arXiv:1301.4254v3 [hep-ph] 8 Apr 2013

Why is the top quark much heavier than other fermions?

She-Sheng Xue^∗ ICRANeT, Piazzale della Repubblica, 10-65122, Pescara, Physics Department, University of Rome “La Sapienza”, Rome, Italy

The recent ATLAS and CMS experiments show the first observations of a new particle in the search for the Standard Model Higgs boson at the LHC. We revisit the theoretical inconsistency of the fundamental high-energy cutoff with the parity-violating gauge symmetry of local quantum field theory for the standard model. This inconsistency suggests highdimensional operators of fermion interactions, which are attributed to the quantum gravity. In this Letter, recalling the minimal dynamical symmetry-breaking mechanism, we show that it is energetically favorable for the top quark to acquire its mass via spontaneous symmetry breaking, whereas other fermions acquire their masses via explicit symmetry breaking.

PACS numbers: 12.60.-i,12.60.Rc,11.30.Qc,11.30.Rd,12.15.Ff

Introduction. Since its appearance, the Standard Model for elementary particle physics has always been extremely peculiar. The parity-violating gauge couplings, the hierarchy of fermion masses, and flavor mixing have been at the center of a conceptual elaboration and an intensive experimental analysis that have played a major role in donating to mankind the beauty of the Standard Model (SM) for particle physics. Chiral gauge symmetries on the one hand and spontaneous/explicit breakings of these symmetries on the other play essential roles in understanding the parity-violating gauge couplings and mass spectra of fermions in the Standard Model. The Nambu- Jona-Lasinio model [1] for high energies and its effective counterpart for low energies, the Higgs model [2], provides an elegant description for the electroweak-breaking-scale, intermediate gauge boson masses and their relations. Nevertheless, we are still searching for a physical mechanism to explain the hierarchy of the fermion masses and the flavor mixing angles. Much theoretical effort has been made on this central issue since the Standard Model was established. Likewise, after a great experimental effort for many years, the ATLAS [3] and CMS [4] experiments have recently shown the first observations of a new particle in the search for the standard model Higgs boson at the LHC. This far-reaching result begins to shed light on this most elusive and fascinating arena of fundamental particle physics.

Assuming the dynamical symmetry breaking to dynamically generate the electroweak scale is the-

∗Electronic address: xue@icra.it

oretically rather attractive. Much effort has been made in this direction since the Standard Model was born. Apart from their theoretical problems, such as the fine-tuning and hierarchy problems, the models of the dynamical symmetry breaking are still far from quantitatively explaining experimental results, particularly given the recent discovery of the 125 GeV scalar particle [3, 4]. Nevertheless, this newly discovered particle spurs it is a impetus and worthwhile for us to revisit the theoretical issue of the dynamical symmetry breaking to find any dynamical or symmetrical aspect that requires further studies to satisfactorily explain the experimental results.

When the top quark mass m_t was discovered to be greater than ∼ 10^2 GeV, several authors [5– 8] in 1989 suggested that the symmetry breakdown of the Standard Model could be a dynamical mechanism of the Nambu-Jona-Lasinio or BCS type that intimately involves the top quark at a high-energy scale Λ. This dynamical mechanism leads to the formation of a low-energy t̄tcondensate, which is responsible for the top quark, W^± and Z^∘ gauge bosons masses, and a composite particle of the Higgs type. Since then, many models based on this idea have been proposed and studied [9]. For our discussions on this idea, we will adopt the model for the minimal dynamical symmetry breaking via an effective four-fermion operator of the Nambu-Jona-Lasinio type

L = L_{kinetic} + G(Ψ̄^{ia}_L t_{Ra})(t̄^b_RΨ_{Lib}), (1)

which was studied by Bardeen, Hill and Lindner (BHL) [8] in the context of a well-defined quantum field theory at the high-energy scale Λ; the coupling G is on the order of 1/Λ^2.

To achieve the low-energy electroweak scale for the top quark mass m_t by the renormalization group equations [6, 8, 10], this model (1) requires Λ/m_t ≫ 1 with a drastically unnatural fine tuning, which is known as the gauge hierarchy problem, and the top quark mass m_t is determined by the infra red quasi-fixed point [10]. To have a natural scheme incorporating the effective fourfermion operator of the Nambu-Jona-Lasinio type (1), some strong technicolor (TC) dynamics at the ∼ TeV scale were invoked [11]; this scheme is preferentially coupled to the third quark family of top and bottom quarks. In addition, from the phenomenological point view, the newly discovered 125 GeV particle does not seems to be the neutral t̄t-composite scalar that is significantly heavier than the top quark mass [8]. The possibility of the 125 GeV particle being a light pseudoscalar, such as the top-pion [10], seems unlikely because the loop-suppressed couplings of light pseudoscalars to the SM gauge bosons are too small to generate the observed signal [12].

