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We propose a new dynamics of the electroweak symmetry breaking in a classically scale invariant version 
of the standard model. The scale invariance is broken by the condensations of additional fermions under 
a strong coupling dynamics. The electroweak symmetry breaking is triggered by negative mass squared of 
the elementary Higgs doublet, which is dynamically generated through the bosonic seesaw mechanism. 
We introduce a real pseudo-scalar singlet field interacting with additional fermions and Higgs doublet in 
order to avoid massless Nambu–Goldstone bosons from the chiral symmetry breaking in a strong coupling 
sector. We investigate the mass spectra and decay rates of these pseudo-Nambu–Goldstone bosons, and 
show they can decay fast enough without cosmological problems. We further show that our model can 
make the electroweak vacuum stable.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The origin of the electroweak symmetry breaking (EWSB) re-
mains a mystery. In the standard model (SM), the EWSB requires 
a negative mass squared for the Higgs doublet scalar field, whose 
magnitude is set by hand. We expect a fundamental theory which 
naturally gives the negative mass squared with the suitable value. 
In a model of supersymmetric extension of the SM, the EWSB 
can be realized by so-called radiative breaking [2]. However, the 
supersymmetry breaking scale must be high because of no sig-
nal of super-particle at any experiments so far. In technicolor (TC) 
model [1], the Higgs doublet field is no longer an elementary scalar 
field, and the EWSB is triggered by the techni-fermion condensa-
tion under strongly coupled TC gauge interaction. However, the 
naive TC model, which is just scale up of QCD, has already been 
excluded by the electroweak precision measurements.

Recently, there are a lot of studies of other possibilities to solve 
the gauge hierarchy problem by imposing a classically scale in-
variance with an additional U (1) gauge symmetry [3–27]. From 
the viewpoint of Bardeen’s argument [28], we can only focus on 
logarithmic divergences, and the scale invariance protects large 
Higgs mass corrections. Under the classically scale invariance in 
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terms of the cutoff regularization, the quadratic divergence itself 
can be subtracted by a boundary condition of the UV complete 
theory [8]. Once we subtract the quadratic divergence from the 
theory, it never appears in the observables. In the model with an 
additional U (1) gauge symmetry, the scale invariance is broken by 
the Coleman–Weinberg mechanism [29], and if the breaking scale 
is not so far from the electroweak (EW) scale, there is no gauge 
hierarchy problem. On the other hand, a strong coupling dynamics 
can also realize such an EWSB with classically scale invariance [30,
31], where an additional singlet scalar mediates dimensional trans-
mutation in the strong coupling sector to the SM sector. However, 
the sign of the coupling between the Higgs doublet and the addi-
tional scalar is assumed to be negative, so that the negative mass 
squared of the Higgs doublet is realized. Therefore, the origin of 
the EWSB is not necessary and inevitable in this scenario, and we 
are going to try the dynamical realization of negative mass squared 
by the bosonic seesaw mechanism [32].

In this paper, we expand the SM gauge group by SU(NTC) tech-
nicolor gauge symmetry with the classically scale invariant frame-
work. The techni-fermions, which belong to vector-like represen-
tations under TC gauge symmetry as well as electroweak gauge 
symmetry, are introduced. Though the chiral symmetry breaking 
happens by techni-fermion condensations, the EWSB does not hap-
pen by this strong coupling TC dynamics itself. We show that the 
EWSB dynamically occurs in an inevitable way by the bosonic see-
saw mechanism between the elementary Higgs scalar field and a 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Table 1
Charge assignments of techni-fermions and the Higgs doublet.

SU(NTC) SU(2)L U (1)Y

H 1 2 1/2
χ NTC 2 1/2
ψ NTC 1 0

composite scalar field. To avoid massless Nambu–Goldstone (NG) 
bosons by the chiral symmetry breaking in strong coupling sec-
tor, we introduce a real pseudo-scalar singlet field and its inter-
actions with techni-fermions and Higgs doublet. We analyze the 
mass spectrum of the pseudo-NG (pNG) bosons and estimate their 
decay rates. We show that the pNG bosons can decay fast enough 
to avoid cosmological problems. We will further show that our 
model can make the electroweak vacuum stable due to the con-
tributions from additional vector-like fermion charged under the 
SM gauge group to the running of gauge coupling constants.

