
J
H
E
P
0
3
(
2
0
2
1
)
2
2
4

Published for SISSA by Springer

Received: December 3, 2020
Accepted: February 5, 2021
Published: March 23, 2021

Electroweak SU(2)L × U(1)Y model with strong
spontaneously fermion-mass-generating gauge
dynamics

Petr Beneš,a Jiří Hošeka,b and Adam Smetanaa
aInstitute of Experimental and Applied Physics, Czech Technical University in Prague,
Husova 240/5, Prague 1, 110 00 Czech Republic

bDepartment of Theoretical Physics, Nuclear Physics Institute, Czech Academy of Sciences,
Řež, Prague, 250 68 Czech Republic
E-mail: petr.benes@utef.cvut.cz, hosek@ujf.cas.cz,
adam.smetana@cvut.cz

Abstract: Higgs sector of the Standard model (SM) is replaced by quantum flavor dynam-
ics (QFD), the gauged flavor SU(3)f symmetry with scale Λ. Anomaly freedom requires
addition of three νR. The approximate QFD Schwinger-Dyson equation for the Euclidean
infrared fermion self-energies Σf (p2) has the spontaneous-chiral-symmetry-breaking solu-
tions ideal for seesaw: (1) Σf (p2) = M2

fR/p where three Majorana masses MfR of νfR are
of order Λ. (2) Σf (p2) = m2

f/p where three Dirac masses mf = m(0)1 +m(3)λ3 +m(8)λ8 of
SM fermions are exponentially suppressed w.r.t. Λ, and degenerate for all SM fermions in
f . (1) MfR break SU(3)f symmetry completely; m(3),m(8) superimpose the tiny breaking
to U(1) × U(1). All flavor gluons thus acquire self-consistently the masses ∼ Λ. (2) All
mf break the electroweak SU(2)L × U(1)Y to U(1)em. Symmetry partners of the com-
posite Nambu-Goldstone bosons are the genuine Higgs particles: (1) three νR-composed
Higgses χi with masses ∼ Λ. (2) Two new SM-fermion-composed Higgses h3, h8 with
masses ∼ m(3),m(8), respectively. (3) The SM-like SM-fermion-composed Higgs h with
mass ∼ m(0), the effective Fermi scale. Σf (p2)-dependent vertices in the electroweak Ward-
Takahashi identities imply: the axial-vector ones give rise to the W and Z masses at Fermi
scale. The polar-vector ones give rise to the fermion mass splitting in f . At the present
exploratory stage the splitting comes out unrealistic.
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1 Introduction

The Principle of spontaneous symmetry breaking, ingeniously realized in the SM of elec-
troweak interactions [1–3] in the form of the Higgs mechanism [4, 5] turned out to be
extremely successful. First, three ‘would-be’ Nambu-Goldstone (NG) bosons, pre-prepared
in the spontaneously condensing elementary scalar electroweak complex doublet Higgs field
give rise to the longitudinal polarization states of massive W± and Z bosons. Second, the
condensate of the Higgs field, which defines the Fermi (electroweak) scale gives rise to the
fermion masses in terms of theoretically arbitrary (infinitely renormalized) Yukawa coupling
constants. Third, the observable remnant of the Higgs mechanism is a real scalar above
the condensate which remains in the Higgs field. It describes the massive spinless Higgs
boson H with uniquely prescribed interactions. In 2012 such a boson was discovered at
CERN LHC [6, 7]. The resulting picture confirmed experimentally with steadily increasing
accuracy is theoretically consistent all the way up to the Planck scale.

In this way, however, the Higgs mechanism as a source of particle masses is not com-
plete; it is blind to three important facts: first, the neutrinos are massive. Second, there is
the dark matter. Third, if the CERN Higgs were indeed the Higgs boson of the Standard
model, the lepton and quark masses would be forever the phenomenological, theoretically
arbitrary parameters. The spectra of quantum systems are, however, as a rule, calculable.

Fortunately, the principles are more general than their particular realizations. Already
the masters of the Higgs mechanism, knowing that the same principle of spontaneously
broken symmetry is realized also in superconductors, pointed out (P. Higgs in [4, 5], F. En-
glert and R. Brout in [8]) that the Higgs boson could be a composite fermion-anti-fermion
particle. Literature on this subject is vast [9]. The very description of bound states in rela-
tivistic quantum field theory requires strong coupling and is therefore exceedingly difficult
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to handle. Consequently, no model of this sort, which would be comparably convincing
as the weakly coupled Higgs mechanism, is available. Our suggestion presented here is no
exception.

We refer with admiration to the papers of Heinz Pagels and co-workers [10–12]: these
papers analyze some consequences of the dynamical Higgs mechanism which they call a
quantum flavor dynamics (QFD) [10]. The main points of their QFD, dealing with the SM
fermions and new gauge dynamics, without specifying the Lagrangian, are common with
the approach suggested here: first, the dynamically generated fermion masses are finite and
calculable [10]. Second, their dynamical, spontaneous generation implies the masses of W
and Z bosons [11]. Third, there is a composite Higgs particle [11]. We find the name QFD
very appropriate and take the liberty of using it for our gauge quantum flavor dynamics
(QFD) defined by gauging properly the flavor SU(3) symmetry index.

It is obvious that if the SM fermion masses are generated (somehow) dynamically the
electroweak gauge boson masses come out as the necessary consequence of the existence
theorem of Goldstone. The composite Higgs is then the plausible symmetry partner of the
composite ‘would-be’ NG bosons. Its existence is not, however, guaranteed by an existence
theorem. This idea was elaborated heuristically in several less known papers [13–15] as
well as in several famous ones [16, 17]. Majority of them of course quote the basic ref. [11].

In the present model the SM fermion self-energies Σf (p2) generated by the strong-
coupling QFD are by symmetry the same in each flavor f . This does not at all correspond
to reality. Fortunately, there are the electroweak interactions. The necessary appearance
of Σf (p2) in the electroweak Ward-Takahashi identities seems to supplement the QFD
naturally.

The paper is organized as follows: in section 2 we define the QFD and argue that
it generates spontaneously the fixed fermion mass pattern. In section 3 we describe the
consequences of this pattern dictated by the powerful Goldstone theorem supplemented
with the Nambu-Jona-Lasinio-like assumption [18] on the existence of the NG symmetry
partners. In section 4 we discuss the effects of Σf (p2) in the electroweak WT identities: the
axial-vector terms with NG poles have the robust effect of generating the W and Z boson
masses with observed ratio given by the Weinberg angle. The polar-vector terms which we
suggest for computing the fermion mass splitting in f are strongly model-dependent. The
present computation has therefore only illustrative character. Section 5 contains our brief
general conclusions.

2 Properties of QFD

Gauging the flavor or family (or horizontal, or generation) symmetry is so natural that it
cannot be new [19–22]. Being completely and badly broken it has to be broken sponta-
neously. The safe way is to use the weakly coupled Higgs sector. There is the arbitrariness
in choosing the gauge group, the assignment of the chiral fermion fields to the representa-
tions of the gauge group, and the choice of the Higgs fields.

Here we consider the real world with three SM fermion chiral families, i.e., the gauge
flavor dynamics is SU(3)f . We put all chiral SM fermion multiplets into triplets of the
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flavor group. The sacred requirement of an anomaly freedom then uniquely implies adding
one triplet of the right-handed neutrino fields νfR. This is the starting point of the model
of Tsutomu Yanagida [23]. Its fermion and flavor gluon Lagrangian has the form

Lf = −1
4FaµνF

µν
a + q̄Li /DqL + ūRi /DuR + d̄Ri /DdR + l̄Li /DlL + ēRi /DeR + ν̄Ri /DνR . (2.1)

Yanagida himself [23] describes the observed broken gauge flavor and electroweak gauge
symmetries with two vastly different mass scales put by hands by an extended sector of
weakly interacting Higgs fields. They are uniquely defined by the available gauge-invariant
Yukawa couplings. Be it as it may, this slightly extended Standard model is an elegant
quantum field theory realization of the seesaw [24–30], and also the basis of understanding
the baryogenesis via leptogenesis [31].