These discussions indicate that much effort is still required to study the issue of the minimal dynamical symmetry breaking that preferentially associated with the top quark (the top-Higgs system) in the theoretical aspects of dynamics or/and symmetry (see for example [13]) to discover if the issue agree with experiments. In this Letter, we will focus on the theoretical question of why the dynamical symmetry breaking is minimally or preferentially associated with the top quark. We assume that the high-dimensional operators of all fermion fields could be attributed to the new dynamics, such as the quantum gravity at the Planck scale Λ_{pl}. For example, the four-fermion operator in the Einstein-Cartan theory can be obtained by integrating over static torsion fields at the Planck scale. It is conceivable that the new dynamics at the scale Λ should be on an equal footing with all the fermions in the Standard Model because the scale Λ is much larger than the masses of all the fermions. This finding raises a neutral question: why should the new dynamics preferentially act on the top quark alone? It is the aim of this Letter to understand, from the dynamical point of view, a compelling possible answer to this question. Within the context of the Standard Model and dynamical symmetry breaking, we attempt to show that the minimal dynamical symmetry breaking (1) for the top quark, by which this particle acquires its dynamical mass, is an energetically favorable configuration (the ground state) of the quantum field theory with the high-dimension operators of all the fermion fields at the cutoff Λ.

To explain why the top quark is much heavier than the other fermions, some discussions of the origins of fermion masses are required; the top quark mass is attributed to the dynamical symmetry breaking, whereas the other fermion masses are attributed to explicit symmetry breakings. In addition to the broken phase where the dynamical symmetry breaking occurs, we will discuss the symmetric phase for strong couplings where the dynamics of high-dimension operators of fermion fields form the massive composite states of three fermions the preserve the chiral gauge symmetries of the Standard Model. This dynamical feature gives a possibility to solve the fine-tuning problem and may hint at the composite scalar mass. The natural units h̄ = c = 1 are adopted, unless otherwise specified.

Dynamical symmetry breaking of the third quark-family. To simplify the discussions and calculations, we first consider the third quark family only, the left-handed doublet Ψ_L = (t_L, b_L) and the right-handed singlet ψ_R = t_R, b_R, and generalize the BHL proposal (1) as follows:

L = L_{kinetic} + G(Ψ̄^{ia}_L ψ_{Rja})(ψ̄^{jb}_R Ψ_{Lib}), = L_{kinetic} + G(Ψ̄^{ia}_L t_{Ra})(t̄^b_RΨ_{Lib}) + G(Ψ̄^{ia}_L b_{Ra})(b̄^b_RΨ_{Lib}), (2)

where a, b and i, j are, respectively, the color and flavor indexes of the top and bottom quarks. The fermion fields in L_{kinetic} are supposed to be massless. This Lagrangian has not only an SU_c(3)×SU_L(2)×U_Y (1) gauge symmetry of the Standard Model but also a global SU_L(2)×U_R(1) flavor symmetry.

Following the BHL calculations, we have the gap equations for the induced top- and bottomquark masses m_t = −G⟨t̄t⟩ and m_b = −G⟨b̄b⟩: ( m 0 0 m ) = 2GN_c i (2π)^4 ∫ d^4l(l^2 − m^2)^{−1} ( m 0 0 m ) , (3)

where m = m_t = m_b. The result of evaluating Eq. (3) with a momentum-space cutoff Λ is G^{−1} = N_c 8π^2

[Λ^2 − m^2 ln(Λ^2/m^2)]. (4) In addition to the trivial solution m = 0, the gap equation (3) has a nontrivial solution m ≠ 0 for a sufficiently strong coupling, G ≥ G_c = 8π^2/(N_cΛ^2), where G_c is the “critical” coupling constant. The nontrivial solution m_t = m_b = m ≠ 0 to the gap equation (4) is valid for both the t-channel and the b-channel. The gap equation (4) can be written as 1 G_c − 1 G = (1/G_c)(m/Λ)^2 ln(Λ/m)^2 = (N_cm^2/8π^2) ln(Λ/m)^2 > 0. (5) When m ≪ Λ, the four-fermion coupling G = G(Λ, m_t) → G_c.

As will be shown below, the energetically favorable configuration of this defined quantum field theory (2) should be the configuration (m_t = m ≠ 0, m_b = 0), rather than the configuration (m_t = m_b = m ≠ 0). To calculate all possible bubble diagrams contributing to the vacuum energy of such defined quantum field theory (2), we must identify all the elementary and composite modes when the gap equation (4) is satisfied for G >∼ G_c as well as the two-point Green functions of these modes.