2. Bosonic seesaw mechanism

By imposing classically scale invariance, the mass term of the 
Higgs potential is forbidden and the Higgs potential becomes

V = λ
(

H† H
)2

. (1)

The EWSB does not occur by this potential, and we try to use the 
dimensional transmutation in the strong coupling sector, where 
there are two vector-like techni-fermions as shown in Table 1. 
Due to the classically scale invariance, vector-like fermion masses 
are also forbidden. In the model, the chiral symmetry in the 
strong coupling sector SU(3)L × SU(3)R × U (1)A is explicitly bro-
ken by the SM gauge symmetry, SU(2)L ×U (1)Y , and the remaining 
symmetry is SU(2)χL × SU(2)χR × U (1)χA × U (1)ψA . There is also 
U (1)χV × U (1)ψV , which is similar to the baryon number sym-
metry.1 This vector-like symmetry is expected to be unbroken by 
the strong-coupling technicolor dynamics due to the Vafa–Witten’s 
theorem [34]. The chiral symmetry should be broken as preserv-
ing SU(2)L × U (1)Y symmetry, then we expect 〈χ̄ψ〉 = 〈ψ̄χ 〉 = 0
and 〈χ̄χ 〉 �= 0, 〈ψ̄ψ〉 �= 0. They cause chiral symmetry breaking 
SU(2)χL × SU(2)χR × U (1)χA × U (1)ψA → SU(2)χV . There are five 
NG bosons; two massive pNG bosons of anomalous U (1)χA and 
U (1)ψA breakings, and three massless NG bosons corresponding to 
the breaking (SU(2)χL ×SU(2)χR )/SU(2)χV symmetry. If we neglect 
SU(2)L ×U (1)Y , the chiral symmetry breaking of SU(3)L ×SU(3)R ×
U (1)A → SU(3)V occurs. There are nine NG bosons; one massive 
pNG boson of U (1)A breaking, and eight massless NG bosons.

The techni-fermions interact with Higgs doublet H through the 
Yukawa interactions,

−LYukawa = yLχ̄L HψR + yR χ̄R HψL + h.c. (2)

After the techni-fermion condensation, χL ,R and ψL ,R are con-
fined by non-perturbative effects, and χ̄LψR and χ̄RψL couple 
to a “meson” state, that is just a composite Higgs doublet, � ∼
χ̄ψ/�2

TC. When yL and yR are real, there is the charge conjuga-
tion invariance. Here, we assume yL = yR = y for simplicity. The 
Yukawa interactions in Eq. (2) are CP invariant in this case. The 
composite Higgs doublet mixes with the elementary Higgs dou-
blet, and the mass matrix becomes

−Lmass = (
H† �†

)(
0 y�2

TC

y�2
TC α�2

TC

)(
H
�

)
(3)

1 They guarantee the stability of the lightest techni-baryon which can be a can-
didate of the dark matter. (For instance, see Ref. [33].)
�
(

H†
1 H†

2

)(
− y2

α �2
TC 0

0 α�2
TC

)(
H1
H2

)
, (4)

where α is a dimensionless positive coefficient of O(1). Here, y 	
α is assumed, since the chiral symmetry breaking terms should be 
small to be treated perturbatively. As we will see later, the small 
Yukawa coupling y is also necessary for the hierarchy between the 
EW and TC condensation scales. As a result, the lighter (heavier) 
mass eigenstate H1 (H2) is almost H (�). The field H1 is regarded 
as the SM-like Higgs doublet, and the negative mass squared is dy-
namically obtained through the bosonic seesaw mechanism (a sim-
ilar mechanism has been discussed in [35]). The field H2 has mass 
of O(�TC).