In conclusion of his paper Yanagida suggests that the model is “a possible candidate
for the spontaneous mass generation by dynamical symmetry breaking”, having in mind
the famous model of Nambu and Jona-Lasinio [18]. The present model wants to be a
honest attempt in realizing this suggestion: we pretend to obtain two vastly different
mass scales spontaneously as two distinct solutions in two different channels of one matrix
QFD Schwinger-Dyson equation (gap equation) for the chirality-changing fermion self-
energies Σ(p2).

The field tensor F describes the kinetic term of eight flavor gluons C and their self-
interactions, the covariant derivatives D describe their interactions with chiral fermions,
both right- and left-handed. The qL and lL are the quark and lepton electroweak dou-
blets, respectively, uR, dR, eR, νR are the electroweak singlets. Their weak hypercharges
are uniquely fixed by the corresponding electric charges.

The gauge SU(3)f interaction, characterized by one dimensionless coupling constant
h, is asymptotically free at high momenta and hence strongly interacting in the infrared.
This means that by dimensional transmutation the dimensionless h can turn into the
theoretically arbitrary mass scale Λ.

The Lagrangian Lf is always considered together with the standard electroweak gauge
SU(2)L×U(1)Y forces known to remain weakly coupled all the way up to the Planck scale:
in the first stage, when considering the effects of the strong-coupling QFD we take the
electroweak interactions only as a weak external perturbation; basically, QFD should only
know what are the electric charges of the fermions present. In the second stage we take
the electroweak interactions into account perturbatively. We are interested in the effects
of Σf (p2) which appear in the electroweak Ward-Takahashi identities. The QCD does not
influence the phenomena described here.

Like in the QCD Lagrangian, also in Lf both the left- and the right-handed fermion
fields interact with the octet of the corresponding masless gauge bosons as SU(3) triplets.
This similarity is highly suspicious. At the first sight it seems that what we suggest
contradicts the Vafa-Witten no-go theorem [32]. Since in QCD we trust we are obliged
to provide a truly good reason why in the infrared the suggested QFD should self-break,
generating spontaneously the masses of its elementary excitations (leptons, quarks and
flavor gluons), whereas the QCD confines.
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We believe there is such good reason: while the QCD deals with the electrically charged
quarks, the QFD deals also with the electrically neutral sterile right-handed neutrinos which
can be the massive Majorana particles. It is utmost important that their hard mass term

LMajorana = −1
2 ν̄RMR(νR)C + h.c. (2.2)

unlike the Dirac mass term, is strictly prohibited by the SU(3)f gauge symmetry: it trans-
forms as 3∗ × 3∗ = 3 + 6∗ which does not contain unity. It can, however, be generated
dynamically à la Nambu-Jona-Lasinio [18] provided this option is energetically favorable
(which we assume). It is easy to see that the relevant part of the Lagrangian

Lint = 1
2h
(
ν̄Rγµ

1
2λaνR + (νR)Cγµ

[
−1

2λ
T
a

]
(νR)C

)
Cµa (2.3)

in contrast with the vector-like QCD Lagrangian, is effectively chiral: the charge conjugate
neutrino field (νR)C = C(ν̄R)T is of course a left-handed field, (νR)C = (νC)L. Unlike the
other left-handed fields in the Lagrangian Lf it transforms, however, as the antitriplet of
SU(3)f : Ta(L) = −1

2λ
T
a . An answer to the mandatory question why the Majorana masses

of the left-handed neutrinos are not dynamically generated is suggested in [33].
The strategy is in principle crystal-clear: first, in the Lagrangian dealing only with

chiral fermions and with gauge fields all hard fermion mass terms are strictly prohibited by
the underlying gauge chiral SU(3)f×SU(2)L×U(1)Y invariance.1 Second, if the appropriate
chirality-changing fermion self-energies Σ(p2) are spontaneously generated by the QFD
strongly coupled in the infrared, they fix the pattern of spontaneously broken symmetries
uniquely. The powerful Goldstone theorem then yields a number of strong conclusions.
We supplement the Goldstone theorem with a plausible assumption of the existence of the
genuine symmetry partners of the composite ‘would-be’ NG bosons. It is gratifying that
the generic properties of the SM are reproduced. Harsh support or invalidation of our
suggestion can apparently be given only by the non-perturbative lattice computations. For
gauge theories with chiral fermions they are, however, at present not available [34, 35].

Our primary aim therefore is to find the non-perturbative solutions of the Schwinger-
Dyson (SD) equation for the chiral-symmetry-breaking Σ(p2) in the full fermion propaga-
tors S−1(p) = /p − Σ(p) for all fermions of the SU(3)f × SU(2)L × U(1)Y gauge-invariant
Lagrangian. The matrix SD equation of QFD (in Landau gauge) is [12]

Σ(p) = 3
∫ d4k

(2π)4
h̄2
ab

(
(p− k)2)

(p− k)2 Ta(R)Σ(k)
[
k2 + Σ+(k)Σ(k)

]−1
Tb(L) . (2.4)

According to the NJL self-consistent reasoning [18] we first assume that the gauge fla-
vor SU(3)f is completely self-broken, and subsequently find the corresponding symmetry-
breaking solutions.

1The fermion mass terms themselves are super-renormalizable but, being non-invariant they break down
the gauge symmetry in loops. This implies the necessity of introducing the non-invariant gauge boson mass
counter-terms, i.e., the unitarity-violating hard gauge boson masses.
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It is important to realize that the SD equation is universal: (i) the Majorana mass
is the R-L bridge between νR which transforms as a flavor triplet, and between the left-
handed (νR)C which transforms as flavor anti-triplet (3∗× 3∗ = 3 + 6∗). The corresponding
Σ(p2) which gives rise to the three Majorana masses MfR is the complex 3 × 3 matrix,
the symmetric sextet by the Pauli principle, and Ta(R) = 1

2λa, Ta(L) = −1
2λ

T
a . (ii) The

Dirac mass is the R-L bridge between the right- and the left-handed fermion fields both
transforming as flavor triplets (3∗ × 3 = 1 + 8): the corresponding Σ(p2) which gives rise
to three Dirac masses mf is a general complex 3× 3 matrix, and Ta(R) = Ta(L) = 1

2λa.
Because there is nothing in QFD which would distinguish between the neutrino, the

charged lepton, the charge Q = 2/3 quark, and the charge Q = −1/3 quark in given family
the masses mf must come out degenerate for all fermion species in family f . The difference
between the Majorana and Dirac mass matrices turns out, however, substantial.

We have demonstrated elsewhere [36] that in a separable approximation for the kernel
of the SD equation (2.4) there are explicit solutions for Σ(p2) with the following properties:

(1) There are three Euclidean Majorana self-energies Σf (p2) = M2
fR/p where the three

Majorana masses MfR are
MfR ∼ Λ (2.5)

(2) There are three Euclidean Dirac self-energies Σf (p2) = m2
f/p where the three Dirac

masses mf degenerate for νf , ef , uf , df in family f are exponentially small with re-
spect to Λ:

mf = Λ exp(−1/4αf ) (2.6)

Here αf are three dimensionless effective coupling constants of separable approxi-
mation.

We note that the paradigm-changing superconducting gap of BCS [37] was also the
result of a weird separable approximation: in the gap equation it simply ignored the vast
majority of interactions of electrons in superconductors. Only many years later this issue
was clarified by Polchinski [38].

Another important note is this [36]: the obtained functional behavior of Σ(p2) ∼ 1/p
is apparently good only in the infrared (IR), i.e., at low momenta where the momentum-
dependent coupling is large. There it defines the fermion masses [39–42]. In solving the
SD equation in the separable approximation the integration over momenta runs only up
to Λ. At high momenta, i.e., in the ultraviolet (UV) the behavior of Σ(p2) is dictated by
asymptotic freedom of QFD [12]: Σ(p2) ∼ 1/p2. In our approximation the QFD is not
asymptotically, but entirely free. As the fermion mass is a low-momentum phenomenon
the high-momentum regime is not essential for our purposes.

