arXiv:1103.5576v3 [hep-ph] 29 Apr 2011

Scalar Decay Constant and Yukawa Coupling in Walking Gauge Theories

Michio Hashimoto^∗ Chubu University, 1200 Matsumoto-cho, Kasugai-shi, Aichi, 487-8501, JAPAN (Dated: May 2, 2011)

We propose an approach for the calculation of the yukawa coupling through the scalar decay constant and the chiral condensate in the context of the extended technicolor (ETC). We perform the nonperturbative computation of the yukawa coupling based on the improved ladder Schwinger- Dyson equation. It turns out that the yukawa coupling can be larger or smaller than the standard model (SM) value, depending on the number ND of the weak doublets for each technicolor (TC) index. It is thus nontrivial whether or not the huge enhancement of the production of the scalar via the gluon fusion takes place even for a walking TC model with a colored techni-fermion. For the typical one-family TC model near conformality, it is found that the yukawa coupling is slightly larger than the SM one, where the expected mass of the scalar bound state is around 500 GeV. In this case, the production cross section via the gluon fusion is considerably enhanced, as naively expected, and hence such a scalar can be discovered/excluded at the early stage of the LHC.

PACS numbers: 11.15.Tk, 12.60.Nz, 12.60.Rc, 14.80.Va

I. INTRODUCTION

The direct searches for the standard model (SM) Higgs boson have been intensively performed at the Tevatron [1] and at the LHC [2, 3]. For these Higgs searches, the significant Higgs production process is the gluon fusion channel. If there are extra colored chiral fermions like in the fourth generation model [4, 5], the Higgs production should be enhanced and thus even a relatively heavy Higgs boson can be surveyed at the early stage of the LHC [6, 7].

The walking technicolor (WTC) is a candidate of the dynamical electroweak symmetry breaking (DEWSB) scenario [8–11]. It can resolve the problems of the flavor changing neutral current (FCNC), too light fermion masses and too light pseudo Nambu-Goldstone (NG) bosons, which were serious difficulties in the QCD-like TC [12, 13]. Although the QCD-like TC was strongly disfavored by the precision measurements [14], the estimate of the S-parameter in the QCD-like TC is not applicable for the WTC. Evidence of the reduction of the S-parameter is reported in the ladder Schwinger- Dyson (SD) and Bethe-Salpeter (BS) approach [15], and also in the lattice simulation [16]. In the holographic WTC model, one can find a parameter space with a small S (∼ 0.1) [17, 18].

A “light” scalar, so-called the techni-dilaton (TD), which is the pseudo NG boson associated with the scale symmetry breaking, is predicted in the WTC [9, 19, 20].

∗Electronic address: michioh@isc.chubu.ac.jp

The TD mass near the critical point has been suggested as M_{TD} ∼ √ 2m in the context of the gauged Nambu- Jona-Lasinio (NJL) model [21], where m represents the dynamically generated fermion mass. For recent discussions on the TD mass in the criticality limit, see Refs. [22, 23]. The straightforward calculation in the ladder SD and BS approach suggests numerically M_{TD} ∼ 500 GeV for the typical one-family TC model [24].

It is noticeable that the early stage of the LHC has the sensitivity to such a heavy Higgs [6, 7]. Notice that the gluon fusion process counts the number of the colored particles and also depends on the magnitude of their yukawa couplings. In particular, the estimate of the yukawa coupling is not so trivial in the DEWSB scenario, because a nonperturbative computation is inevitably required.

In this paper, we propose an approach for the calculation of the yukawa coupling through the scalar decay constant and the chiral condensate. We will adopt the ladder SD approach as a nonperturbative method. In principle, these values would be extracted from the lattice simulation.

Let us derive a relation between the scalar decay constant and the yukawa coupling.