There are massless NG bosons in the present stage. To avoid 
the massless NG bosons, we introduce real pseudo-scalar field, S , 
which has interactions,

−LS = gS Sχ̄ iγ5χ + g′
S Sψ̄ iγ5ψ , (5)

where gS and g′
S are taken to be real to keep the CP invariance. 

Since we can expect 〈χ̄ iγ5χ 〉 = 0 and 〈ψ̄ iγ5ψ〉 = 0 in vector-like 
technicolor dynamics, the no tadpole term of S is not generated.

Now the potential in Eq. (1) is modified as

V eff = λ
(

H† H
)2 + κ S2 H† H + λS S4

+ y�2
TC

(
H†� + �† H

)
+ α�2

TC�†�, (6)

where fourth and fifth terms are obtained from Eq. (3). Since we 
have assumed the hierarchy between the light and heavy mass 
eigenstates, the heavier mass eigenstate H2 is decoupled at low 
energies. Therefore, the effective potential at low energy is

V eff � λ
(

H†
1 H1

)2 + κ S2 H†
1 H1 + λS S4

− y2

α
�2

TC H†
1 H1 − 1

2
m2

S S2 , (7)

where we include the mass term of S which is generated by 
bosonic seesaw mechanism again. We will give an analysis about 
this issue shortly in the next section.

The vacuum expectation values (VEVs) of H1 and S can be eval-
uated by the effective potential Eq. (7). The stationary conditions 
are(

λv2
H + κv2

S − y2

α
�2

TC

)
v H = 0 , (8)(

κv2
H + 4λS v2

S − m2
S

)
v S = 0 , (9)

where 〈H1〉 = (0, v H/
√

2)T and 〈S〉 = v S . Note that v H should cor-
responds to the EW scale (v H = 246 GeV), and nonzero v S causes 
spontaneous CP violation. Except for a trivial solution v H = v S = 0, 
there are three possibilities of solutions as follows.

• v H = 0 and v S �= 0
In this case the EW symmetry is not broken, while v S can be 
estimated as

v2
S = m2

S

4λS
, (10)

where m2
S must be positive. To satisfy v H = 0, i.e., to realize 

the positive mass squared of H1, the following condition must 
be satisfied:

κv2
S − y2

�2
TC > 0 . (11)
α
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Table 2
Summary of the pNG bosons. σi are Pauli matrices.

Operators SU(2)L U (1)Y Masses

ηχ χ̄ iγ5χ 1 0 β�2
TC

ηψ ψ̄ iγ5ψ 1 0 β�2
TC

i (i = 1,2,3) χ̄ iγ5σiχ 3 0
8π2 g4

S
λS β2 �2

TC

� =
(

�0

�−

)
ψ̄ iγ5χ 2 −1/2

16π2 g4
S

λS β2 �2
TC

�̄ =
(

�̄0

�̄+

)
χ̄ iγ5ψ 2 1/2

16π2 g4
S

λS β2 �2
TC

Thus, a certain large value of κ is required when v S is O(�TC). 
Anyway, we do not consider this case, since the EW symmetry 
is unbroken.

• v H �= 0 and v S = 0
In this case the EWSB occurs and its scale is given by

v2
H = y2

λα
�2

TC . (12)

This is really a solution if the mass squared of S is positive, 
that is,

κ y2

λα
�2

TC − m2
S > 0 . (13)

This condition is always satisfied for a sufficiently large κ . 
Since we would like to treat κ perturbatively in good approxi-
mation, we do not adopt this case also.