How many free parameters are ultimately necessary for computing the fermion masses
in QFD? The strong non-Abelian SU(3)f dynamics is characterized by one theoretically
arbitrary parameter, the scale Λ. Consequently, if our basic strong assumption of the
complete self-breaking is warranted both the Majorana masses MfR and the Dirac masses
mf should ultimately be the calculable multiples of Λ [10]. In any case, in the sterile
neutrino sector the sextet is characterized by three vacuum expectation values [43] as is
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the singlet plus octet in the SM fermion sector. Clearly, the flavor gluon dynamics uniquely
relates them.

Our belief here is entirely analogous to the belief in understanding the hadron mass
spectrum of the confining QCD in the chiral limit: with one theoretically arbitrary scale
ΛQCD there are the massless NG pions, whereas the masses of all other hadrons of the
first family (mu,md � ΛQCD) are ultimately the calculable multiples of ΛQCD (so far only
approximately by a computer). The case of QFD is even more complex because besides
the masses of its elementary excitations (leptons, quarks and flavor gluons) there are also
the masses of its expected unconfined but strongly coupled collective excitations or bound
states. Putting the effectively chiral QFD on the lattice will be hard [34, 35], because the
hard Majorana masses of sterile neutrinos are strictly prohibited by symmetry: their flavor
group representation 3× 3 = 3∗ + 6 does not contain unity.

3 Goldstone theorem implies

We will assume in the following that the fermion mass pattern MfR � mf obtained in
a crude approximation is the generic property of QFD at strong coupling. It then follows
that it fixes the spontaneous symmetry-breaking pattern of the underlying gauge SU(3)f ×
SU(2)L × U(1)Y symmetry down to U(1)em uniquely, and the Goldstone theorem implies
several strong reliable conclusions. The Goldstone theorem is supplemented with a plausible
assumption of the existence of the genuine symmetry partners of the composite ‘would-be’
NG bosons. For transparency we rewrite mf as (λ0 =

√
2
31)

mf ≡ m(0)λ0 +m(3)
1
2λ3 +m(8)

1
2λ8 , (3.1)

where

m(0) = 1√
6

(m1 +m2 +m3) , (3.2a)

m(3) = m1 −m2 , (3.2b)

m(8) = 1√
3

(m1 +m2 − 2m3) . (3.2c)

I. (1) The Majorana masses MfR break down the gauge symmetry SU(3)f sponta-
neously and completely [23, 36, 43]. Consequently, eight ‘would-be’ NG bosons
composed of sterile neutrinos give rise to masses miC of all flavor gluons Cµi of
order Λ [44–46]. In the SU(3)f WT identities for the sterile neutrino sector [36]
the NG bosons are convincingly identified as massless poles together with their
quantum numbers: some are scalars, some are pseudo-scalars.

(2) Eight ‘would-be’ NG bosons and one genuine pseudo NG boson resulting from
spontaneous breakdown of global anomalous U(1) symmetry of the right-handed
neutrino sector belong to the complex symmetric composite sextet [36]

Φ{fg} = 1
Λ2
(
ν̄fR(νgR)C

)
. (3.3)
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Consequently, as a remnant of the symmetry (8 + 1 + 3 = 12), there should
be existing three genuine Higgs-like composite bosons χi with masses of order
Λ [36].

II. (1) The Dirac mass ψ̄fRm(0)ψfL + h.c. is SU(3)f invariant, i.e., the QFD symmetry
in isolation would allow the hard Dirac fermion mass common to all fermions of
three families. Such a term breaks, however, the electroweak SU(2)L × U(1)Y
chiral symmetry spontaneously down to U(1)em even if that is considered as a
weak external perturbation. Consequently, three multi-component NG bosons
composed of all electroweakly interacting leptons and quarks are dynamically
generated. Only in the second stage, when the gauge electroweak interactions
are switched on these NG bosons become ‘would-be’, giving incoherently rise
to masses mW and mZ of W and Z bosons, respectively, in terms of

∑
mf ,

the induced Fermi (electroweak) scale. In the SU(2)L × U(1)Y WT identities
for the SM fermions [36], see eq. (4.7), (4.8) the NG bosons are convincingly
identified as massless poles together with their quantum numbers: as the fermion
masses in families are degenerate they are the pure pseudo-scalars. For the same
reason the canonical Weinberg relation mW /mZ = cos θW is exact. We note a
difference between the composite ‘would-be’ NG bosons of spontaneously broken
symmetries SU(3)f and SU(2)L × U(1)Y : in both cases they are composed by
the strong-coupling QFD, but in the former case they are always ‘would-be’.

(2) Three ‘would-be’ NG bosons belong to the complex multi-component composite
doublet (index a in the following formula)

φa = 1
Λ2

[
(ēfRlafL ) + (d̄fRqafL ) +

(
(νfR)C(lafL )C

)
+
(
(ufR)C(qafL )C

)]
. (3.4)

For the SU(2) spinors φ the definition of charge conjugation includes the
definition φC = iτ2φ

∗. Consequently, as a remnant of the symmetry (as in
the Standard model) (3 + 1 = 4), there is the mandatory retro-diction of one
genuine multi-component composite SM-like Higgs boson h with mass at the
induced electroweak scale.

III. (1) The Dirac masses m(3) and m(8) break down spontaneously the flavor SU(3)f
gauge symmetry in the SM sector down to U(1) × U(1) [4, 5, 36], and the
electroweak SU(2)L × U(1)Y chiral symmetry spontaneously down to U(1)em.
Consequently, six multi-component ‘would-be’ NG bosons composed of the elec-
troweakly interacting leptons and quarks contribute a tiny amounts to the huge
masses of six flavor gluons [4, 5], and three multi-component ‘would-be’ NG
bosons, also composed of the electroweakly interacting leptons and quarks pro-
vide extra contributions to mW and mZ . The canonical Weinberg relation be-
tween them remains intact.

(2) All multi-component ‘would-be’ NG bosons discussed above are contained in the
composite operator

φai = 1
Λ2

[(
ēR

1
2λil

a
L

)
+
(
d̄R

1
2λiq

a
L

)
+
(

(νfR)C 1
2λi(l

a
L)C

)
+
(

(ufR)C 1
2λi(q

a
L)C

)]
.

(3.5)
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It is important to consider those fermion bilinear combinations of the chiral
fermion fields ψL,R with the same electric charge, i.e., those which are respon-
sible for the fermion masses m(3) and m(8), i.e., ψ̄Rλ3,8ψL. They belong to
the SU(3) octet. To have it real we have in mind that its redundant compo-
nent becomes the ‘would-be’ NG boson of otherwise neglected SU(2)L×U(1)Y .
Consequently, as a remnant of the symmetry (6 + 2 = 8) there should be ex-
isting two additional multi-component composite Higgs-like bosons h3 and h8
with characteristic Yukawa couplings and masses at the electroweak scale. It
is rather remarkable that namely such a possibility was explicitly mentioned as
an example of the non-Abelian Higgs mechanism by Peter Higgs in his seminal
‘Abelian’ paper [4, 5].

IV. There are interesting phenomena associated with spontaneous breakdown of global
chiral Abelian symmetries of the model [36]. The anomalous ones result in observable
new axion-like particles, the anomaly-free one can be gauged, resulting in new massive
Z ′ gauge boson.

