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Fireball baryogenesis from early structure formation due to Yukawa forces

Marcos M. Flores,1 Alexander Kusenko,1, 2, 3 Lauren Pearce,4 and Graham White2

1Department of Physics and Astronomy, University of California, Los Angeles
Los Angeles, California, 90095-1547, USA

2Kavli Institute for the Physics and Mathematics of the Universe (WPI), UTIAS
The University of Tokyo, Kashiwa, Chiba 277-8583, Japan

3Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
4Pennsylvania State University-New Kensington, New Kensington, Pennsylvania 15068, USA

(Dated: November 30, 2023)

We show that viable electroweak baryogenesis can be realized without a first-order phase transi-
tion if plasma is heated inhomogeneously by nongravitational structure formation in some particle
species. Yukawa interactions can mediate relatively long-range attractive forces in the early Uni-
verse. This creates an instability and leads to growth of structure in some species even during
the radiation dominated era. At temperatures below the electroweak scale, the collapsing and
annihilating halos can heat up plasma in fireballs that expand and create the out-of-equilibrium
high-temperature environment suitable for generating the baryon asymmetry. The plasma tempera-
ture at the time of baryogenesis can be as low as a few MeV, making it consistent with both standard
and low-reheat cosmologies.

Yukawa forces are generically stronger than gravity,
and they can lead to the formation of structure during
both matter and radiation dominated eras [1–7]. The
growth of these structures can lead to bound states [8–
10] or, in combination with radiative cooling by the same
Yukawa interactions, can lead to collapse and formation
of primordial black holes [4, 6]. Alternatively, the halos
can disappear via annihilation of their constituent parti-
cles. However, if the halo particles have some interactions
with Standard Model (SM) particles, the formation, col-
lapse, and decay of the halos can result in local heating
of the ambient plasma.

In this work we will show that this inhomogeneous
heating of plasma creates suitable conditions for elec-
troweak baryogenesis if the halos form when the plasma
temperature is below the electroweak phase transition.
The requisite departure from thermal equilibrium [11]
is achieved in the expanding fireball at the site of a
halo collapse. This allows for electroweak baryogen-
esis, which makes use of the baryon-number-violating
sphaleron transitions [12], even in the absence of a first-
order phase transition. Our scenario is consistent with
both high and extremely low reheat temperatures, broad-
ening the range of viable cosmological models. Unlike
some other models of low-scale baryogenesis [13, 14], we
do not require preheating or any particular inflationary
scenario. The paradigm we propose is consistent with any
viable inflationary model. This is similar to the scenario
of Ref. [15], where inhomogeneous heating of plasma was
due to hadronic jets of decaying heavy particles.

As in Ref. [4], we will consider a dark sector heavy
fermion ψ interacting with a scalar χ via a Yukawa in-

teraction,

L ⊃ 1
2∂

µχ∂µχ+ 1
2m

2
χχ

2 + ζ

4!χ
4

+ ψ̄iγµ∂µψ −mψψ̄ψ − yχψ̄ψ + · · ·
(1)

We have included a quartic coupling, as is required for
renormalizability. We choose ζ ≪ 1 and neglect its effects
on structure formation. In general, as shown in Ref. [7],
a quartic does not preclude the formation of structure
during a radiation dominated era.

The fermions are assumed to be either stable or have a
total decay width Γ ≪ m2

ψ/MPl, where MPl ≈ 2.4 × 1018

GeV. This allows for an era during which the ψ particles
become nonrelativistic and decouple from the plasma,
and interact via a long-range force mediated by the χ
field. Once freeze-out of ψ̄ψ ↔ χχ interactions occurs
and the mean-free path of χ particles becomes sufficiently
large, ψ halos can start to form and collapse.

In view of the previous discussion, halo formation be-
gins at the growth temperature Tg ≡ min{TFO,mψ/3}.
The freeze-out temperature, TFO, is determined by solv-
ing Γ(T ) = H, where Γ is the interaction rate for
ψ̄ψ ↔ χχ interactions given by

Γ(T ) ≃ y4

4π ·
nEQ
ψ (T )

(T 2 +m2
ψ) (2)

and nEQ
ψ (T ) is the equilibrium number density for

fermions. Unlike in gravitationally bound systems, the
binding energy within systems bound by long-range
scalar interactions can be non-negligible. This binding
energy can become a nontrivial component of the energy
budget for certain values of {y,mψ,mχ}. To account for
this, we include an additional energy component in the
Friedmann equation,

3M2
PlH

2 = ρrad + ρy. (3)
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where ρy accounts for the energy density of Yukawa po-
tential energy. The limited range of the mediator χ, de-
termined by m−1

χ , requires that we consider two regimes:
(i) the mediator acts on all particles within the horizon
(H−1 < m−1

χ ) or (ii) the mediator can only act on sub-
horizon patches (H−1 > m−1

χ ). In the latter scenario, the
number of regions subject to scalar interactions within
the horizon is Nh = (mχ/H)3.