• v H �= 0 and v S �= 0
This case leads a suitable result. The stationary conditions give

v2
H = 1

4λλS − κ2

(
−κm2

S + 4λS
y2

α
�2

TC

)
, (14)

v2
S = 1

4λλS − κ2

(
λm2

S − κ
y2

α
�2

TC

)
. (15)

Since the squared VEVs must be positive, a certain small value 
of κ are required. In the limit of κ → 0, the VEVs are approx-
imately given by

v2
H � y2

λα
�2

TC , v2
S � 1

4λS
m2

S , (16)

where m2
S must be positive. Since S obtains a nonzero VEV, 

a mixing term with Higgs doublet affects the Higgs mass 
through κ |H1|2 S2. However, it is negligible because κ is as-
sumed to be sufficiently small. (In the case of κ � 0, we can 
treat H1 and S independently.) From now on, we adopt this 
case with taking sufficiently small value of κ .

3. Mass spectra and decay rates of pNG bosons

Now let us investigate the mass spectra and decay rates of the 
pNG bosons. Actually, all nine NG bosons should become massive 
due to the introduction of S , since the chiral symmetries SU(2)χL ×
SU(2)χR × U (1)χA × U (1)ψA is explicitly broken down into SU(2)χV

by the interactions of Eq. (5). The results of the mass spectra are 
summarized in Table 2.

First, we investigate pNG boson mass spectra. The SM singlet 
pNG bosons (ηχ and ηψ ) mix with S , and the mass matrix is writ-
ten by
−LS-ηχ -ηψ

=1

2

(
S η

†
χ η

†
ψ

)⎛
⎜⎝

0 gS�
2
TC g′

S�
2
TC

gS�
2
TC βχ�2

TC 0

g′
S�

2
TC 0 βψ�2

TC

⎞
⎟⎠

⎛
⎝ S

ηχ

ηψ

⎞
⎠ , (17)

where βχ and βψ are dimensionless positive coefficients of O(1). 
All off-diagonal elements are induced from Eq. (5). The determi-
nant of this mass matrix is −(g2

Sβψ + g′ 2
S βχ )�6

TC < 0, thus S has a 
negative mass term. Taking gS = g′

S 	 βχ = βψ = β , for simplicity, 
mass eigenvalues of S , ηχ , and ηψ can be estimated as

−m2
S � −2g2

S

β
�2

TC , m2
ηχ

= m2
ηψ

� β�2
TC , (18)

respectively. The smallness of gS is natural, since it is expected 
to break the chiral symmetry perturbatively. Note that S has the 
negative mass term by the bosonic seesaw mechanism again (See 
Eq. (7)).

Using Dashen’s formula [36] and VEVs of H1 and S in Eq. (16), 
the masses of  and � are estimated as

m2
 f 2

 = 〈0| [Q , [Q , HS ]] |0〉 � g4
S

2λSβ2
�4

TC , (19)

m2
� f 2

� = 〈0| [Q , [Q , HS ]] |0〉 � g4
S

λSβ2
�4

TC , (20)

where HS = gS Sχ̄ iγ5χ + gS Sψ̄ iγ5ψ from Eq. (5) and, f and 
f� are decay constants of  and �, respectively. Both decay 
constants are evaluated by naive dimensional analysis [37,38] as 
�TC � 4π f, � by analogy with QCD. Therefore, the masses of 
and � are estimated as

m2
 � 8π2 g4

S

λSβ2
�2

TC , m2
� � 16π2 g4

S

λSβ2
�2

TC . (21)

In the following, we take �TC = 10 TeV and α = β = 1 for an ex-
plicit example. Then, the coupling y is evaluated as y � 0.068 from 
Eq. (16). If we also take λS = 10−3 and gS = 0.05, v S and the 
mass of  and � are evaluated as v S � 11 TeV, m � 7 TeV and 
m� � 10 TeV, respectively.

Next, we estimate decay rates of the pNG bosons by analogy 
with light mesons in QCD. A charged components of � and  can 
decay into their neutral components and the SM fermions through 
the weak interactions. ηχ and the neutral component of  (0) 
decay into two photons by analogy with π0 decay in the SM. The 
decay rate of ηχ is evaluated as

�(ηχ → γ γ ) =
(

NTCe2

4π2 fηχ

)2 m3
ηχ

64π
� N2

TCα
2
em

4π

m3
ηχ

�2
TC

, (22)

where we have used fηχ � �TC/4π and αem = e2/4π . When we 
take NTC = 3 for example, the decay rate is estimated by �(ηχ →
γ γ ) � 400 MeV.