4 Electroweak WT identities imply

So far we have analyzed the consequences of spontaneous emergence of Σf (p2) generated by
the strongly coupled QFD. The chiral-symmetry-breaking Σf (p2)s manifest operationally
by new terms also in the electroweak interactions by virtue of the Ward-Takahashi identities.
The WT identities have to remain valid regardless of whether the underlying symmetry
were broken spontaneously or not. Consequently, the new Σf (p2)-dependent symmetry-
breaking terms in them should have the important and theoretically reliable implications.
The EW WT identitites are (we temporally omit the flavor index f) [10, 47, 48]

(p′ − p)µΓµA(p′, p) = eQi
[
S−1(p′)− S−1(p)

]
, (4.1)

(p′ − p)µΓµW (p′, p) = e

2
√

2 sin θW

{[
S−1(p′)T+ − T+S−1(p)

]
(4.2)

−
[
S−1(p′)T+γ5 + T+γ5S

−1(p)
]}
,

(p′ − p)µΓµZ(p′, p) = e

sin 2θW

{[
S−1(p′)T iZ − T iZS−1(p)

]
(4.3)

−
[
S−1(p′)T i3Lγ5 + T i3Lγ5S

−1(p)
]}
,

where by T iZ we denote

T iZ ≡
(
T i3L − 2Qi sin2 θW

)
. (4.4)

The index i, (i = ν, l, u, d) distinguishes different SM fermion species. The proper vertices
themselves, which satisfy the WT identities and have no unwanted kinematic singularities,
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have the form

ΓµA(p′, p) = eQi
[
γµ − (p′ + p)µΣ′(p′, p)

]
, (4.5)

Γ+µ
W (p′, p) = e

2
√

2 sin θW

{[
γµ − (p′ + p)µΣ′(p′, p)

]
T+ (4.6)

−
[
γµγ5T

+ − (p′ − p)µ

(p′ − p)2
(
Σ(p′) + Σ(p)

)
γ5T

+
]}

,

ΓµZ(p′, p) = e

sin 2θW

{[
γµ − (p′ + p)µΣ′(p′, p)

]
T iZ (4.7)

−
[
γµγ5 −

(p′ − p)µ

(p′ − p)2
(
Σ(p′) + Σ(p)

)
γ5

]
T i3L

}
.

The ‘derivative’ is defined as

Σ′(p′, p) ≡ Σ(p′)− Σ(p)
p′2 − p2 . (4.8)

It in fact points to the difference between the Σ(p2)-dependent terms in the axial-vector
and polar-vector vertices. In the former ones they mark the famous massless ‘would-be’
Nambu-Goldstone poles and persist even for constant Σs, i.e., for hard fermion masses.
This is how the NG pole manifests in the NJL model. This robust effect is supported by
the existence theorem.

In polar-vector vertices the appearance of chiral-symmetry breaking Σs is much more
subtle. They appear only provided they are momentum-dependent. Consequently, their
consequences depend crucially upon their functional form and in evaluating their credibility
we should be very humble.

4.1 Masses of W and Z bosons

How the composite ‘would-be’ NG bosons become the longitudinal polarization states of
massiveW and Z bosons is well known. In the present model the mechanism was described
in detail in [36] and here we merely quote the result. For the Euclidean Σf (p2) = m2

f/p

the new axial-vector vertices contribute to the gauge-boson polarization tensor loop and
the electroweak gauge-boson masses are given by the famous Pagels-Stokar formula in the
form of the sum rules. The technique is identical to that used in technicolor [49, 50].

m2
W = 1

4g
2 5
4π
∑
f

m2
f = 5α

4 sin2 θW

∑
f

m2
f (4.9)

m2
Z = 1

4(g2 + g′2) 5
4π
∑
f

m2
f = 5α

4 sin2 θW cos2 θW

∑
f

m2
f . (4.10)

The Weinberg relation mW = mZ cos θW is the consequence of the degeneracy of the
fermion masses in electroweak doublets. It is due to the fact that all chiral fermion fields
are in flavor triplets. If some strong dynamics would produce spontaneously the fermion
masses with large splitting, the relation would be badly broken [11].
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4.2 SM-fermion mass splitting

Inspired by prescient Heinz Pagels who attempted to compute the u − d quark mass dif-
ference due to the electromagnetic interaction [10] with new Σ(p2)-dependent vertex we
suggest here that the SM fermion mass splitting in families is entirely due to the elec-
troweak interactions with peculiar vectorial Σ(p2)-dependent vertices enforced by the WT
identities [10, 47, 48, 51].

The new Σf (p2)-dependent polar-vector electroweak vertices are

Γ′µA (p′, p) = −eQi(p′ + p)µΣ′(p′, p) , (4.11)

Γ′+µW (p′, p) = − e

2
√

2 sin θW
(p′ + p)µΣ′(p′, p)T+ , (4.12)

Γ′µZ (p′, p) = − e

sin 2θW
(p′ + p)µΣ′(p′, p)T iZ . (4.13)

Being chirality-changing they are perfectly suited for computing different fermion masses
in a given family in terms of the known parameters. An obvious objection is of course how
it can be that the weakly coupled electroweak interaction describes the observed enormous
top-bottom quark mass splitting. There is hope. The computation of the fermion pole-
mass splitting amounts to solving a complicated algebraic equation (4.18) which crucially
depends upon the functional form of the resulting Σi

f (p2). It of course critically depends
upon the functional form of Σf (p2). Another obvious objection is that the observed ordering
of fermion masses in different families is different whereas the electroweak interactions are
identical for all three families: in the first family the u quark is lighter than the d quark,
whereas in other two families the corresponding ordering is dramatically reversed. In the
second family the muon is heavier than the s quark, whereas in other two families the
corresponding ordering is reversed. There is hope. The ‘known’ parameters mZ/mf and
mW /mf which come from QFD and from the axial-vector terms in the WT identities could
account for these properties.

It is utmost important that the fermion mass splitting due to the weakly coupled elec-
troweak interactions is not spontaneous: it is not associated with any additional sponta-
neous electroweak gauge symmetry breaking. The very formation of both the composite
‘would-be’ NG bosons and of the composite genuine Higgs bosons, exhibiting spontaneous
breakdown of SU(3)f × SU(2)L × U(1)Y down to U(1)em can solely be due to the strong
coupling, i.e., to QFD.

Important consequence of this reasoning is the neutrino mass spectrum. As described
below the Dirac neutrino mass matrix mν

f results from characteristic contributions from W

and Z exchanges and, because of the Majorana mass matrix MfR of sterile right-handed
neutrinos the neutrino mass spectrum of the model is given by the famous seesaw mass
matrix [24–30].

We treat the contributions of the photon, W and Z boson on the same footing and
take the massive propagators in the ‘soft’ form of a massive vector boson coupled to a
conserved current:

Dµν
W,Z(q) = −ig

µν − qµqν/q2

q2 −m2
W,Z

, (4.14)
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i.e., in parallel with the massless photon propagator in a Landau (transverse) gauge.
Namely this form is obtained when summing the contributions of the massless ‘would-
be’ NG poles in the W,Z boson polarisation tensors in order to obtain the massive W,Z
boson poles [8]. It also enables immediate cross-check with a photon contribution by setting
mW,Z to zero.

The A and the Z,W -boson corrections to the Dirac fermion self-energies δiA,Z,WΣf (p2),
i = ν, l, u, d are characterized by the strengths −e2Q2

i and −e2P 2
iZ,W , respectively, where

(for sin2 θW ∼ 0.23)

Q2
ν = 0 , P 2

νZ = 1/4 sin2 2θW ∼= 0.35 ,

Q2
l = 1 , P 2

lZ = (1− 4 sin2 θW )2/4 sin2 2θW ∼= 0.00 ,

Q2
u = 4

9 , P 2
uZ =

(
1− 8

3 sin2 θW

)2
/

4 sin2 2θW ∼= 0.05 ,

Q2
d = 1

9 , P 2
dZ =

(
1− 4

3 sin2 θW

)2
/

4 sin2 2θW ∼= 0.17 .

The W -boson correction to the Dirac self-energies δWΣf (p2) is characterized by the
strength which does not depend upon the fermion species distinguishing index i: −e2P 2

W

where P 2
W = 1/8 sin2 θW ∼= 0.54.

For the SM fermion i = ν, l, u, d in a family f the contributions δiA,W,ZΣf (p2) to the
common Σf (p2) = m2

f/p due to the new Σf (p2)-dependent vertices are given in the lowest
order by the Feynman diagrams of figure 1. After the Wick rotation k0 → −ik0 they have
the form

δiAΣf (p2) = −e2Q2
i

∫ d4k

(2π)4
1

(p− k)4
Σf (p2)− Σf (k2)
k2 + Σf (k2)

p2k2 − (p.k)2

p2 − k2 , (4.15)

δiZ,WΣf (p2) = −e2P 2
iZ,W

∫ d4k

(2π)4
1

(p− k)2
1

(p− k)2 +m2
Z,W

Σf (p2)− Σf (k2)
k2 + Σf (k2) (4.16)

×p
2k2 − (p.k)2

p2 − k2 .