The above two scenarios lead to two possible expres-
sions for the Yukawa energy density,

ρy(T ) = 3y2

4πm2
ψH

−3

{
M2

hor/H
−1 H−1 < m−1

χ

NhM
2
hal/m

−1
χ H−1 > m−1

χ ,
(4)

where (
Mhor
Mhal

)
= 4π

3 mψn
eq
ψ (T )

(
H(T )−3

m−3
χ

)
. (5)

The three parameters {mψ, y,mχ}, establish three im-
portant temperatures. The Universe originally begins in
a radiation dominated epoch and transitions to Yukawa
domination at TRD→YD

eq . The horizon size continues to
grow until H−1 exceeds m−1

χ at Tmχ=H . Lastly, the num-
ber density of the ψ fluid rapidly decreases as the tem-
perature falls below mψ. This allows for reestablishment
of radiation domination at TYD→RD

eq . Taking this into
account, the evolution of the Hubble parameter becomes

H(T )2 =


π2

90 g∗
T 4

M2
Pl

T ≲ TYD→RD
eq & T ≳ TRD→YD

eq

2π1/2

3MPl
yneq

ψ (T ) Tmχ=H ≲ T ≲ TRD→YD
eq

4π
9M2

Pl

y2neq
ψ

(T )2

m2
χ

TYD→RD
eq ≲ T ≲ Tmχ=H .

(6)
Depending on the parameters, radiation domination may
be reestablished before the horizon exceeds the Compton
wavelength of the mediator. In this case, the evolution
of the Hubble parameter is instead given by

H(T )2 =


π2

90 g∗
T 4

M2
Pl

T ≲ TYD→RD
eq & T ≳ TRD→YD

eq

2π1/2

3MPl
yneq

ψ (T ) TYD→RD
eq ≲ T ≲ TRD→YD

eq .

(7)
Given the Hubble parameter in this more general frame-
work, determining when the ψ̄ψ ↔ χχ freeze-out is a
simple matter of computing the temperature, TFO, where
Γ(TFO)/H(FO) = 1, where Γ(T ) is given by Eq. (2).

Given TFO and therefore the growth temperature Tg,
we can estimate the properties of the ψ halos formed
as a result of long-range interactions. The halo mass
is approximated by the mass enclosed within the radius
Rh = m−1

χ at the growth temperature,

Mh = 4π
3 mψnψ(Tg)R3

h. (8)

In the absence of dissipation, these dark matter halos
would remain as such until their constituent particles de-
cayed. However, the same Yukawa interaction introduces

a dissipation channel for energy and angular momentum
through emission of scalar radiation. Scalar cooling pro-
ceeds through different emission channels depending on
the size and density of the ψ halo. For dilute systems,
incoherent oscillatory motion of ψ particles leads to emis-
sion power P ∝ y2ω4R2Mh. For halos with higher densi-
ties, pairwise interactions lead to scalar bremsstrahlung
similar to free-free emission of photons from plasma. The
final stage of collapse begins with χ radiation becoming
trapped, leading to surface emission from a fireball con-
figuration of the halo. This stage sets the timescale for
collapse since surface radiation is by far the least effi-
cient at removing energy from the halo. In particular,
for a halo of radius R, τcol ∼ R ≪ H−1 [4]. Therefore,
we take the temperature of the plasma outside of the halo
to be the growth temperature Tg.

The final state of ψ halos depends largely on their
size and their ability to overcome Fermi pressure. If the
Compton wavelength of the heavy fermions fits inside the
Schwarzschild radius of their respective halos,

1
mψ

<
Mh

4πM2
Pl
, (9)

then the halo will collapse into a black hole. However,
this condition is not satisfied for the parameter space we
consider in this study. Instead, the halos collapse until
the average particle spacing within the halo is compara-
ble to 1/mψ. At this point, the halos annihilate as there
is no asymmetry in the ψ population.