Suppose that the extended technicolor (ETC) sector generates the four-fermion interaction, L_{4F} = G_f ψ̄ψf̄f, (1) where ψ and f denote the techni and SM fermions. The SM fermion mass m_f is obtained from the techni-fermion condensate,

m_f = −G_f Z^{−1}_m ⟨ψ̄ψ⟩_R, (2) with the renormalization constant Z_m ∼ m/Λ_{ETC}, where Λ_{ETC} is the ETC scale and the subscript R represents the renormalized quantity. The scalar decay constant F_σ for the scalar current is defined by ⟨0|(ψ̄ψ(0))_R|σ(q)⟩ ≡ F_σ M_σ, (3) where M_σ is the mass of the scalar bound state σ. Eqs. (2) and (3) immediately yield the following expression of the yukawa coupling between σ and f,

g_{σf f} = Z^{−1}_m G_f F_σ M_σ = m_f −⟨ψ̄ψ⟩_R F_σ M_σ . (4)

For a graphical expression, see Fig. 1. Since the SM yukawa coupling is given by g^{SM}_{hf f} = m_f /v with v = 246 GeV, the ratio of the two is g_{σf f} g^{SM}_{hf f} = v −⟨ψ̄ψ⟩_R F_σ M_σ . (5)

We can calculate F_σ through the correlation function Π_σ for the scalar operator, which is defined by F.T .i⟨0|(ψ̄ψ(x))_R(ψ̄ψ(0))_R|0⟩ ≡ Π_σ (q) . (6) The scalar mass M_σ and the scalar decay constant F_σ can be read from the pole and residue of Π_σ (q), owing to the spectral representation,

Π_σ (q) =

F^2_σ M^2_σ −q^2 + M^2_σ

. (7)

Note that Π_σ (0) = F^2_σ in this normalization. On the other hand, the (renormalized) second derivative of the effective potential at the stationary point corresponds to the inverse of the two point function at the zero momentum,

d^2V dσ^2_R = Π^{−1}_σ (0) = 1 F^2_σ

, (8)

and thereby it holds

σ^2_R d^2V dσ^2_R = ( −⟨ψ̄ψ⟩_R F_σ )_2

, (9)

which is closely connected with the yukawa coupling via Eq. (4). We emphasize that this quantity is obviously independent of the renormalization point.

We perform the calculations of F_σ and ⟨ψ̄ψ⟩_R by using the improved ladder SD equation [22]. For a given M_σ, the yukawa coupling is estimated from Eq. (4). We then find the ratio of the yukawa coupling g_{σf f} /g^{SM}_{hf f} ≃ 1.2 for the typical one-family TC model with N_{TC} = 2 and M_σ = 500 GeV under the realistic setup m/Λ_{ETC} ∼

FIG. 1: Yukawa coupling between the SM fermions f and the scalar bound state σ in the framework of the ETC. The technifermion loop generates the mass of f and also intermediates between f and σ.

10^{−3}–10^{−4}. The yukawa coupling was estimated also by using the Ward-Takahashi (WT) identity and a hypothesis of the partially conserved dilaton current (PCDC) [19]. The numerical result via the scalar decay constant agrees with the PCDC approach [22].

In the one-family TC model, the colored technifermions contribute to the production of σ, furthermore. The cross section is thus considerably enhanced. Such a model should be confirmed/excluded at the early stage of the LHC. On the other hand, it is not the case for the model having only one weak doublet and no techni-quark.

This paper is organized as follows: In Sec. II, we study the improved ladder SD equation. An analytical expression for the mass function is derived. In Sec. III, we first review the formalism of the effective potential. By using the analytical expression of the mass function, we calculate F_σ and ⟨ψ̄ψ⟩_R. We then obtain the yukawa coupling g_{σf f} . Also, the phenomenological implications are briefly discussed. Sec. IV is devoted to summary and discussions.

II. GAP EQUATION

We adopt the ladder SD equation as a nonperturbative approach. In order to incorporate the running effects of the gauge coupling, the improved one has been studied [25]. With the bare mass m_0, it is written by

B(x) = m_0 +

∫_Λ2 0 dy yB(y) y + B^2(y) λ(max(x, y)) max(x, y) , (10)

where x and y represent the Euclidean momenta, and the normalized gauge coupling λ(x) is defined by λ(x) ≡ 3C_F α(μ^2 = x) 4π . (11)

We also introduced the cutoff Λ for the ladder SD equation.

