny =Ty, <k:Q k‘t) I'y (kt e k@) (B.9)
| T (271@ T 9(”Q+”t)> +5CPV(2)
kg ky kp
o — Donh = — T, nQ T e N"H _"Q B.10
vwg = PQng (kQ )T\ TR ko (B.10)
27’LQ Tt g(nQ +nt) CPV
/) [ (e AL Ik St SELERALTAN I
ss < kQ kt + kB (2)
veny — Dpnly =Ty <Zt - % - Zg) (B.11)
t

In the above we just guess the bubble wall velocity v,, even though in reality it will depend
on ay and ag. We set v, = 0.5. The k factors are factors that relate the number densities
to their chemical potentials. They turn out to be not important. The Yukawa term I'y
is usually dominated by the “scattering” contribution (decays tend to be kinematically
suppressed) which involves a gluon and top annihilating into a Higgs boson and a top
quark. This contribution is given by

2

Ty ~2x0120% 7. (B.12)
47

The strong sphaleron rate that washes out the chiral asymmetry is simply given by
[y = 132057 . (B.13)

The diffusion coefficients for the top quark are very sensitive to as and as. They are
given by [121] (the discussion before Equation (130) in particular).

45 3272 100 3272
Dél - eLR—a%Tlog < > + 2—04% tan? 0,1 log < )

T M3, b M3,
80 , 3272
+ 7—7T<343T10g <J\Jé> ’ (B.14)

where My = T+/20mas/3, Mg = T+/8maz and Mg = T\/4mastan?6y/3. Finally we
have the interactions with the space time varying Higgs. Specifically these interactions are
the left- and right-handed top quarks interacting with the vacuum. These are functions
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of the bubble wall profile (described in the previous section), the thermal widths through
Er = wy — i’y where ', is the thermal width, and the thermal masses. The CP-violating
interactions with the bubble wall are given by

2..3
StCPV(Z) _ 3UWyt ’Un(Z)aZ’Un(Z)

7T2
k2dk nF(é’L)+nF(€R) nF(EL) *TLF(S*)
Im | (ELER+E? ELEL — k2 R
X /(-ULWR m |:( LER+ ) (SL +€R)2 +( LCR ) (gR o gL)2
(B.15)

where we have removed a divergent term by normal ordering [122]. Note that we neglect
hole modes in the plasma. Due to this omission, we expect to underestimate the baryon
asymmetry by a small amount [123, 124]. Similarly the relaxation term that describes
CP-conserving interactions with the bubble wall is given by

_ 3yjup
T 42T
k2dk hF(gL)+hF(5R) hF(SL)—i-hF((‘:*)
X Im (LR + k2 + (&1 — K2 R
/wLwR o [( Lo ) (L + ERr)? (é18% ) (Er—E&L)?
(B.16)
The relevant thermal widths are 4
FL,R = §a3T . (Bl?)
and the thermal masses are given by
2
93 3 9 L, Lo, Lo,
— T4/ 2 _— — - B.18
L 6 329271 58891 T 1Y T g% (B.18)
2
93 Ly 1,
=T/ 22 4+ — —yA . B.1
mp 6 + 1891 + Syt (B.19)

Both the CP-conserving and CP-violating interactions with the bubble wall have a resonant
enhancement when mjy ~ mpg. The width and height of the resonance are controlled by
the thermal width and the peak of the resonance is achieved when the thermal masses
are degenerate.

The second step in the calculation is in calculating the effect of weak sphalerons. For
this we have a single transport equation

15 3
DQp}/B — vap’BG[—z]Fws = @[—Z]§FWS(5HQ(Z') + 4ny(2)) (B.20)

where Iy, = 120a5T. The baryon yield is then calculated by solving the above equation
and dividing by the entropy density

0
Yp = lws / dy nr(y)e " (B.21)
2sDgk+ J o

with ke = (v, £ /02 + 15Dol'ws)/(2Dg). To a very good approximation the left-handed
number density in the symmetric phase can be approximated by a sum of exponentials,
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nr(y) = >; Ajexp B;y [125]. The baryon asymmetry is then

Yy — 3l'ws Z A;
25D (vw + /2, + 15Dl ws)/(2Dg) “ B; — (vw — /2, + 15Dgl'ws)/(2Dg)

(B.22)
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