We note that thermal corrections to the χ mass might
impede the formation or collapse of ψ halos. First, cou-
pling the scalar χ to the SM might induce thermal cor-
rections due to the ambient SM plasma. In what follows,
we will directly couple χ to the Higgs sector. During the
formation and collapse of the dark sector halos, the SM
background temperature always remains below T ∼ 100
GeV. Therefore, temperature corrections arising from the
direct coupling of the χ particle to the Higgs sector will be
Boltzmann suppressed, i.e., δmχ ∝ exp(−mH/T ). Thus,
we do not expect the SM plasma to offer any major cor-
rections to the scalar mass mχ. Inside the collapsed halo,
the temperature increases beyond 100 GeV, and the tem-
perature corrections to mχ may be significant, but as the
halo has already collapsed and transferred energy to the
SM sector, these corrections are unimportant.

Second, temperature corrections from the dark sector
may come into play in the later stages of halo collapse.
Eventually, the scalar radiation becomes trapped in a
collapsing halo, resulting in a correction to mχ due to
the local ψ density. A decrease in the range of the scalar
interaction does not necessarily affect the halo stability,
in analogy with large atomic nuclei which are maintained
by attractive interactions whose range is much smaller
than their physical size.

The final stages of halo collapse are complicated by
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bound state formation, convection, etc. We leave these
considerations for future work.

Regardless of the final state of dark matter halo, the
energy released from collapse is [4]

∆Ecol = y2M2
h

m2
ψRc

(
1 − Rc

Rh

)
, (10)

where Rc is the critical radius which is either the
radius where annihilations become significant or the
Schwarzschild radius. The annihilating halos also release
energy into the ambient plasma, ∆Eann = ϵannMh, where
ϵann parametrizes the efficiency of annihilation. The to-
tal energy release is the sum of these two contributions,
∆E ≡ ∆Ecol + ∆Eann. We assume that the dark sector
consisting of ψ and χ is weakly coupled to the SM, and
so the sudden release of this large quantity of energy lo-
cally heats the plasma. In particular, immediately after
collapse and annihilation of the halo the temperature of
the heated region is

T 4
i = 90ξs∆E

4π3g∗(Ti)R3
i

, (11)

where Ri is the initial radius of the heated region, g∗(Ti)
are the relativistic degrees of freedom at Ti and, most im-
portantly, ξs is the efficiency of energy transfer of energy
from the dark sector χ particles to the SM plasma.

The specifics of the efficiency depend on the specific
coupling of the dark sector to the SM. One may consider,
for example, the quartic coupling L ⊃ λ χχHH. In this
case, the coupling λ and ξs are related through

λ2 = 4π3

ζ(3)

(
Teffmψ

g∗(Ti)T 2
bg

)
(12)

≃ ξs
100

(
106.75
g∗(Ti)

)(
Teff

100 GeV

)(
mψ

100 GeV

)(
100 GeV
Tbg

)2

,

where Teff is the effective temperature of the halo given
by

Teff =
(
y2Mh

mψR4

)1/4

. (13)

For all of the parameter space we consider, λ ≪ 0.1 and
therefore it is unimportant in our later discussion of CP
violation.

Once a region is heated above the background temper-
ature, dissipation of the fireball can occur via two main
channels. First, the energy release may be very rapid,
via an expanding shock wave which travels through the
plasma at the speed of sound. Utilizing conservation of
energy, we define the characteristic timescale associated
with this expansion as

τexp ≡ T

|dT/dt|
= 4Ri√

3

(
1 + t− ti√

3Ri

)
, (14)

where ti is the time when the heated region formed. Since
most of the energy is released at the end of collapse,
we approximate Ri = max{2GMh, Rann}, where Rann is
the halo radius in which the average distance between ψ
particles is m−1

χ and is explicitly given by

R = m−1
ψ

(
3

4π
Mh

mψ

)
. (15)

Alternatively, the fireball might cool through diffusion
on the timescale [15]

τdiff ∼ R2
i

4D

(
Ti
T

)8/3
, (16)

where D is a diffusion constant. As in Ref. [15], we take
D ∼ 1/γg where γg ∼ 0.3g2

sT and gs is the strong cou-
pling [16]. We may then express the diffusion timescale
as

τdiff ∼ 3
40g

2
s(T )T

(
90
4π3

ξs|∆E|
g∗(Ti)T 4

)2/3
. (17)

The dissipation timescale is defined as τdiss ≡
min{τexp, τdiff}. Generally, τexp ≪ τdiff ∝ T

8/3
i which

can be significantly larger than the temperature of the
heated region soon after the beginning of its evolution.