It is rather remarkable that these integrals can be computed exactly. In order to obtain
a comprehensible, illustrative fermion mass formula we make some elementary simplify-
ing approximations. All necessary details are given in the appendix. The result is the
Euclidean Σi

f (p2):

Σi
f (p2) =

m2
f

p
+ δ

i(IR)
A Σf (p2) + δ

i(IR)
Z Σf (p2) + δ

(IR)
W Σf (p2) . (4.17)

The fermion masses mi
f are given as the poles of the full fermion propagators with the

momentum-dependent chirality-changing self-energies Σi
f (p2) in the Minkowski space. For

this reason we replace in (4.17) the Euclidean p =
√
p2 by p =

√
−p2 where the Minkowski

p2 can be both positive and negative. The resulting pole equation to be solved for p2 = mi2
f

with fixed i, f has the form
p2 = Σi+

f (p2) Σi
f (p2) . (4.18)
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+

Aµ, Zµ,W µ Aµ, Zµ,W µ

Figure 1. The lowest-order contributions of new Σ-dependent vertices to the fermion mass splitting
in f .

Here

Σi
f (p2) = −i

m2
f√
p2A

i
f (p2) + i

√
p2Bi

f (p2) . (4.19)

The real dimensionless functions A, B are

Aif (p2) = 1 + 3α
8πQ

2
i

[
1−

m2
f

p2 arctg p2

m2
f

]
(4.20)

+ 3α
8πP

2
iZ

{
−1

2

(
1−

m2
f

m2
Z

)
arctg p2

m2
f

−
m2
f

p2

[
arctg p2

m2
f

+
3m4

Z +m4
f

6m2
fm

2
Z

ln
(

1 + p4

m4
f

)]}

+ 3α
8πP

2
W

{
−1

2

(
1−

m2
f

m2
W

)
arctg p2

m2
f

−
m2
f

p2

[
arctg p2

m2
f

+
3m4

W +m4
f

6m2
fm

2
W

ln
(

1 + p4

m4
f

)]}
,

Bi
f (p2) = 3α

32π

(
P 2
iZ

m2
f

m2
Z

+ P 2
W

m2
f

m2
W

)[
5
3 − ln

(
1 + p4

m4
f

)]
. (4.21)

Our ignorance about MfR does not allow to specify the neutrino propagator in which
the neutrino mass is given by the seesaw mass formula. As such a propagator is needed in
computing the W contribution to the charged lepton masses, we have to restrict ourselves
at present merely to the computing of the quark mass splitting.

For an illustration we present the approximate explicit solution of the pole equa-
tion (4.18) assuming m2

f/m
i2
f � 1. This amounts to solving the simplified equation

Bi
f (mi2

f ) = ±1. It is interesting that in this approximation the dependence upon α disap-
pears. The consistency with the assumption demands the sign plus, and the result is

mi
f = mf exp

 50π
∑
m2
f

9m2
f

[(
T i3L − 2Qi sin2 θW

)2 + 1
2

]
 . (4.22)

Although aesthetically appealing this mass formula does not approximate the quark world.
This, however, suggests that the all-important infrared part of Σi

f (p2) could be guessed.
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In general, with the Euclidean Σf (p2) = m2
f/p resulting from a crude separable ap-

proximation the hopes remain unfulfilled: the numerical solutions of the equation (4.18)
exhibit only the small, nonrealistic fermion mass splitting.

5 Conclusion

Replacement of the weakly coupled Higgs sector of the SM with many parameters by the
strong-coupling gauge QFD with one parameter is an immodest challenge. We believe
it is in the spirit of the old good traditions of theoretical physics. As a quantum field
theory it makes sense if and only if the fermion sector of the Standard model is uniquely
extended, for purely theoretical reason of anomaly freedom, by three right-handed neutri-
nos. Spontaneously, i.e., in solutions the matrix SD equation of QFD, so far in a separable
approximation, generates from one scale Λ in two different channels two different sets of so-
lutions with uniquely fixed and vastly different fermion masses: first, three Majorana masses
MfR ∼ Λ of νfR. Second, three exponentially small Dirac masses mf ∼ exp (−1/αf )Λ (αf
are the effective dimensionless couplings of separable approximation) degenerate for all SM
fermions in f . The soft Majorana masses ΣfR(p2) = M2

fR/p spontaneously emerge despite
the fact that the hard ones are strictly prohibited by the hidden chiral symmetry of the
νfR sector of QFD; the soft SM Dirac masses Σf (p2) = m2

f/p spontaneously emerge despite
the fact that the hard ones are strictly prohibited by the chiral SM.

We know no way of knowing whether this highly desirable property is inherent to QFD
at strong coupling or not. In any case the same property MfR � mf was obtained by
Yanagida [23] easily in a very useful model with fermion content identical to ours, but with
the rich Higgs sector with elementary Higgs fields in representations dictated by symmetry
of allowed Yukawa couplings. Not surprisingly our fermion-composite Higgs-type operators
have the same quantum numbers.

If our main conjecture is warranted there is no fundamental electroweak mass scale.
The only genuine scale in the game is the huge QFD scale Λ. Although theoretically
arbitrary the phenomenology of the emerging picture (e.g. seesaw or FCNC) forces Λ to be
fixed by one experimental datum as huge. The Dirac masses mf of the SM fermions come
out spontaneously exponentially small with respect to Λ. The Goldstone theorem implies
the W,Z masses of the order of

∑
f mf , the induced or effective electroweak mass scale.

The Higgs boson is light because it is intrinsically related with this scale as the genuine
partner of the longitudinal polarization states of massive W and Z bosons. There is no fine
tuning. In the resulting ‘improved’ Standard model the facts ‘ignored’ by the Standard
one mentioned in the Introduction are addressed and bona fide explained:

(1) By seesaw the present model describes its three active neutrinos as extremely light
Majorana fermions. In comparison with the general effective field theory prediction of
Steven Weinberg [52] the present ordinary quantum field theory is uniquely defined.
It simply needs three right-handed neutrinos for anomaly freedom in much the same
way the famous Weinberg’s model of leptons [1–3] needs quarks [53].

(2) By the same logic the super-heavy right-handed neutrinos should be phenomeno-
logically equally important as ordinary SM fermions. In close parallel with QCD
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nucleons N ∼ εabcqaqbqc which make the luminous matter of the Universe the model
offers the stable heavy-neutrino composites S ∼ ηabcν

a
Rν

b
Rν

c
R (η is an appropriate

SU(3) Clebsch-Gordan coefficient) strongly coupled by QFD as a natural possibly
stable-enough candidate for the dark matter of the Universe. It is conceivable that
such a composite-fermion-made dark Universe might even look not dissimilar to our
luminous one. More generally, the heavy sector with the fundamental scale Λ, which is
absolutely necessary for electroweak physics at Fermi scale provides the contact with
astro-particle physics and cosmology. First of all, the heavy Majorana neutrinos are
the necessary ingredient in Fukugida-Yanagida’s baryogenesis via leptogenesis [31].
Furthermore, the classically scale-invariant matter sector with a huge scale Λ due to
the dimensional transmutation is indispensable for conservative understanding of the
induced quantum gravity suggested by Sakharov [54] and advocated at present by
Donoghue [55]. Also, the heavy composite higgses χ potentially could be identified
with inflatons [56].