In the two-loop approximation, the renormalization group equation (RGE) of α is [26]

μ^2 ∂ ∂μ^2 α = β(α) = −b_0α^2 − b_1α^3, (12)

with

b_0 = 1 12π (11C_A − 4N_f T_R), (13) and b_1 = 1 24π^2 [ 17C^2_A − 2N_f T_R(5C_A + 3C_F ) ] , (14)

where N_f represents the number of flavor and the group theoretical factors are

C_A = N_{TC}, T_R = 1 2 , C_F =

N^2_{TC} − 1 2N_{TC}

, (15)

for SU(N_{TC}) gauge theories.

When b_0 > 0 and b_1 < 0, the Caswell–Banks–Zaks infrared fixed point (CBZ-IRFP) [27] emerges, α_∗ ≡ b_0 −b_1 . (16)

By using the CBZ-IRFP α_∗ and the Lambert function W [28], which is the inverse of xe^x, we can express α(x) analytically [29], α(x) = α_∗ 1 + W (z(x))

, (17)

where z is defined by z(x) ≡ 1 e ( x Λ^2_I )_{b0α∗} , (18) with the intrinsic scale Λ_I (∼ Λ_{ETC}), which is analogous to the QCD scale Λ_{QCD}.

The integral form (10) can be rewritten by the differential equation with the IR and UV boundary conditions (BC’s). Ignoring x^{dλ}_{dx} (∝ β ≪ λ), the differential form is

x^2 d^2 dx^2 B(x) + 2x d dx B(x) + λ(x) xB(x) x + B^2(x)

= 0, (19)

and the two BC’s are

(UV-BC) : x d dx B(x) | | | | x=Λ^2

+ B(Λ^2) = m_0, (20)

(IR-BC) : x^2 d dx B(x) | | | |_{x→0} → 0 . (21)

Let us solve analytically the improved ladder SD equation (19) in the following approximations.

By using the bifurcation method and also the parabolic deformation of the RGE [22], β(α) → −b_0α(α_∗ − α), (22) whose solution is α(x) = α_∗ 1 + e^{−1} (_x Λ^2_I

)_{b0 α∗} , (23)

we analytically obtain the solution of the linearized ladder SD equation,

B(x) B_0

= c_1 ( x B^2_0

)_− 1−ω_2 F ( − 1 − ω 2s , 1 + ω 2s , 1 + ω s ; 1 − λ_∗ λ(x) )

+d_1 ( x B^2_0

)_− 1+ω_2 F ( − 1 + ω 2s , 1 − ω 2s , 1 − ω s ; 1 − λ_∗ λ(x) ) , (x ≥ B^2_0 ), (24)

where F (α, β, γ; z) represents the Gauss’s hypergeometric function and B_0 is the normalization factor of the mass function defined by B(x = B^2_0 ) = B_0. We also introduced the normalized IR-FP λ_∗,

λ_∗ ≡ 3C_F α_∗ 4π , (25) the power factor s, s ≡ b_0α_∗ > 0, (26) and ω ≡ √ 1 − λ_∗ λ_{cr}

, λ_{cr} ≡ 1 4 . (27)

The integration constants c_1 and d_1 are determined through the IR-BC and the normalization of B(x). In the limit of B_0 ≪ Λ_I, we obtain

c_1 =

1 + ω 2ω , d_1 = − 1 − ω 2ω . (28)

The UV-BC yields a relation among m_0, B_0, Λ_I and ω. In the chiral limit m_0 → 0, it turns out that there appears a nontrivial solution B_0 → m ≠ 0, only when ω is pure imaginary ω = iω̃, ω̃ ≡ √ λ_∗ λ_{cr}

− 1 > 0, i.e., λ_∗ > λ_{cr} . (29)

This approximation qualitatively works well. For details, see Ref. [22].