The temperature in Eq. (11) is generally above the
electroweak scale. Thus, the SM plasma undergoes two
phase transitions: a rapid one as it initially heats, and
another one as it cools. This provides a natural environ-
ment for electroweak baryogenesis, even if the postinfla-
tionary reheating temperature is below the electroweak
scale. In this scenario, only a fraction of the SM plasma
is heated, naturally leading to a small baryon asymmetry.

Example of a specific model that illustrates the new
paradigm. Although we do not need a first order phase
transition, we do need additional CP violation beyond
that present in the SM. In principle, any electroweak
baryogenesis scenario is applicable here. As an exam-
ple, we consider a well-motivated scenario, a two Higgs
doublet model, with the tree-level potential

Vtree = λ1

(
H†

1H1 − v2
1
2

)2

+ λ2

(
H†

2H2 − v2
2
2

)2

+ λ3

((
H†

1H1 − v2
1
2

)
+
(
H†

2H2 − v2
2
2

))2

+ λ5

(
Re(H†

1H2) − 1
2 cos(ξ)(v1v2)

)2

+ λ6

(
Im(H†

1H2) − 1
2 sin(ξ)(v1v2)

)2
. (18)

The fields acquire vacuum expectation values ϕ1e
iθ1/

√
2

and ϕ2e
iθ2/

√
2. We note that the potential (although

not the Lagrangian) is invariant under the transformation
H1 → H1e

iζ , H2 → H2e
iζ . Therefore, it depends only on
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FIG. 1. The evolution of the value of θ in the minimum
of the potential, as a function of temperature. Although θ
evolves rapidly at times, the smooth evolution indicates a
second order phase transition.

the difference of the phases θ = θ1 −θ2. Specific values of
the coupling constants are given in the Appendix; they
were chosen so that when the potential Vtree + V1−loop
is minimized, the lowest mass eigenstate and the vac-
uum expectation value (VEV)

√
ϕ2

1 + ϕ2
2 match observed

values. The chosen parameters also have tan β = 2.68
and β − α = 1.63, consistent with observational con-
straints [17]. Since ξ = 0, there is no additional CP
violation at low temperature, allowing us to bypass con-
straints from negative searches for electric dipole mo-
ments. We also can avoid flavor changing neutral cur-
rents by coupling only one doublet to fermions. In the
Appendix, we give expressions for V1−loop as well as the
finite temperature corrections VT .

The above example is by no means unique, and there
are many other possibilities for coupling χ to the SM and
for the sources of CP violation.

At sufficiently high temperatures, the minimum of the
potential is at θ = π/2. As the plasma cools, it undergoes
a smooth transition to a minimum with θ = 0, as shown
in Fig. 1. Because of the symmetry mentioned above, we
expect θ1 + θ2 to remain constant as long as the phase
transition is slow enough that θ− remains in the value
that minimizes the potential. Therefore, θ̇1 = −θ̇2 = θ̇/
2.

To avoid flavor changing neutral currents, we consider
here a “type I” two Higgs doublet model [18], in which all
fermions are coupled to H2. Consequently, after sponta-
neous symmetry breaking the Yukawa terms acquire the
phase eiθ2 . This can be removed via a rotation of either
the left- or right-handed fermion, but because θ2 is time
dependent, the Lagrangian acquires a θ̇iJ0

B term (where
J0
B+L is the baryon number density), from the fermion

kinetic energy terms. This can be generalized to types
II, X, and Y two Higgs doublet models.

This term is analogous to ones that appear in spon-

taneous baryogenesis models and, in the presence of a
baryon-number-violating process, an asymmetry is pro-
duced [14, 19–25]. During the second order phase tran-
sition when θ2 evolves slowly, it may be possible to treat
it as a background field, while the plasma remains in
approximate thermal equilibrium biased by an effective
chemical potential [22, 25]:

µeff = θ̇

2 = −1
2
T

τdiss

dθ

dT
, (19)

where dT/dt ≈ −T/τdiss measures the rate of change of
temperature. In our case, the second-order phase tran-
sition takes place in an expanding fireball, in which the
departure from thermal equilibrium [11] is much more
dramatic than in the case of a cosmological phase tran-
sition (τdiss ≪ H−1). We note that as shown in Fig. 1,
dθ/dT and thus the effective potential changes sign at
temperatures around 125 and 200 GeV. The effective
chemical potential leads to a baryon asymmetry only in
the presence of baryon-number-violating processes; dur-
ing the electroweak phase transition, sphalerons are such
a process. The evolution of baryonic number density in
these heated regions is described by

dnB(T )
d lnT = Γsph(T )