(3) QFD apparently computes the fermion masses mf and MfR, but that is not suffi-
cient: it does not distinguish between different SM fermion species within one family.
Fortunately, there are the electroweak gauge interactions. We have computed the
mass splitting of each calculable mf into mi

f , i = ν, e, u, d unequivocally in terms of
the known parameters entering the photon, W and Z boson loops with Σf (p2) de-
pendent vectorial vertices. The computation is, unfortunately, hampered by serious
uncertainties. First, with the aim of obtaining the explicit fermion mass formula the
perturbative computation was slightly simplified. Second and more important, the
very form of the original SD equation and the separable approximation to its kernel
result from approximations at strong coupling which are not under theoretical control.
Hence, the fermion mass formula (4.18) based on the explicit form Σf (p2) = m2

f/p

should be understood merely as an illustration of the general idea. Would we know
MfR we could predict, using the seesaw mass formula, the highly needed neutrino
mass spectrum.

The present approach touches the Higgs paradigm of the origin of particle masses.
In the first step the strongly coupled QFD spontaneously and self-consistently generates
three Majorana masses MfR of the right-handed neutrinos and the masses of all flavor
gluons, both of order Λ. It is important that this step is a spontaneous breakdown of chiral
symmetry. At the same time the QFD spontaneously generates also three Dirac masses
mf �MfR of the SM fermions. By symmetry they are the same for all SM fermion species
in f . The Goldstone theorem implies two types of the SM-fermion-composite ‘would-be’
NG excitations: (1) six of them correspond to the additional breakdown of SU(3)f by m(3)
and m(8) down to U(1) × U(1). They belong to the composite flavor octet and disappear
from the spectrum as additional longitudinal components of massive flavor gluons. Hence,
the massive h3 and h8 remain. (2) All mf contribute to the spontaneous breakdown of the
electroweak SU(2)L × U(1)Y down to U(1)em. Consequently, there are three SM-fermion-
composite NG bosons and one massive h, all belonging to the complex composite doublet.

In the following step the dynamical role of the electroweak interactions, although
weakly coupled, becomes profound: first, the Σf (p2)-dependent terms in the axial-vector
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parts of the electroweak WT identities are responsible for the W and Z boson masses.
Second, the Σf (p2)-dependent terms in the polar-vector parts of the electroweak WT
identities are suggested to be responsible for the SM fermion mass splitting of mf into
mi
f , i = ν, l, u, d.
In evaluating the consequences of the model it is important to distinguish between

those which crucially depend upon the functional form of Σf (p2) and those which rely
essentially only upon their very existence and their gross features. We believe that the
unfulfilled expectation in computing the fermion mass splitting in f does not disqualify
the whole idea.

IF the basic assumption of the spontaneous, strong-coupling generation of MfR � mf

by QFD is justified, even without the necessity of knowing the details of Σf (p2) there are
the firm, and currently observable consequences: they are due to the powerful existence
theorem of Goldstone supplemented with the natural NJL assumption of the existence of
the NG symmetry partners:

First of all, after July 4, 2012 the model is obliged to contain the CERN Higgs boson
with properties similar, though not necessarily identical with those of the elementary SM
Higgs H. We believe our h is such a boson. We interpret it as an a posteriori confirmation
of the assumption (in fact due to Nambu and Jona-Lasinio) of the existence of the NG sym-
metry partners. Derivation of its fermion-loop-generated couplings with the electroweak
gauge bosons A,W,Z is in progress [48]. Similarity with the tree-level couplings of H with
W and Z of the Standard model proportional to the masses mW and mZ , respectively is
to be expected due to the sum rules (4.9), (4.10).

Above all, there is a robust prediction of two new composite electroweakly interacting
Higgs bosons h3 and h8 at Fermi scale. The model stands and falls with these Higgs-like
particles: they are the remnants of the flavor octet [4, 5], the composite fermion-antifermion
scalar strongly bound by QFD and responsible for the spontaneous emergence of m(3) and
m(8). These scalars are distinguished by the effective flavor-sensitive Yukawa couplings
proportional to the flavor matrices λ3 and λ8, respectively. This signals that not all three
families are alike.

The rigid predictive electroweak model presented above represents so far merely a pos-
sible framework, or scenario. The most difficult step is to provide the convincing argument
for MfR � mf . Further, it remains to compute the quantum electroweak corrections to
all quantities in which the Dirac fermion masses mf , generated by QFD, enter degenerate:

(i) The Yukawa couplings of composite Higgses h, h3, h8 with fermions.

(ii) The effective loop-generated couplings of composite Higgses h, h3, h8 with the elec-
troweak gauge fields A,W,Z.

(iii) The electroweak corrections to the Pagels-Stokar mass formula for mW ,mZ .

(iv) We believe that the general idea of the electroweak fermion mass splitting remains
alive. How to look for the convincing functional form of Σf (p2) is, however, com-
pletely outside our imagination.
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Reliable computation of masses of h, h3 and h8 as well as the computation of other
properties of the expected strongly bound QFD bound states (e.g. the dark matter neutrino
composites) which are not of the NG nature requires the generically strong-coupling tools;
also a formidable task.
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A Evaluation of the electroweak fermion mass splitting

In the Euclidean integrals for δiA,W,ZΣf (p2) we fix without loss of generality the external
four-momentum p as p = (p,~0), integrate over the angles, and for Σf (p2) = m2

f/p we get

δiAΣf (p2) = 2α
π2Q

2
im

2
fp

∫ ∞
0

I(p, k) k6dk
(p+ k)(k4 +m4

f )
, (A.1)

δiZ,WΣf (p2) = 2α
π2 P

2
iZ,Wm

2
fp

∫ ∞
0

IZ,W (p, k) k6dk
(p+ k)(k4 +m4

f )
,

(A.2)

where

I(p, k) =
∫ π

0

sin4 Θ dΘ
(p2 + k2 − 2pk cos Θ)2 (A.3)

= 3π
16p4k4

[
p4 + k4 −

(
p2 + k2)∣∣p2 − k2∣∣] ,

IZ,W (p, k) =
∫ π

0

sin4 Θ dΘ
(p2 + k2 − 2pk cos Θ)(p2 + k2 +m2

Z,W − 2pk cos Θ)
(A.4)

= π

16p4k4

{
3
[
p4 + k4 +

(
p2 + k2)m2

Z,W + 1
3m

4
Z,W

]

+ 1
m2
Z,W

[(
p2 − k2)2∣∣p2 − k2∣∣

−
(
(p− k)2 +m2

Z,W

)3/2((p+ k)2 +m2
Z,W

)3/2
]}

.

The absolute value |p − k| in both I(p, k) and IZ,W (p, k) naturally leads to splitting the
integrals into: (a)

∫ p
0 which we call infrared (IR) and (b)

∫∞
p which we call ultraviolet

(UV). We consider p� mW ,mZ .
In the integral for δiAΣf (p2) we merely replace the term (p+ k) in the integrand by k

and obtain
δiAΣf (p2) = δ

i(IR)
A Σf (p2) + δ

i(UV)
A Σf (p2) , (A.5)
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where

δ
i(IR)
A Σf (p2) = 3α

8πQ
2
i

(
m2
f

p
−
m4
f

p3 arctg p2

m2
f

)
, (A.6)

δ
i(UV)
A Σf (p2) = 3α

8πQ
2
i p

(
π

2 − arctg p2

m2
f

)
. (A.7)

In the integral for δiZ,WΣf (p2) we make similar simplifications: (i) replace the term (p+ k)
in the integrand by k; (ii) replace the term ((p − k)2 + m2

Z,W )3/2((p + k)2 + m2
Z,W )3/2 in

IZ,W (p, k) by (p2 +m2
Z,W )3; (iii) in (UV) we neglect the gauge boson masses:

δiZ,WΣf (p2) = δ
i(IR)
Z,W Σf (p2) + δ

i(UV)
Z,W Σf (p2) , (A.8)

where

δ
i(IR)
Z,W Σf (p2) = 3α

8πP
2
iZ,W

{
1
2
m2
f

p

(
1−

m2
f

m2
Z,W

)
arctg p2

m2
f

(A.9)

+
m4
f

p3

[
− arctg p2

m2
f

+ 1
2

(
m2
Z,W

m2
f

+
m2
f

3m2
Z,W

)
ln
(

1 + p4

m4
f

)]

+1
4p

m2
f

m2
Z,W

[
5
3 − ln

(
1 + p4

m4
f

)]}
,

δ
i(UV)
Z,W Σf (p2) = 3α

8πP
2
iZ,W p

(
π

2 − arctg p2

m2
f

)
. (A.10)

In accordance with approximations used in solving the SD equation for Σf (p2) the ultravi-
olet pieces of Σi

f (p2) can be ignored. Consequently, the resulting Σi
f (p2) which defines the

SM fermion mass splitting is given by the formula (4.17).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19 (1967) 1264 [INSPIRE].