Another linearizing method is to replace the denominator of the last term of Eq. (19) by x+B^2_0 [12]. Introducing ξ ≡ (B_0/Λ_I)^{2s} and B(x)/B_0 ≡ Σ^{(0)}(x) + ξΣ^{(1)}(x) + · · · , and also expanding λ(x) by ξ, we can solve the linearized ladder SD equation owing to the analytic form of Σ^{(0)}(x), Σ^{(0)}(x) = F ((1 + ω)/2, (1 − ω)/2, 2; −x^2/B^2_0 ) [12]. The solution in the region x ≫ B^2_0 and |λ(x)/λ_∗ − 1| ≪ 1 is similar to the bifurcation solution (24).

For both linearized solutions, we find the behavior of the mass function in the region where the momentum is large in the sense that x ≫ B^2_0 and the gauge coupling is slowly running, λ(x)/λ_∗ ≈ 1, B(x) B_0 ≃ A ω̃ ( x B^2_0

)_− 1_2 sin ( ω̃ 2 ln x B^2_0 + δ ) , (30)

where A and δ are A = √ 1 + ω̃^2, δ = arctan ω̃, (31) for the former approximation, and A = 2|C|, e^{2iδ} = C C^∗ , C ≡ Γ(1 + iω̃) Γ (_{1+iω̃} 2 ) Γ (_{3+iω̃} 2 ) , (32)

for the latter one. In particular, for the former and the latter, A → 1 and A → 4/π in the limit ω̃ → 0, respectively. It means that the analytic property of the mass function can be qualitatively approximated by Eq. (30), while there are quantitatively ambiguities about the values of A and δ. In the next section, we will fix this quantitative uncertainty by using the numerical analysis of the ladder SD equation with the two-loop running coupling [22].

III. ESTIMATE OF THE YUKAWA COUPLING

In order to calculate F_σ and g_{σf f} , we study the effective potential for σ.

Following Ref. [30, 31], we review the formalism on the effective potential.

The generating functional is defined by W [J] ≡ 1 i ln ∫ [dψdψ̄][gauge]e^{i ∫ d4x(L+Jψ̄ψ)} . (33) and also the effective action is Γ[σ] ≡ W [J] − ∫ d^4xJσ, (34) where σ(x) ≡ ψ̄(x)ψ(x) . (35) For constants σ and J, the effective potential is defined by V = −Γ[σ]/ ∫ d^4x. Noting that dV (σ) dσ = J, (36)

the effective potential is formally given by

V (σ) = ∫ dσJ, (37) where J should be regarded as a function of σ in this expression.

In the context of the ladder SD equation, it is convenient to use the IR mass B_0 in the expressions of σ and J. We then obtain

V (σ) = ∫ dB_0 dσ(B_0) dB_0 J(B_0), (38)

where B_0 should be transformed into σ after the integral. Also, the second derivative of the effective potential is

d^2V dσ^2 = dJ dB_0 ( dσ dB_0 )_{−1} . (39)

Let us explicitly calculate the effective potential and its second derivative. In the following calculation, it is enough to take the cutoff Λ in the ladder SD equation (10) to the ETC scale,

Λ → Λ_{ETC} . (40)

We consider only the case with λ_∗ > λ_{cr}.

The effect of the constant source J is obtained by the replacement

m_0 → m_0 − J . (41)

Note that the UV-BC (20) yields

Λ^2_{ETC}B^′(Λ^2_{ETC}) + B(Λ^2_{ETC}) = m_0 − J, (42)

where B^′(x) ≡^{dB(x)}_{dx} . The bare chiral condensation is σ ≡ ⟨ψ̄ψ⟩ = − N_{TC}N_f 4π^2

∫_Λ2_{ETC} 0 dxx B(x) x + B^2(x)

. (43)

By using the ladder SD equation (10), we also find σ = N_{TC}N_f 4π^2

Λ^4_{ETC} λ_{ETC}

B^′(Λ^2_{ETC}), (44)

where λ_{ETC} ≡ λ(Λ^2_{ETC}) ∼ λ_∗ and we ignored x^{dλ(x)}_{dx} ∝ β ≪ λ. We may employ the approximation (30) in the UV region, and hence obtain

m_0 − J = A √ 1 + ω̃^2 2ω̃ B^2_0 Λ_{ETC} sin ( ω̃ ln

Λ_{ETC} B_0

+ δ + arctan ω̃ ) , (45) and σ = − N_{TC}N_f

4π^2

B^2_0 Λ_{ETC} λ_{ETC} A √ 1 + ω̃^2 2ω̃ sin ( ω̃ ln

Λ_{ETC} B_0

+ δ − arctan ω̃ ) . (46)