Following the BHL calculations [8], we use the four-fermion interacting vertexes G(Ψ̄^{ia}_L t_{Ra})(t̄^b_RΨ_{Lib}) (t-channel) and G(Ψ̄^{ia}_L b_{Ra})(b̄^b_RΨ_{Lib}) (b-channel) in the effective Lagrangian (2) to calculate the gap equation (3) or (4) for m_t = m_b = m ≠ 0. In addition, we obtain the following: (1) the inverse propagators of the top t and bottom b quarks: Γ^{−1}_{t,b} (p^2, m_{t,b}) = (γ_μp^μ − m_{t,b}); (6) (2) two composite scalar modes for the t- and b-channels and the inverse propagators of these modes Γ^{−1}_S (p^2, m_{t,b}) = 2N_c(p^2 − m^2_{t,b})(4π)^{−2}

∫_1 0 dx ln { Λ^2/[m^2_{t,b} − x(1 − x)p^2] } ; (7) (3) two composite neutral-pseudoscalar modes for the t- and b-channels and the inverse propagators of these modes:

Γ^{−1}_P (p^2, m_{t,b}) = 2N_cp^2(4π)^{−2}

∫_1 0 dx ln { Λ^2/[m^2_{t,b} − x(1 − x)p^2] } ; (8)

(4) two composite charged-pseudoscalar modes for the t- and b-channels and the inverse propagators of these modes

Γ^{−1}_F (p^2, m_{t,b}) = 8N_cp^2(4π)^{−2}

∫_1 0 dx(1 − x) ln { Λ^2/[m^2_{b,t}x + m^2_{t,b}(1 − x) − x(1 − x)p^2] } . (9)

In addition to these composite modes, there are elementary modes of the gauge bosons W^±_μ , Z^∘_μ and photon γ. The inverse propagators of these modes are

Γ^{−1}_{μν} (p^2, M^2_{W,Z,γ}) = (p_μp_ν /p^2 − g_{μν} )Z_{W,Z,γ}(p^2)(p^2 − M^2_{W,Z,γ}), (10)

where the masses M^2_W = M^2_Z sin^2 θ_W , M^2_γ = 0 and the wave-function renormalization constants Z_{W,Z,γ}(p^2). One of two composite neutral-pseudoscalar modes (8) becomes the longitudinal component of the intermediate gauge boson Z^∘_μ. One of two composite charged-pseudoscalar modes (9) becomes the longitudinal component of the intermediate gauge boson W^±_μ . We assume these composite modes come from the t-channel. As a result, the composite modes that remain are two massive scalar modes of the Higgs type from the t-channel and b-channel as well as one neutralpseudoscalar mode and one charged-pseudoscalar mode from the b-channel.

We turn to the configuration (m_t = m ≠ 0) and (m_b = 0). Using the interacting vertex G(Ψ̄^{ia}_L b_{Ra})(b̄^b_RΨ_{Lib}) in Eq. (2) for the b-channel and m_b = 0, we calculate the inverse two-point Green functions analogously to Eqs. (7-10) and obtain

Γ^{−1}_S (p^2) = (2/G) + 2N_cp^2(4π)^{−2}

∫_1 0 dx ln { Λ^2/[−x(1 − x)p^2] } , (11)

Γ^{−1}_P (p^2) = (2/G) + 2N_cp^2(4π)^{−2}

∫_1 0 dx ln { Λ^2/[−x(1 − x)p^2] } , (12)

Γ^{−1}_F (p^2) = (2/G) + 8N_cp^2(4π)^{−2}

∫_1 0 dx(1 − x) ln { Λ^2/[m^2_t (1 − x) − x(1 − x)p^2] } . (13)

Unlike Eqs. (7-9), the first term (2/G) remains due to the absence of the gap equation for m_b ≠ 0 in the b-channel. As a result, the inverse two-point Green functions (11-13) do not represent inverse propagators of massive or massless composite modes. In Eqs. (6,10) and Eqs. (11-13), we are allowed to introduce the b-quark mass m̄_b ≠ 0 (m̄_b ≪ m_t) by a small explicit breaking of the chiral symmetries in the kinetic term L_{kinetic} (2). In this case, Eqs. (11-13) are replaced by

Γ^{−1}_S (p^2) = 2δ + 2N_c(p^2 − 4m̄^2_b )(4π)^{−2}

∫_1 0 dx ln { Λ^2/[m̄^2_b − x(1 − x)p^2] } , (14)

Γ^{−1}_P (p^2) = 2δ + 2N_cp^2(4π)^{−2}

∫_1 0 dx ln { Λ^2/[m̄^2_b − x(1 − x)p^2] } , (15)