[2] S.L. Glashow, Partial Symmetries of Weak Interactions, Nucl. Phys. 22 (1961) 579 [INSPIRE].

[3] A. Salam, Weak and Electromagnetic interactions, N. Svartholm ed., Almqvist and Wiksell
International, Stockholm Sweden (1968).

[4] P.W. Higgs, Broken Symmetries and the Masses of Gauge Bosons, Phys. Rev. Lett. 13
(1964) 508 [INSPIRE].

[5] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons, Phys.
Rev. Lett. 13 (1964) 321 [INSPIRE].

– 17 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.19.1264
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C19%2C1264%22
https://doi.org/10.1016/0029-5582(61)90469-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2C22%2C579%22
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C13%2C508%22
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C13%2C321%22


J
H
E
P
0
3
(
2
0
2
1
)
2
2
4

[6] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

[7] CMS collaboration, Observation of a New Boson at a Mass of 125GeV with the CMS
Experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[8] F. Englert and R. Brout, Dynamical theory of weak and electromagnetic interactions, Phys.
Lett. B 49 (1974) 77 [INSPIRE].

[9] E. Accomando et al., Workshop on CP Studies and Non-Standard Higgs Physics,
hep-ph/0608079 [CERN-2006-009] [INSPIRE].

[10] H. Pagels and S. Stokar, The Pion Decay Constant, Electromagnetic Form-Factor and Quark
Electromagnetic Selfenergy in QCD, Phys. Rev. D 20 (1979) 2947 [INSPIRE].

[11] A. Carter and H. Pagels, The Weak ∆I = 1/2 Rule and the Dynamical Higgs Mechanism,
Phys. Rev. Lett. 43 (1979) 1845 [INSPIRE].

[12] H. Pagels, Models of Dynamically Broken Gauge Theories, Phys. Rev. D 21 (1980) 2336
[INSPIRE].

[13] R. Delbourgo and B.G. Kenny, Dynamical Breaking and the Electroweak Model, J. Phys. G 7
(1981) 417 [INSPIRE].

[14] K.T. Mahanthappa and J. Randa, Dynamical Symmetry Breaking within SU(2)×U(1),
Phys. Lett. B 121 (1983) 156 [INSPIRE].

[15] J. Hošek, Electroweak SU(2)L ×U(1)Y Gauge Model without Higgs Fields,
CERN-TH-4104/85 [INSPIRE].

[16] W.A. Bardeen, C.T. Hill and M. Lindner, Minimal Dynamical Symmetry Breaking of the
Standard Model, Phys. Rev. D 41 (1990) 1647 [INSPIRE].

[17] V.A. Miransky, M. Tanabashi and K. Yamawaki, Dynamical Electroweak Symmetry Breaking
with Large Anomalous Dimension and t Quark Condensate, Phys. Lett. B 221 (1989) 177
[INSPIRE].

[18] Y. Nambu and G. Jona-Lasinio, Dynamical Model of Elementary Particles Based on an
Analogy with Superconductivity. 1, Phys. Rev. 122 (1961) 345 [INSPIRE].

[19] F. Wilczek and A. Zee, Horizontal Interaction and Weak Mixing Angles, Phys. Rev. Lett. 42
(1979) 421 [INSPIRE].

[20] T. Yanagida, Horizontal Symmetry and Mass of the Top Quark, Phys. Rev. D 20 (1979)
2986 [INSPIRE].

[21] J.L. Chkareuli, Quark-Lepton Families: From SU(5) to SU(8) Symmetry, JETP Lett. 32
(1980) 671 [Pisma Zh. Eksp. Teor. Fiz. 32 (1980) 684] [DESY-L-TRANS-253] [INSPIRE].

[22] Z.G. Berezhiani and M.Y. Khlopov, Cosmology of Spontaneously Broken Gauge Family
Symmetry, Z. Phys. C 49 (1991) 73 [INSPIRE].

[23] T. Yanagida, Horizontal Symmetry and Mass of the Top Quark, Phys. Rev. D 20 (1979)
2986 [INSPIRE].

[24] P. Minkowski, µ→ eγ at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].

– 18 –

https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7235
https://doi.org/10.1016/0370-2693(74)90584-X
https://doi.org/10.1016/0370-2693(74)90584-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB49%2C77%22
https://arxiv.org/abs/hep-ph/0608079
https://cds.cern.ch/record/887410
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0608079
https://doi.org/10.1103/PhysRevD.20.2947
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD20%2C2947%22
https://doi.org/10.1103/PhysRevLett.43.1845
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C43%2C1845%22
https://doi.org/10.1103/PhysRevD.21.2336
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD21%2C2336%22
https://doi.org/10.1088/0305-4616/7/4/008
https://doi.org/10.1088/0305-4616/7/4/008
https://inspirehep.net/search?p=find+J%20%22J.Phys.%2CG7%2C417%22
https://doi.org/10.1016/0370-2693(83)90906-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB121%2C156%22
https://cds.cern.ch/record/158130
https://inspirehep.net/literature/213339
https://doi.org/10.1103/PhysRevD.41.1647
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD41%2C1647%22
https://doi.org/10.1016/0370-2693(89)91494-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB221%2C177%22
https://doi.org/10.1103/PhysRev.122.345
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2C122%2C345%22
https://doi.org/10.1103/PhysRevLett.42.421
https://doi.org/10.1103/PhysRevLett.42.421
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C42%2C421%22
https://doi.org/10.1103/PhysRevD.20.2986
https://doi.org/10.1103/PhysRevD.20.2986
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD20%2C2986%22
https://inspirehep.net/search?p=find+J%20%22JETP%20Lett.%2C32%2C671%22
https://doi.org/10.1007/BF01570798
https://inspirehep.net/search?p=find+J%20%22Z.Phys.%2CC49%2C73%22
https://doi.org/10.1103/PhysRevD.20.2986
https://doi.org/10.1103/PhysRevD.20.2986
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD20%2C2986%22
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C421%22


J
H
E
P
0
3
(
2
0
2
1
)
2
2
4

[25] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, in proceedings of the
Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan,
13–14 February 1979, O. Sawata and A. Sugamoto eds., KEK, Tsukuba Japan (1979) [Conf.
Proc. C 7902131 (1979) 95] [KEK-79-18-95] [INSPIRE].

[26] S.L. Glashow, The Future of Elementary Particle Physics, in Quarks and Leptons,
proceedings of the Summer Institute, Cargèse, France, 9–29 July 1979, NATO Advanced
Study Institutes Series B 61, M. Lévy, J.-L. Basdevant, D. Speiser, J. Weyers, R. Gastmans
and M. Jacob eds., Springer, Boston MA U.S.A. (1980) [INSPIRE].

[27] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, in
proceedings of the Supergravity Workshop, Stony Brook, NY, U.S.A., 27–28 September 1979,
P. van Nieuwenhuizen and D.Z. Freedman eds., North Holland Publishing Co., Amsterdam
The Netherlands (1979) [Conf. Proc. C 790927 (1979) 315] [arXiv:1306.4669] [INSPIRE].

[28] R.N. Mohapatra and G. Senjanović, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[29] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2)×U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

[30] J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774 [INSPIRE].

[31] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B 174
(1986) 45 [INSPIRE].

[32] C. Vafa and E. Witten, Restrictions on Symmetry Breaking in Vector-Like Gauge Theories,
Nucl. Phys. B 234 (1984) 173 [INSPIRE].

[33] J. Hošek, Dynamical Origin of Seesaw, arXiv:1704.07172 [INSPIRE].