The stationary condition^{dV}_{dσ} = J = 0 in the chiral limit m_0 → 0 gives the solution of the ladder SD equation, ω̃ ln Λ_{ETC}/B_0 + δ + arctan ω̃ = nπ, (n = 1, 2, 3, · · · ). It is known that the zero node solution B_0 = B^{(1)}_0 ≡ m corresponds to the true vacuum [12].

We renormalize σ with fixing the zero node solution m. The renormalized quantity at the true vacuum B_0 = m is σ_R = Z_mσ → ⟨ψ̄ψ⟩_R = − N_{TC}N_f 4π^2 A λ_∗ √ 1 + ω̃^2 m^3, (47)

where Z_m ∼ m/Λ_{ETC} and λ_{ETC} is also renormalized to λ_∗. It is straightforward to calculate the vacuum energy, i.e., the value of the effective potential at the true vacuum,

V_{sol} = V |_{B0 =m} = −

N_{TC}N_f 4π^2

A^2 16λ_∗ m^4 . (48)

Note that in the limit of ω̃ → 0 (λ_∗ → λ_{cr} = 1/4), Eq. (48) with A → 4/π reproduces the expression of the vacuum energy in Ref. [32]. We also find the renormalized second derivative of the effective potential at the true vacuum, which corresponds to the inverse of the square of the scalar decay constant, 1 F^2_σ = d^2V dσ^2_R | | | | |_{B0 →m} = 1 + ω̃^2

N_{TC}N_f 4π^2 (5 − ω̃ 2) λ_∗ m^2

. (49)

The square of the chiral condensate over the scalar decay constant is then ( −⟨ψ̄ψ⟩_R F_σ )_2

= σ^2_R d^2V dσ^2_R = N_{TC}N_f

4π^2

A^2 λ_∗ 1 5 − ω̃^2 m^4 .

(50) We determine the value of A so as to reproduce the vacuum energy in the numerical analysis of the improved ladder SD equation with the two-loop running coupling [22],

⟨θ^μ ⟩ = 4V_{sol} ≡ −

N_{TC}N_f

2π^2 κ_V m^4 . (51)

We show the numerical values of κ_V and the determined A in Table I.

The pseudo-scalar decay constant F_π is connected with the weak scale. For the estimate of F_π , it is convenient to employ the Pagels-Stokar formula [33],

F^2_π =

N_{TC} 4π^2

∫_Λ2_{ETC} 0 dxx B^2(x) −^x_4^{dB2(x)}_{dx} (x + B^2(x))^2

. (52)

The numerical factor κ_F between m and F_π is defined by

v^2 = N_DF^2_π ≡

N_{TC}N_D 4π^2 κ^2_F m^2, (53)

where N_D denotes the number of the weak doublets for each TC index. By definition, N_D ≤ N_f /2. In Table I, we show the values of κ_F calculated in Ref. [22]. Since the normalization of the mass function B(x = m^2) = m yields δ = arcsin(ω̃A^{−1}) in the approximation (30), we can estimate F_π by using Eq. (30) with the values of A in Table I. We found that the differences of κ_F are about 2%, 1% and 1% from top to bottom in Table I, respectively. Although the approximation (30) is inapplicable in the IR region, it practically works well.

