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We revisit the sphaleron decoupling condition in the real singlet-extended standard model (SM) in
the light of the 125.5 GeV Higgs boson. The analysis is conducted by using the finite-temperature
one-loop effective potential with daisy resummation. It is also studied how large the Higgs cou-
plings can be in the region where the sphaleron decoupling condition is satisfied. The sphaleron
decoupling condition becomes more severe by about 20% and the deviation of the triple Higgs
coupling from the SM value gets larger than that based on the conventional criterion.
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1. Introduction

Observational facts imply that our Universe is baryon-asymmetric [2]. In order to explain it,
while there are many mechanisms, one attractive scenario is electroweak baryogenesis (EWBG)
[3]. In EWBG, the baryon asymmetry can be produced via the first-order electroweak phase tran-
sition (EWPT). This scenario can be verified by collider experiments since its mechanism is in-
timately connected to the Higgs physics. While we expect that the Higgs sector will be clarified
with better accuracy at the coming Large Hadron Collider (LHC) and International Linear Collider
(ILC), these situation motivate us to minimize the theoretical uncertainties in the EWBG calcula-
tions.

For the success of EWBG, the strong first-order EWPT must be satisfied. This condition is
usually described by vC/TC > 1, where TC denotes a critical temperature and vC is the Higgs vacuum
expectation value (VEV) at TC, and we call this criterion the sphaleron decoupling condition. If the
sphaleron decoupling condition is satisfied, the baryon numbers successfully survive until today.
However, the condition actually depends on the Higgs mass that is functions of model parameters.
Therefore, in order to examine the possibility of EWBG, we need to evaluate the sphaleron decou-
pling condition with a sufficient accuracy in the light of the Higgs boson. Moreover, in Ref. [4],
it is suggested that the triple Higgs boson coupling , which can be measured at ILC, could deviate
in the parameter regions where the sphaleron decoupling is satisfied. Therefore, we reevaluate the
deviation of the triple Higgs boson coupling based on the refined sphaleron decoupling condition.

In this study [1], we focus on the real singlet-extended SM, and discuss the relationship be-
tween the Higgs boson couplings and the sphaleron decoupling condition.

2. The Model

The most general Higgs potential at the renormalizable level is given by

V0 = −µ2
HH†H +λH(H†H)2 + µHSH†HS +

λHS

2
H†HS2 + µ3

S S +
m2

S
2

S2 +
µ ′

S
3

S3 +
λS

4
S4, (2.1)

where H is the SU(2) doublet Higgs and S is the real singlet. Since µHS and λHS are the couplings
between H and S, these parameters are expected to be large in order to realize the first-order EWPT.
After two scalars get VEVs, they become

H(x) =

(
G+(x)

1√
2

(
v+h(x)+ iG0(x)

)) , S(x) = vS + s(x). (2.2)

The physical components of scalars are defined by rotating the original basis with a mixing α(
h
s

)
=

(
cosα −sinα
sinα cosα

)(
H1

H2

)
, (2.3)

where −π/4≤α ≤ π/4 and H1 represents 125.5 GeV Higgs boson. From the above definition, it is
found that the Higgs couplings to gauge bosons and fermions are scaled by cosα . These couplings
normalized to the SM values are given by

κV =
grSM

H1VV

gSM
hVV

= cosα, κF =
grSM

H1 f f

gSM
h f f

= cosα. (2.4)
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Since κV and κF are same in this model, we denote them as κ . In the CMS experiment, it is shown
that κV ∈ [0.88, 1.15] and κF ∈ [0.64, 1.16].

The triple Higgs boson coupling is given by

λ rSM,tree
H1H1H1

= 6
[

λHvc3
α +

µHS

2
sαc2

α +
λHS

2
sαcα(vsα + vScα)+

(
µ ′

S
3

+λSvS

)
s3

α

]
. (2.5)

It is observed that, if µHS and λHS are nonzero values, the triple Higgs boson coupling induces the
deviation from the SM prediction. We define the deviation of the triple Higgs boson coupling from
the SM value,

∆λH1H1H1 =
λ rSM

H1H1H1
−λ SM

H1H1H1

λ SM
H1H1H1

, (2.6)

where both λ rSM
H1H1H1

and λ SM
H1H1H1

are estimated at 1-loop level in our numerical calculation.

3. Electroweak phase transition

In EWBG, the sphaleron process plays a role in generating baryon asymmetry of the Universe.
If its inverse process frequently occurs, the generated BAU eventually vanishes. Therefore, in order
to preserve the BAU until today, the sphaleron process must be decoupled right after the EWPT.
This condition is given by

Γ(b)
B (T ) ∼ e−Esph/T < H(T ), (3.1)

where Γ(b)
B (T ) is the baryon number changing rate in the broken phase, and H(T ) is the Hubble

constant. Esph is defined as the energy of the sphaleron. The above equation can be translated into

v(T )
T

>
g2

4πE (T )

[
42.97−2log

(
T

100 GeV

)
+ · · ·

]
, (3.2)

where we use Esph = 4πv(T )E (T ). The above condition is called the sphaleron decoupling con-
dition. We independently estimate the right-hand and left-hand side in Eq. (3.2). Comparing
both of them, we found the parameter region that satisfies Eq. (3.2). For these calculations, the
finite-temperature one-loop effective potential with the daisy resummation is used.

4. Numerical Results

In the tree-level potential, there are 8 parameters as follows:

µ2
H , m2

S, µS, µ ′
S, µHS, λH , λHS, λS. (4.1)

In the numerical analysis, we replace them with the following parameters

mH1 , mH2 , v, vS, µHS, µ ′
S, µS, α, (4.2)

where v = 1/(21/4√GF) with GF being a Fermi constant and mH1 = 125.5 GeV. Fig. 1 shows
the region that satisfies vC/TC > ζsph in the (mH2 , κ) plane. In this figure, we set vS = 90 GeV,
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Figure 1: The region where the sphaleron decoupling condition is satisfied in (mH2 , κ) plane. The black
dotted lines represent the deviation of the triple Higgs boson coupling. The blue line corresponds to the
usual criterion, vC/TC = 1. In this plot, we take vS = 90 GeV, µ ′

S = −30 GeV, µHS − 80 GeV, and µS = 0
GeV.

µ ′
S = −30 GeV, µHS − 80 GeV, and µS = 0 GeV. The black dotted lines represent ∆λH1H1H1 =

10%, 20%, 30%, 50% and 100% from top to bottom. The blue line corresponds to the conventional
criterion, vC/TC = 1. Importantly, the deviation of ∆λH1H1H1 becomes larger than that based on the
conventional criterion. Hence, it follows that the mass range of mH2 gets narrowed. Its lower bound
comes from the condition that the EW vacuum is the global minimum. Although Fig. 1 shows the
wide range of κ , the LHC constraints allow the only region where κ is close to 1.

5. Conclusion

We have improved the sphaleron decoupling condition in the real singlet-extended model in
the light of the 125.5 GeV Higgs boson. We analyze it by using the finite temperature one-loop
effective potential with thermal resummation. For moderate values of the model parameters, the
sphaleron decoupling condition is vC/TC > 1.18. This value is more severe than the conventional
one by about 20%. We also discuss its impacts on the Higgs couplings. As shown in this paper, it
is found that the deviation of the triple Higgs boson coupling from the SM value becomes larger
than that using the ordinary criterion. Precise measurements of the Higgs boson couplings in the
upcoming collider experiments, LHC and ILC may shed light on properties of the EWPT. .
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