[34] D.B. Kaplan, Chiral Symmetry and Lattice Fermions, in proceedings of the Les Houches
Summer School: Session 93: Modern perspectives in lattice QCD: Quantum field theory and
high performance computing, Les Houches, France, 3–28 August 2009, arXiv:0912.2560
[INSPIRE].

[35] M. Creutz, Yang-Mills Fields and the Lattice, in 50 years of Yang-Mills theory, G. ’t Hooft
ed., World Scientific (2005), pp. 357–374 [https://doi.org/10.1142/9789812567147_0015]
[hep-lat/0406007] [INSPIRE].

[36] J. Hošek, A model that underlies the Standard model, arXiv:1606.03292 [INSPIRE].

[37] J. Bardeen, L.N. Cooper and J.R. Schrieffer, Theory of superconductivity, Phys. Rev. 108
(1957) 1175 [INSPIRE].

[38] J. Polchinski, Effective field theory and the Fermi surface, in proceedings of the Theoretical
Advanced Study Institute (TASI 92): From Black Holes and Strings to Particles, Boulder,
CO, U.S.A., 3–28 June 1992, hep-th/9210046 [INSPIRE].

[39] P.D. Mannheim, An Infrared Bootstrap for the electron Mass in Finite Quantum
Electrodynamics, Phys. Rev. D 10 (1974) 3311 [INSPIRE].

[40] P.D. Mannheim, Dynamical Symmetry Breaking as a Bootstrap, Phys. Rev. D 12 (1975) 1772
[INSPIRE].

[41] P.D. Mannheim, Dynamical Generation of Extended Structures in Field Theory, Phys. Rev.
D 14 (1976) 2072 [Erratum ibid. 15 (1977) 549] [INSPIRE].

– 19 –

https://inspirehep.net/search?p=find+J%20%22Conf.Proc.%2CC7902131%2C95%22
https://doi.org/10.1007/978-1-4684-7197-7
https://doi.org/10.1007/978-1-4684-7197-7
https://inspirehep.net/literature/144466
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.4669
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C912%22
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD22%2C2227%22
https://doi.org/10.1103/PhysRevD.25.774
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD25%2C774%22
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB174%2C45%22
https://doi.org/10.1016/0550-3213(84)90230-X
https://inspirehep.net/literature/14056
https://arxiv.org/abs/1704.07172
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.07172
https://arxiv.org/abs/0912.2560
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0912.2560
https://doi.org/10.1142/9789812567147_0015
https://arxiv.org/abs/hep-lat/0406007
https://inspirehep.net/search?p=find+EPRINT%2Bhep-lat%2F0406007
https://arxiv.org/abs/1606.03292
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.03292
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2C108%2C1175%22
https://arxiv.org/abs/hep-th/9210046
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9210046
https://doi.org/10.1103/PhysRevD.10.3311
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD10%2C3311%22
https://doi.org/10.1103/PhysRevD.12.1772
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD12%2C1772%22
https://doi.org/10.1103/PhysRevD.14.2072
https://doi.org/10.1103/PhysRevD.14.2072
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD14%2C2072%22


J
H
E
P
0
3
(
2
0
2
1
)
2
2
4

[42] P.D. Mannheim, Anomalous Dimensions and the Renormalizability of the Four-Fermion
Interaction, Phys. Lett. B 773 (2017) 604 [arXiv:1611.09129] [INSPIRE].

[43] T. Brauner, R. Sýkora and J. Hošek, Color superconductor with a color sextet condensate,
Phys. Rev. D 68 (2003) 094004 [hep-ph/0303230] [INSPIRE].

[44] A.A. Migdal and A.M. Polyakov, Spontaneous Breakdown of Strong Interaction Symmetry
and the Absence of Massless Particles, Sov. Phys. JETP 24 (1967) 91 [Zh. Eksp. Teor. Fiz.
51 (1966) 135] [INSPIRE].

[45] R. Jackiw and K. Johnson, Dynamical Model of Spontaneously Broken Gauge Symmetries,
Phys. Rev. D 8 (1973) 2386 [INSPIRE].

[46] J.M. Cornwall and R.E. Norton, Spontaneous Symmetry Breaking Without Scalar Mesons,
Phys. Rev. D 8 (1973) 3338 [INSPIRE].

[47] R. Delbourgo, The Gauge Technique, Nuovo Cim. A 49 (1979) 484 [INSPIRE].

[48] P. Beneš and J. Hošek, The WW , ZZ and γγ decay amplitudes of the composite Higgs
boson, to be published.

[49] S. Weinberg, Implications of dynamical symmetry breaking: An addendum, Phys. Rev. D 19
(1979) 1277 [INSPIRE].

[50] L. Susskind, Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory,
Phys. Rev. D 20 (1979) 2619 [INSPIRE].

[51] J.S. Ball and T.-W. Chiu, Analytic Properties of the Vertex Function in Gauge Theories. 1,
Phys. Rev. D 22 (1980) 2542 [INSPIRE].

[52] S. Weinberg, Baryon and Lepton Nonconserving Processes, Phys. Rev. Lett. 43 (1979) 1566
[INSPIRE].

[53] C. Bouchiat, J. Iliopoulos and P. Meyer, An Anomaly Free Version of Weinberg’s Model,
Phys. Lett. B 38 (1972) 519 [INSPIRE].

[54] A.D. Sakharov, Vacuum quantum fluctuations in curved space and the theory of gravitation,
Sov. Phys. Usp. 34 (1991) 394 [Sov. Phys. Dokl. 12 (1968) 1040] [Dokl. Akad. Nauk Ser. Fiz.
177 (1967) 70] [Gen. Rel. Grav. 32 (2000) 365] [Usp. Fiz. Nauk 161 (1991) 64] [INSPIRE].

[55] J.F. Donoghue and G. Menezes, Gauge Assisted Quadratic Gravity: A Framework for UV
Complete Quantum Gravity, Phys. Rev. D 97 (2018) 126005 [arXiv:1804.04980] [INSPIRE].

[56] G. Barenboim, Inflation might be caused by the right: Handed neutrino, JHEP 03 (2009) 102
[arXiv:0811.2998] [INSPIRE].

– 20 –

https://doi.org/10.1016/j.physletb.2017.08.067
https://arxiv.org/abs/1611.09129
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB773%2C604%22
https://doi.org/10.1103/PhysRevD.68.094004
https://arxiv.org/abs/hep-ph/0303230
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD68%2C094004%22
https://inspirehep.net/search?p=find+J%20%22Zh.Eksp.Teor.Fiz.%2C51%2C135%22
https://doi.org/10.1103/PhysRevD.8.2386
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD8%2C2386%22
https://doi.org/10.1103/PhysRevD.8.3338
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD8%2C3338%22
https://doi.org/10.1007/BF02815780
https://inspirehep.net/search?p=find+J%20%22Nuovo%20Cim.%2CA49%2C484%22
https://doi.org/10.1103/PhysRevD.19.1277
https://doi.org/10.1103/PhysRevD.19.1277
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD19%2C1277%22
https://doi.org/10.1103/PhysRevD.20.2619
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD20%2C2619%22
https://doi.org/10.1103/PhysRevD.22.2542
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD22%2C2542%22
https://doi.org/10.1103/PhysRevLett.43.1566
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C43%2C1566%22
https://doi.org/10.1016/0370-2693(72)90532-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB38%2C519%22
https://doi.org/10.1070/PU1991v034n05ABEH002498
https://inspirehep.net/search?p=find+J%20%22Gen.Rel.Grav.%2C32%2C365%22
https://doi.org/10.1103/PhysRevD.97.126005
https://arxiv.org/abs/1804.04980
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD97%2C126005%22
https://doi.org/10.1088/1126-6708/2009/03/102
https://arxiv.org/abs/0811.2998
https://inspirehep.net/search?p=find+J%20%22JHEP%2C0903%2C102%22%20and%20year%3D2009

	Introduction
	Properties of QFD
	Goldstone theorem implies
	Electroweak WT identities imply
	Masses of W and Z bosons
	SM-fermion mass splitting

	Conclusion
	Evaluation of the electroweak fermion mass splitting