Γ^{−1}_F (p^2) = 2δ + 8N_cp^2(4π)^{−2}

∫_1 0 dx(1 − x) ln { Λ^2/[m̄^2_b x + m^2_t (1 − x) − x(1 − x)p^2] } , (16) and δ ≡ 1 G − 1 G_c ( 1 − (m̄_b/Λ)^2 ln(Λ/m̄_b)^2 ) (17) = 1 G_c ( m̄_b Λ )_2 {[( m_t m̄_b )_2 − 1 ] ln ( Λ m̄_b )_2 − ( m_t m̄_b )_2 ln ( m_t m̄_b )_2}

≈ 1 G_c ( m_t Λ )_2 ln ( Λ m_t )_2

> 0, m_t ≫ m̄_b (18)

where the δ term contains the contribution 1/G of the four-fermion vertex and the contribution

[the second part in line (17)] of two disconnect tadpole diagrams in the b-channel, and we use the

gap equation (5) for the top-quark mass m_t to obtain Eq. (18).

The vacuum energy of quantum field theory at the cutoff Λ. The effective action of such

a well-defined quantum field theory (2) at the cutoff Λ and G >∼ G_c is given by e^{iSeff} = Z ≡ ∫ fields

e^{iL}, (19)

where L is the Lagrangian of quantum field theory (2) at the cutoff Λ. Performing the Wick

rotation t → τ_E = it, p^0 → p^0_E = −ip^0 and p^2 → −p^2_E to the Euclidean version of quantum field

theory at the cutoff Λ, we have Z → Z_E , e^{iSeff} → e^{−Seff}E and

S^{eff}_E = −

∫ d_4x_E d_4p_E

(2π)^4

Tr ln Z_E , (20)

where Tr indicates the sum over all the degree of freedom of the fields. One can define the energy

density of quantum field theories with the cutoff Λ as E = − ∫ Λ d^4p_E (2π)^4

Tr ln Z_E , (21)

which received all contributions from the bubble diagrams (closed loops) in the vacuum state. The

energetic difference between the two configurations (m_t = m_b ≠ 0) and (m_t ≠ 0, m_b = 0) is

ΔE = E(m_t = m_b ≠ 0) − E(m_t ≠ 0, m_b = 0). (22)

Taking into account only the two-point Green functions (7-6) and (11-13), we approximately

have E ≈ + ∫ Λ d^4p_E (2π)^4 Tr ∑ boson

ln Γ^{−1}_{boson}(p^2_E ) − ∫ Λ d^4p_E (2π)^4 Tr ∑ fermion

ln Γ^{−1}_{fermion}(p^2_E ). (23)

The energetic difference (22) between the two configurations (m_t = m_b ≠ 0) and (m_t ≠ 0, m_b = 0)

is approximately given by ΔE ≈ −2N_c ∫ Λ d^4p_E (2π)^4 ln ( p^2_E + m^2_b

p^2_E )

+ 2N_c ∫ Λ d^4p_E (2π)^4 ln ( Γ^{−1}_S (p^2_E , m_b) Γ^{−1}_S (p^2_E ) )

+ 2N_c ∫ Λ d^4p_E (2π)^4 ln ( Γ^{−1}_P (p^2_E , m_b) Γ^{−1}_P (p^2_E ) )

+ 8N_c ∫ Λ d^4p_E (2π)^4 ln ( Γ^{−1}_F (p^2_E , m_{t,b}) Γ^{−1}_F (p^2_E ) ) . (24)

In this energetic difference ΔE, the contributions from the massive top quark, the intermediate gauge bosons (W^±_μ , Z^∘_μ) and the massless photon are canceled. The first term is the difference between the massive and massless bottom-quark contributions. The second, third and fourth terms represent the vacuum-energy differences between the contributions of the composite scalar modes (7-9) in the b-channel for m_b = m_t ≠ 0 and the contributions of the inversed two-point Green functions in the b-channel for m_b = 0. Using Eqs. (7-13), we calculate the energetic difference (24) and obtain the leading order: ΔE ≈ + N_c π^2 [ 0.18 Λ^4 ( G_c G ) − 0.36 (Λm_t)^2 ln ( Λ m_t )_2] > 0, (25)

which shows that the configuration (m_t ≠ 0, m_b = 0) is energetically more favorable than the configuration (m_t = m_b ≠ 0). By using Eqs. (14-18), we obtain the analog of Eq. (25) in the case that the top-quark mass m_t is generated by the spontaneous chiral symmetry breaking and that the bottom-quark mass m̄_b is induced by an explicit chiral symmetry breaking: ΔE ≈ + N_c π^2 [ 0.54 × 4π^2δ − 0.36(Λ^2m^2_t ) ln ( Λ m_t ) + 0.18(Λ^2m̄^2_b ) ln ( Λ m̄_b )]

= +0.09 N_c π^2 [ (Λ^2m^2_t ) ln ( Λ m_t )_2

+ (Λ^2m̄^2_b ) ln ( Λ m̄_b )_2]

> 0, (26)

where m_b ≪ m_t.