τ−1
diss(T )

(
nB(T ) − µeffT

2) (20)

while the fireball cools. This equation, which is similar to
the Boltzmann equation in traditional freeze-out calcu-
lations, demonstrates that at some temperature Tf , the
baryonic number density was frozen into

nB ≃ µeffT
2∣∣
T=Tf

, (21)

where the temperature Tf is approximated by solving
Γsph(T ) = τ−1

diss(T ). For the sphaleron rate we use an
expression that reduces to the lattice result at small v/T ,

Γsph(T ) = 6κα5Te−∆Esph/T (22)

with κ = 20 [26–28], as calculations of the fluctua-
tion determinant have only been performed in the limit
v/T ≫ 0.1 [29, 30]. We note that more sophisticated
estimations of the sphaleron rate prefactor exist, i.e.,
Ref. [31]. These modifications will at best offer loga-
rithmic corrections to the exponential above, but should
be included in a more complete analysis.

We approximate the resultant baryon asymmetry as

ηB ∼ f
nB
T 3

bg
, (23)

where f is the volume filling factor defined as

f ≡ NhH
3(Tbg)R3

i

(
Ti
Tf

)4
, (24)

and Tbg is the background temperature, approximated
as Tg. f measures the fraction of the Hubble volume
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in the superheated bubbles when the sphalerons freeze
out. The baryon asymmetry observed today is related to
baryon asymmetry produced through

ηB(T0)
ηB(Tbg) = g∗,S(T0)

g∗,S(Tbg) ∼ 0.04 (25)

where T0 is the present day temperature of the Universe
and g∗,S is the conventional relativistic degrees of free-
dom relevant to entropy.

The baryon asymmetry is determined by four free pa-
rameters {mψ, y,mχ, ξs}. There are numerous restric-
tions on these which we have enforced to provide a con-
servative exploration of the parameter space: (i) We re-
quire that 0.01 GeV ≲ TFO ≲ 100 GeV, as is consistent
with our initial assumption of cold EW baryogenesis, (ii)
f < 1 as is necessary, (iii) Ti < MPl, and (iv) Ti > 350
GeV. This final condition ensures that θ(t) is evolving as
inhomogenously heated regions begin to cool.

Figure 2 illustrates the regions of parameter space
which produce baryon asymmetries within 10% of the
observed value, ηB = 6.129 × 10−10 [32]. Each band rep-
resents a fixed value of the coupling, while the contours
correspond to different values of the mediator mass mχ.

Depending on the temperature at which the sphaleron
transition decouples, the time derivative of the phase can
be positive or negative (see Fig. 1). The temperature is
determined by the fireball expansion rate, which depends
on the size of the dark halo. The distribution of halos is
model dependent. While it is possible that some fireballs
have positive and some have negative signs of θ̇ at the
time of the sphaleron decoupling, no significant cancel-
lation is expected. The overall asymmetry per Hubble
volume is a convolution of the θ̇(T ) with a function that
depends on the distribution of the halo sizes. Since these
two functions are independent, it is implausible that the
convolution integral might vanish. The overall sign of the
baryon asymmetry is subject to convention and redefini-
tion through the relative phases of the Higgs doublets.

If domains with different values and signs of the asym-
metry appear from different size halos, the averaging
takes place on the timescales associated with diffusion.
If one assumes the halo separation distance of the order
of L ∼ f1/3H−1

bg ∼ f1/3MPl/T
2
bg, any inhomogeneities in

the distribution of the baryon asymmetry average out
on the timescale L2/4DB ∼ (L2g2T/40) [33] at tem-
perature T . This timescale equals the horizon time
H−1 = MPl/T

2 for T ∼ (40T 4
bg/f

2/3g2MPl)1/3 > MeV
for Tbg ∼ 70 GeV and f < 0.1. For lower temperatures,
big-bang nucleosynthesis may be inhomogeneous [34–37].