We now describe F_σ , ⟨ψ̄ψ⟩_R and g_{σf f} more explicitly. Eqs. (49) and (53) yield F_σ v = √ N_f N_D √ 5 − ω̃^2 (1 + ω̃^2)λ_∗ 1 κ_F , (54)

the renormalized chiral condensate is −⟨ψ̄ψ⟩_R v^3 = N_f N_D √ N_{TC}N_D 4π √ 2κ_V κ^3_F √ (1 + ω̃^2)λ_∗

, (55) λ∗^m_{ΛETC} κ_V κ_F A √_{ND} Nf Fσ v gσf f gSMhf f v ND Mσ 0.305 1.12 × 10^{−3} 0.685 1.38 1.29 2.59 0.142 0.287 1.08 × 10^{−4} 0.709 1.42 1.28 2.71 0.148 0.258 5.88 × 10^{−10} 0.756 1.48 1.25 2.93 0.157

TABLE I: Estimates of A, Fσ/v and g_{σf f} /g^{SM}_{hf f} for several values of λ∗. We read the corresponding values of m/ΛETC, κ_V and κF from the numerical analysis of the ladder SD equation with the two-loop running coupling [22].

σ(gg→σ) σ(gg→hSM) Br(σ → W W ) Br(σ → ZZ) Br(σ → tt̄) Br(σ → gg) One-Family model (NTC = 2) 36 30% 14% 52% 4% Techni-quark (NT Q = 4, ND = 1) 2.2 30% 14% 52% 4% No Techni-quark (NT Q = 0, ND = 4) 1.2 31% 15% 54% ∼ 0% No Techni-quark (NT Q = 0, ND = 1) 0.090 31% 15% 54% ∼ 0%

TABLE II: Ratio of the production cross section of σ to that of the SM Higgs and the branching ratios. The mass of σ is fixed to Mσ = 500 GeV. We took NTC = 2, N_f = 8 and m/ΛETC = 1.08 × 10^{−4}. For comparison with the typical one-family TC model, we just varied the numbers NT Q and ND in the second, third and fourth rows.

and hence the ratio of the yukawa coupling (5) reads g_{σf f} g^{SM}_{hf f} = √ N_{TC} N_f N_D κ^2_F √ 5 − ω̃^2 4π √ 2κ_V M_σ v . (56)

We show the numerical values of F_σ /v and g_{σf f} /g^{SM}_{hf f} in Table I. The yukawa coupling for the techni-fermions should be almost the same.

We here note that N_f ≃ 4N_{TC} in the walking gauge theory. For the yukawa coupling in Table I, we have already put N_f = 4N_{TC}. On the other hand, the number N_D is model-dependent; If all flavors have the weak charge like in the typical one-family TC model, N_D = N_f /2. The minimum case is N_D = 1.

The scalar mass M_σ is closely related to the dynamically generated techni-fermion mass m in the ladder SD approach. The values of m are estimated from Eq. (53). For the typical one-family TC model with N_{TC} = 2, N_f = 8 and N_D = 4, it reads m = 390 GeV, 380 GeV, 370 GeV from top to bottom in Table I. The handy mass formula in the critical limit of the gauged NJL model, M_σ ≃ √ 2m [21], then yields M_σ ≃ 560 GeV, 540 GeV, 520 GeV, respectively. These are consistent with the estimate in the BS approach, M_σ ∼ v √ 17/N_D ∼ 500 GeV [24]. For a fixed value of the scalar mass, M_σ = 500 GeV, the ratios of M_σ and m are M_σ/m = 1.3, 1.3, 1.4, respectively.

In Ref. [19], by using the WT identity and the PCDC relation, F^2_{TD}M^2_{TD} = −4⟨θ^μ⟩, the yukawa coupling y_{TD} between the TD and the SM fermions was estimated as y_{TD} = (3 − γ_m)m_f /F_{TD}. Note that in general, the scalar decay constant F_σ discussed in this paper is different from the TD decay constant F_{TD}, which is ⟨0|θ^μ(0)|T D⟩ = F_{TD}M^2_{TD}. The estimate of v/F_{TD} is 3/5 for the typical one-family TC model with N_{TC} = 2 and M_{TD} = 500 GeV [22]. This yields y_{TD}/g^{SM}_{hf f} = 1.2 and thus numerically agrees with the corresponding result of g_{σf f} /g^{SM}_{hf f} . Let us briefly discuss the phenomenological implications.