These results (25) and (26) are not surprising. One can see that the vacuum energy decreases (the system of fields gains energy) as the fermions acquire their masses by the spontaneous chiral symmetry breaking; the first line of Eq. (24), however, the associated scalar and pseudoscalar modes, the second, third and fourth lines of Eq. (24), have positive contributions to the vacuum energy. Three pseudoscalar (Goldstone) modes become the longitudinal modes of the intermediate gauge bosons W^±_μ and Z^∘. As more fermions acquire their masses by the spontaneous chiral symmetry breaking, more associated scalar and pseudoscalar modes are produced. As a result, the energetically favorable configuration is the one in which only one quark (the top quark) acquires its mass by the spontaneous chiral symmetry breaking, with three pseudoscalar modes as the longitudinal modes of the massive gauge bosons and a scalar particle of the Higgs type.

These discussions and calculations can be generalized to the situation involves all three quark families:

L = L_{kinetic} + G(Ψ̄^{ia}_L ψ^{(+)j}_{Ra} )(ψ̄^{(+)b}_{jR} Ψ_{Lib}) + G(Ψ̄^{ia}_L ψ^{(−)j}_{Ra} )(ψ̄^{(−)b}_{jR} Ψ_{Lib}), (27)

where Ψ_{Lib} represents the left-handed doublet and the index i, j = 1, 2, 3 represents three quark families; the right-handed singlet ψ^{(±)j}_{Ra} represents the charged +2/3 quarks and the charge −1/3 quarks. In addition to the symmetries in Eq. (2), the Lagrangian (27) has the global flavor symmetry of quark families SU_L(3) × U^{(±)}_R (3). This result indicates that only one massive quark acquires its mass via the spontaneous chiral-symmetry breaking from the energetic point of view, whereas the other quarks must acquire their masses via an explicit chiral symmetry breaking without additional scalar and pusdoscalar modes. In conclusion, the configuration in which only one quark (the top quark) acquires its mass via the spontaneously dynamical symmetry breaking is an energetically favorable configuration (the ground state) of the quantum field theory with the high-dimension operators of all the fermion fields, which originated from new dynamics at the cutoff Λ ≫ m_t.

It is then interesting to ask the question of how leptons acquire their masses. Provided that all symmetries of the Standard Model are respected, there are no principles and prerequisites to preclude one from generalizing Eq. (2) to the lepton sector with the same coupling G at the cutoff Λ. From the gap equation (3), we find that 2GN_c is an effective coupling for the spontaneous generation of the top quark mass if the G-value is larger (near) than (to) a critical value. However, the effective coupling for the gap equation of the colorless lepton sector is 2G, which is smaller than 2GN_c. This result implies that the gap equation for the lepton sector cannot be satisfied for a nontrivial solution m ≠ 0, with the same G-value for a nontrivial solution m_t ≠ 0 to the gap equation of the top quark, the gap equation of the lepton sector only admits the trivial solution m = 0. Leptons must acquire their masses via an explicit chiral symmetry breaking. These discussions and calculations should be properly performed in the framework of unification theories of the lepton and quark sectors, for instance, the SU(5) theory at the cutoff Λ. The relations of the gauge couplings, the coupling G at the cutoff Λ and the mass scales of the top quark and composite scalar particle were discussed and calculated in the framework of renormalization-group equations [8, 14]. In future works, we will draw our attention to these relations within the following contexts: (i) an explicit chiral symmetry breaking mechanism and (ii) the parity-conserving fermion spectrum and gauge couplings at the cutoff Λ that are briefly discussed below.

Explicit chiral symmetry breaking for fermion masses. To end our Letter, we present, on the basis of our previous works on this issue, a brief discussion on (i) high-dimensional operators due to the quantum gravity at the Planck length (a_{pl} ∼ 10^{−33} cm, Λ_{pl} = π/a_{pl} ∼ 10^{19} GeV) and (ii) the parity-conserving fermion spectrum and gauge couplings at the cutoff Λ, leading to an explicit chiral symmetry breaking mechanism for the mass generation of fermions except the top quark.

We may conceive that the physical space-time is endowed with the Planck length a_{pl}, which precisely due to the violent fluctuations that the gravitational field must exhibit at a_{pl}, and thus the basic arena of physical reality becomes a random lattice with a lattice constant a ∼ a_{pl} [15]. We recently calculated this minimal length a ≈ 1.2 a_{pl} [16] while studying the quantum Einstein-Cartan theory in the framework of Regge calculus and its variant [17–19].