The neutral component of � (�0) also decays into two photons 
via a mixing with ηχ . The effective �-ηχ mixing is evaluated by 
Dashen’s formula as

m2
�-ηχ

� (4π)2
√

2yv H�TC , (23)

and hence, the magnitude of �-ηχ mixing is given by

V�-ηχ ≡
m2

�-ηχ

m2
�

√
2yλSβ

2

g4

v H

�
. (24)
� S TC
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Fig. 1. Running of Higgs quartic couplings between �TC = 10 TeV and the Planck 
scale, which are denoted by the black vertical lines. The solid and dashed lines 
correspond to our model and the SM, respectively. The gray shaded region means 
the unstable vacuum.

Thus, we obtain V�-ηχ � 0.4 by using the same numerical values 
as above. As a result, we find �(�0 → γ γ ) � V 2

�-ηχ
× �(ηχ →

γ γ ) � 60 MeV.
The decay mode of the lightest neutral pNG boson ηψ is a little 

bit tricky. The decay process is ηψ → S → ηχ → γ γ through mass 
mixings. Therefore, the lifetime of ηψ would be the longest among 
the pNG bosons. Since S-ηψ and S-ηχ effective mixing couplings 
can be evaluated from Eq. (17) as g′

S/βψ and gS/βχ , respectively, 
the decay rate can be estimated as

�(ηψ → γ γ ) �
(

g′
S

βψ

gS

βχ

)2

× �(ηχ → γ γ ) . (25)

Thus, �(ηψ → γ γ ) is around 3 keV using the same numerical val-
ues as above. Even the lightest pNG boson can decay much faster 
than the QCD neutral pion (�(π0 → γ γ ) � 7.7 eV). As a result, we 
can expect that all the pNG bosons decay into the SM particles fast 
enough without cosmological problems.

In the end of this section, we mention the EW vacuum sta-
bility. Due to the existence of techni-fermion, χ , which has an 
electroweak charge, the U (1)Y and SU(2)L gauge coupling con-
stants become larger than the SM case. Then, a running of the 
Higgs quartic coupling is lifted up, and hence, the EW vacuum can 
be completely stable. Using the parameter values above, the run-
ning of the Higgs quartic coupling is shown in Fig. 1. We have 
solved renormalization group equations (RGEs) at one-loop level, 
and taken mt = 173 GeV and mh = 126 GeV as a reference values. 
When we use two-loop RGEs and/or the different values of Higgs 
and top-quark masses, the running can be modified, but it does 
not change our statement. As a result, we find that our model can 
realize the EW vacuum stability.

4. Discussions and conclusions

The origin of the EWSB is not established yet, although the SM-
like Higgs boson has been discovered. In this paper, we have inves-
tigated the dynamical origin of the EWSB via the bosonic seesaw 
mechanism in a classically scale invariant version of the SM. We 
have introduced the SU(NTC) technicolor gauge symmetry for the 
dimensional transmutation by the techni-fermion condensations. 
In this model, the mixing between the elementary and composite 
Higgs doublets becomes the origin of EWSB. An extra real pseudo-
scalar singlet field has also been introduced to avoid massless NG 
bosons. We have estimated mass spectra and decay rates of the 
pNG bosons. We have checked that all of the pNG bosons can de-
cay fast enough without cosmological problems. The EW vacuum 
stability becomes better than the SM due to the stronger U (1)Y

and SU(2)L gauge coupling constants by introducing vector-like 
fermion, χ .

Finally, we comment on the collider phenomenology. When the 
singlet pseudo-scalar is light enough to be produced at the collider, 
some vestiges could be searched in the future collider experiments. 
In addition, since there can exist light new mesons depending on 
the parameters, they might be detectable at collider experiments.
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