The presence of an extra relativistic degree of freedom,
in the form of χ, also suggests a slightly different value
for the effective number of degrees of freedom, Neff . In
the dark sector the effective degrees of freedom is reduced
by a factor of 2×(7/8) as the ψ population becomes non-
relativistic. Assuming the SM and dark sector have the

2 4 6 8 10 12 14 16 18

mψ [GeV]

10−9

10−8

10−7

10−6

10−5

ξ s

y = 0.01

y = 0.03

y = 0.05

ηB(1± 0.1)

10−12

10−11

10−10

mχ [GeV]

FIG. 2. Regions of parameter space which produce a baryon
asymmetry consistent within 10% of the observed value ηB =
6.129 × 10−10 [32]. Each band represents fixed values of the
coupling y, while the colors indicate varying values of the
mediator mass mχ.

same temperature around T ∼ mψ then the contribution
to the measured value of Neff is [38–40]

∆Neff ≈ 14[g1/g∗(Td)]4/3 ≈ 0.1 − 0.2, (26)

where Td ∼ 1 − 100 GeV is the temperature where the
dark sector and SM decoupled and g1 are the dark sec-
tor degrees of freedom before decoupling. Not only is
∆Neff ∼ 0.2 allowed, but it may help alleviate the ten-
sion between different measurements of the Hubble con-
stant [41–49].

Fireball baryogenesis is consistent with both high and
low reheat temperatures, limited only by the viability
of nucleosynthesis. Observational data allow the reheat
temperature after inflation to be as low as a few MeV [50–
57]. Such nonstandard cosmology is only viable if the
baryon asymmetry of the universe can be generated at a
very low temperature. While some models can generate
the baryon asymmetry below the electroweak scale [13–
15, 58–62], not all of them can work below 10 GeV. Our
model is viable even at Tbg ∼ 10 MeV, broadening the
range of nonstandard cosmologies.

The model has interesting phenomenological implica-
tions. Figure 2 shows the baryon asymmetry can be gen-
erated with sizable energy exchange between the visible
and dark sectors, parametrized by ξs. While this ex-
change can be mediated at any scale up to Ti ∼ 1011 GeV,
lower scales may be probed experimentally [63–66].

In summary, we have shown that primordial structure
formation due to the Yukawa forces can cause inhomo-
geneous heating of plasma leading to baryogenesis in the
presence of some sources of CP violation. The departure
from thermal equilibrium in expanding fireballs at the
sites of dark halos is sufficient for generating the baryon
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asymmetry of the Universe. We illustrated the paradigm
on a model with two Higgs doublets, which were used for
a source of CP violation. One can imagine other mod-
els that utilize the same out-of-equilibrium scenario but
use different sources of CP violation. This opens multi-
ple new avenues for electroweak baryogenesis without a
first-order phase transition.
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One-Loop and Finite Temperature Corrections

Our tree-level potential is given in Eq. (18). To study
the potential at finite temperature we include one-loop

Coleman-Weinberg corrections,

V1−loop = M5
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(27)

where we have coupled the top quark only to the H2
Higgs doublet, and M1 and M2 are the Higgs mass eigen-
values (calculated by diagonalizing the tree-level mass
matrix). We evaluate the gauge boson masses with the
VEVs ϕ1 and ϕ2.

We also include the finite temperature corrections

VT = T 4
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, (28)

where the functions JB and JF are

JB,F (y) =
∫ ∞

0
x2 ln

(
1 ∓ e−x2+y

)
. (29)

Note that we do not include the leading order terms from
resummation as, for a second order transition such as
what we are considering, these terms actually make the
infrared problem worse as m2

H + Π vanishes at the origin
near the critical temperature. This leads to the well-
known problem of perturbation theory badly describing
smooth transitions and misidentifying them as first or-
der transitions [67–69]. Perturbation theory struggles to
capture weak or second order transitions and as such our
numerical results should be taken with a grain of salt in-
dicating the qualitative dependence of the model on the
parameters.

We considered a benchmark scenario with λ1 =
0.01844, λ2 = 0.1676, λ3 = 0.9513, λ5 = 0.8934, λ6 =
0.1149, ξ = 0, v1 = 77.5484 GeV, and v2 = 234.9 GeV.
The mass eigenvalues of V = Vtree + V1−loop, calculated
at zero temperature, are 125 and 378 GeV, and the min-
imum at zero temperature has

√
ϕ2

1 + ϕ2
2 = 246.24 GeV.

Observational constraints are presented as functions of
α = m12/(m11 + m22), where mij are elements of the
mass matrix, and β = ϕ2/ϕ1. The values of these pa-
rameters for the zero-temperature minimum are given in
the text.
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