This discrete space-time provides a natural regulator for local quantum field theories of particles and gauge interactions. A natural regularized quantum field theory demands the existence of ultra violet fixed points where the renormalization group invariance follows so that the low-energy observables are independent of high-energy cutoff. Based on low-energy observations of parity violation, the Lagrangian of Standard Model was built in such a way as preserve the exact chiral gauge symmetries SU_L(2) ⊗ U_Y (1) that are accommodated by left-handed fermion doublets and right-handed fermion singles. However, a profound result, in the form of a generic no-go theorem [20, 21], tells us that there is no consistent way to straightforwardly transpose on a discrete spacetime the bilinear fermion Lagrangian of the continuum theory in such a way as to preserve the chiral gauge symmetries exactly. We were led to consider at least quadrilinear (four) fermion interactions to preserve the chiral gauge symmetries [22]. The very-small-scale structure of space-time and high-dimensional operators of fermion interactions must be very complex [23]. In addition to the 6-dimensional interaction of Eq. (27), we introduced a 10-dimensional interaction of four fermion fields [22]:

G_2(Ψ̄^{ia}_L Δψ^{(+)j}_{Ra} )(Δ̄ψ^{(+)b}_{jR} Ψ_{Lib}) + G_2(Ψ̄^{ia}_L Δψ^{(−)j}_{Ra} )(Δψ̄^{(−)b}_{jR} Ψ_{Lib}), (28)

where Δψ^{(±)j}_{Ra} = ψ^{(±)j}_{Ra} (x + a) + ψ^{(±)j}_{Ra} (x − a) − 2ψ^{(±)j}_{Ra} (x) and the strong coupling a^2G_2 ≫ 1. The Ward identity of the shift symmetry ψ_R(x) → ψ_R(x) + const. leads to the one-particle irreducible vertex of the four-fermion interaction,

Γ^{(4)}(p − p^′) = a^2G_2 w(p + q/2) w(p^′ + q/2), w(k) ≡ 2 sin^2(k a/2) (29)

where p + q/2 and p^′ + q/2 are the momenta of the ψ_R field and p − q/2 and p^′ − q/2 are the momenta of the Ψ^i_L field (q is the momentum transfer).

At high energies, namely, at large fermion energy transfer, Γ^{(4)} is so large that bound states of three fermions, Ψ^i_R ∼ (ψ̄_RΨ^i_L)ψ_R (30) are formed and carry a chirality that is opposite that of left-handed fermions Ψ^i_L. Namely, Ψ^i_R is a right-handed SU_L(2) doublet. In addition, Ψ^i_L combines with Ψ^i_R to form a Dirac fermion Ψ^i_D = (Ψ^i_L, Ψ^i_R), whose inverse propagator is obtained by the method of strong coupling expansion in terms of 1/(a^2G_2) [22, 24]: S^{−1}_{ij} (k) = δ_{ij} i a γ_μ sin(k_μa) + δ_{ij} M(k), (31) where M(k) = aG_2 w(k) is the chiral-gauge-symmetric masses of composite Dirac fermions [26]. Left-handed fermions Ψ^i_L and right-handed composite fermions Ψ^i_R couple to intermediate gauge bosons in the same way. Therefore the effective one-particle irreducible interacting vertex of fermions (p, p^′) and W^± gauge boson (q = p^′ − p) [27, 28] is the following: Γ^{ij}_μ (p, p^′) = i g_2 2 √ 2 U_{ij} γ_μ [ P_L + f(p, p^′) ] (32) where g_2 is the SU_L(2) coupling, U_{ij} the CKM matrix, and the left-handed projector P_L = (1 − γ_5)/2. The vector-like (parity conserving) form factor f(p, p^′) is related to the chiral-symmetric mass M(k) in Eq. (31) by the Ward identity of chiral gauge symmetries. At high energies, f(p, p^′) ≠ 0 and chiral-gauge coupling becomes vector-like. Consequently the parity symmetry is conserved [22, 27, 29].

At low energies, namely, at small fermion energy-momenta (p, p^′) and energy transfer (q), the interacting vertex Γ^{(4)}(p, p^′) of Eq. (32) becomes so small that the binding energies E_{bind}[G_2(a), a] of the bound states (30) of three fermions vanish. As a result, these bound states (30) dissolve into their constituents [30], and the mass term M(k) and the vector-like form factor f(p, p^′) vanish. This result restores the chiral-gauged fermion spectra and couplings, as described by the Standard Model [31]. This action is what we called the dissolving phenomenon of the bound states of three fermions at the energy threshold E_{thre}. However, it is complicated to quantitatively show this dissolving phenomenon and calculate the scale of energy threshold E_{thre}. Non-perturbative calculations are required to find a ultra violet fixed point and a renormalization group equation for G_2(a, E_{thre}) in the neighborhood of the ultra violet fixed point, where the high-dimensional operator (28) receives anomalous dimensions and becomes renormalizable 4-dimensional operators. Nevertheless, we postulated [22, 27] that the energy threshold E_{thre} coincides to the cutoff Λ at which the four-fermion operators (27) are relevant operators and Λ_{EW} ≪ Λ < Λ_{pl}, Λ = E_{thre}, (33) where Λ_{EW} ∼ 250 GeV is the electroweak-symmetry-breaking scale.

Due to the vector-like form factor in the interacting vertex (32) for high energies, the Dyson equations for the self-energy functions of the quarks (q = 2/3) and the quarks (q = −1/3) are coupled. If the top quark acquires its mass by the spontaneous symmetry breaking, the top-quark mass term enters the Dyson equations for other fermion self-energy functions as an explicit chiralsymmetry-breaking term; as a result, the bottom quark acquires its mass [32, 33], and the other quarks get their masses from the mixing matrix U_{ij} [34]. If the quarks are massive, the Dyson equations for the lepton self-energy functions receive explicit breaking terms via the vector-like interacting vertex (32) with W^±_μ . As a result, the Dyson equations for the lepton self-energy functions have nontrivial solutions for massive leptons [35]. Beside the mixing matrix U_{ij} of the lepton sector also introduces explicit symmetry breaking terms in the Dyson equations for lepton self-energy functions [36].

In Ref. [33], we solved the coupled gap equations (Dyson equations) for the top and bottom quarks’ self-energy functions simultaneously. As a result, we found that the ratio of the top and bottom masses is given by (m_b/m_t)^2 ≃ α/(3π), and the unnatural fine-tuning problem is overcome, provided that the quadratic divergence is removed by setting the four-fermion coupling G/G_c = 1 + O(m^2_b /m^2_t ) instead of drastically fine-tunning the four-fermion coupling (5), G/G_c = 1 + O(m^2_t /Λ^2) for Λ ≫ m_t. In this case, without drastic fine-tuning, one can have the physically sensible formula that connects the pseudoscalar (channels (12,13) coupling to the longitudinal W and Z) decay constant f_π to the top-quark mass [8]:

f^2_π = 1 4 √ 2G_F ≈ N_c 32π^2 m^2_t ln

Λ^2 m^2_t

, (34)

for Λ ∼ 10^{15}GeV and m_t ≈ 173GeV, where G_F is the Fermi constant. This is regarded as a general discussion, and we should calculate the pesudoscalar decay constant f_π by duly taking into account the coupled gap equations (Dyson equations) for the top and bottom quarks due to the vector-like gauge coupling (32) above the energy threshold E_{thre} of Eq. (33). In this framework, it is also necessary to study the scalar channel (11) to see the mass of the composite particle of the Higgs type. We must confess that, so far, we have not yet obtained a massive composite scalar particle in the connection with the observed 125 GeV particle of the Higgs type. To obtain the elementary fermion and composite scalar spectra, we must solve coupled Dyson equations for fermions and composite scalars due to the vector-like coupling (32) at the energy threshold (33) in the context of renormalization-group equations evolving from the scale Λ to the low-energy attractive fixed point. We will attempt to perform these difficult tasks in future.

[1] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345. [2] P.W. Higgs, Phys. Lett. 12 (1964) 132; Phys. Rev. Lett. 13 (1964) 508. [3] ATLAS Collaboration, Phys. Lett. B 716 (2012) 1. [4] CMS Collaboration, Phys. Lett. B 716 (2012) 30-61.

[5] Y. Nambu, Enrico Fermi Institute Report No. 89-08, 1989 (unpublished); in Proceedings of the 1989 Workshop on Dynamical Symmetry Breaking, edited by T. Muta and K. Yamawaki (Nagoya University, Nagoya, Japan, 1990).

[6] W. J. Marciano, Phys. Rev. Lett. 62, (1989) 2793.

[7] V.A. Miranski, M. Tanabashi and K. Yamawaki, Mod. Phys. Lett. A4 (1989) 1043; Phys. Lett. B221 (1989) 117.

[8] W. A. Bardeen, C. T. Hill and M. Linder, Phys. Rev. D41 (1990) 1647. [9] see for example review articles:

G. Cvetic,Rev. Mod. Phys. 71 (1999) 513-574;

C. T. Hill, E. H. Simmons, Phys. Rept. 381 (2003) 235-402; Erratum-ibid. 390 (2004) 553-554. [10] C. T. Hill, Phys. Rev. D24, 691 (1990); C. T. Hill, C. N. Leung, S. Rao, Nucl. Phys. B262, 517, (1985); J. Bagger, S. Dimopoulous, E. Masso, Phys. Rev. Lett. 55 920 (1985).

[11] C. T. Hill, Phys. Lett. B266 (1991) 491 and ibid B345 (1995) 483. [12] B. Coleppa, K. Kumar, H. E. Logan, arXiv 1208.2692. [13] C. T. Hill, arXiv:1211.2773, to appear in Phys. Rev. D.

[14] D. E. Kahana and S. H. Kahana, Phys. Rev. D 43 (1991) 2361, ibid D43 (1995) 3065. [15] We recall the “Planck lattice”: a discretized space-time with minimal spacing of the Planck length due to quantum gravity. G. Preparata & S.-S. Xue, Phys. Lett. B264, (1991) 35;

see also, S. Cacciatori, G. Preparata, S. Rovelli, I. Spagnolatti, and S.-S. Xue; Phys. Lett. B 427 (1998) 254; G. Preparata, R. Rovelli and S.-S. Xue, Gen. Rel. Grav. 32 (2000) 1859; and see also Ref. [25].

[16] S.-S. Xue, Phys. Lett. B682 (2009) 300, ibid B711 (2012) 404, and Phys. Rev. D82, 064039 (2010). [17] J. A. Wheeler, “Geometrodynamics and the Issue of the Final State”, in Relativity, groups and Topology, B. DeWitt and C. DeWitt (eds.) (Gordon and Breach, New York, 1964) 463.

[18] T. Regge, Nuovo Cimento 19 (1961) 558.

[19] H. W. Hamber, “Quantum Gravitation - The Feynman Path Integral Approach”, ISBN 978-3-540- 85292-6 (Springer Publishing, Berlin and Heidelberg, 2008), references therein.

[20] H.B. Nielson and M. Ninomiya, Nucl. Phys. B185 (1981) 20; ibid B193 (1981) 173. [21] H.B. Nielsen and M. Ninomiya, Phys. Lett. B105 (1981) 219, Int. J. Mod. Phys. A6 (1991) 2913.

[22] S.-S. Xue, Phys. Lett. B 381 (1996) 277, ibid B 408 (1997) 299; Nucl. Phys. B 486 (1997) 282, ibid B 580 (2000) 365; Phys. Rev. D 61 (2000) 054502, ibid D 64 (2001) 094504; Nucl.Phys. Proc. Suppl. 53 (1997) 668-670.

[23] In the Einstein-Cartan theory, four-fermion interactions are generated by integrating over static torsion fields, see for example, Refs. [24, 25].

[24] S.-S. Xue, Phys. Lett. B665 (2008) 54.

[25] H. Kleinert, “Multivalued Fields”, (World Scientific, Singapore, 2008), ISBN-13 978-981-279-171-9. [26] In Refs.[22, 24], we also obtained neutral composite Dirac neutrinos Ψ^n_D = (Ψ^n_L, ψ_R) (gauge singlet), where Ψ^n_L ∼ (ψ̄^i_Lψ_R)ψ^i_L. These states can be candidates for cold dark matter, for being very massive and very weak interacting [27].

[27] S.-S. Xue, Nucl. Phys. Proc. Suppl. 63 (1998) 596-598; J. Phys. G: Nucl. Part. Phys. 29 (2003) 2381. [28] Similar discussions and calculations for chiral-gauge coupling to the neutral gauge boson Z^0 can also be found in Ref. [22, 27].

[29] S.-S. Xue, Phys. Lett. B 706 (2011) 213-218.

[30] Bound states of three fermions are presented as poles of four-fermion interacting S-matrix, locating at E_{bind}[G_2(a), a] < 0 in the energy-momentum plane. When the coupling a^2G_2(a) becomes smaller, E_{bind} → 0^−, these poles of the four-fermion interacting S-matrix become cuts, representing three elementary fermion states.

[31] In the phase transition of fermion bound states Ψ_R ∼ (ψ̄_RΨ_L)ψ_R formation (dissolution) from (into) their constitutes, chiral symmetries are exactly preserved, and realized by different chiral fermion contents [22]. It should be pointed out that this phenomenon is not a spontaneous symmetry breaking and no Goldstone bosons are produced [1].

[32] G. Preparata and S.-S. Xue, Phys. Lett. B325 (1994) 161-165, ibid B377 (1996) 124- 128. [33] S.-S. Xue, Mod. Phys. Lett. A, 15, (2000) 1089. [34] S.-S. Xue, Phys. Lett. B 398 (1997) 177-186.

[35] G. Preparata and S.-S. Xue, Phys. Lett. B302 (1993) 442-446.

[36] S.-S. Xue, Mod. Phys. Lett. A, 14 (1999) 2701; The proceedings of International workshop on masses and mixings of quarks and leptons, Shizuoda, Japan, March 1997, ed. Yoshio Koide, World Scientific 1997.