As suggested above, we may identify the scalar bound state σ to the TD. We have already shown that the yukawa coupling is different from that in the usual dilaton [34], when the masses of the SM fermions are originated from the four-fermion interactions as in the ETC. On the other hand, it is reasonable to assume the couplings of σ and the weak bosons are g_{σW W} /g^{SM}_{hW W} = g_{σZZ} /g^{SM}_{hZZ} = v/F_{TD}, as usual [34], where g^{SM}_{hW W,hZZ} are the SM values.

For a typical mass, M_σ = 500 GeV, we estimate the enhancement factor of the production cross section of σ via the gluon fusion process and the branching ratios, assuming that there are no other light resonances like the techni-pion. The results for the typical one-family TC model and others are shown in Table II.

For the one-family TC model, which contains N_{T Q} = 2N_{TC} extra quarks (colored techni-fermions), the enhancement factor of the production of σ compared with the SM is huge ∼ 36 in the heavy quark limit, even for N_{TC} = 2. Such a model should be confirmed/excluded at the early stage of the LHC.

Concerning this large enhancement over 10 times, N_{T Q} and also N_D are crucial. As a demonstration, we may just reduce the numbers N_{T Q} and/or N_D. The results are shown in Table II. For the models with N_{T Q} = 4, N_D = 1 and N_{T Q} = 0, N_D = 4, the production cross section is fairly comparable to the SM one. However, for the model having only one weak doublet of the techni-fermion and no techni-quark, the production cross section gets much smaller.

It might be worthwhile to mention that compared with the SM, the branching ratio to the top-pair is increasing and that to the weak bosons is decreasing.

We have studied the yukawa coupling in the framework of the ETC. However the ETC sector might not produce fully the top quark mass [13, 35]. In such a class of models, the gluon fusion would not be the main production channel. This is out of scope in this paper.

IV. SUMMARY AND DISCUSSIONS

We proposed the alternative approach to estimate the yukawa coupling via the scalar decay constant and the chiral condensate. By using the improved ladder SD approach, we calculated F_σ , ⟨ψ̄ψ⟩_R and g_{σf f} .

For the typical one-family TC model with N_{TC} = 2, we numerically found g_{σf f} /g^{SM}_{hf f} ≃ 1.2 under the realistic setup m/Λ_{ETC} ∼ 10^{−3}–10^{−4}, where we took M_σ = 500 GeV. This numerically agrees with that in the PCDC one [19, 22].

The gluon fusion process depends on the number N_{T Q} of the techni-quarks and also the yukawa coupling, which is proportional to the number N_D of the weak doublets for each TC index through the relation between v^2 and m^2. The result g_{σf f} /g^{SM}_{hf f} ∼ O(1) for the one-family TC model near conformality with M_σ ∼ 500 GeV implies that the production cross section of σ is extremely enhanced. This is noticeable, because the early stage of the LHC has the sensitivity to such a “Higgs” boson [6, 7]. On the other hand, in the models with smaller N_{T Q} and/or N_D, such a big enhancement is unlikely to occur. In particular, the production cross section of σ is suppressed in the model having only one weak doublet of the techni-fermion and no techni-quark.

The branching ratios are also changed from the SM ones. The main decay channel is expected to be the top pair, when the mass of σ is above the threshold of tt̄.

In this paper, we employed the ladder SD approach. In the holographic WTC model, it is possible to calculate directly the two point function Π_σ (q), and thus F_σ and also M_σ . The analysis will be performed elsewhere [36].

In passing, we comment that several dynamical models predict existence of a (relatively) heavy Higgs, which can be surveyed at the early stage of the LHC. For example, the top condensate model with extra dimensions predicts successfully the top mass m_t ≃ 175 GeV [37]. The Higgs mass is predicted as m_H ∼ 200–300 GeV. The yukawa coupling is almost the same as the SM one.

The Higgs boson might reveal itself soon at the LHC. The coming few years will be exciting.

Acknowledgments

The author thanks K. Yamawaki for helpful discussions.

[1] T. Aaltonen et al. [CDF and D0 Collaboration], arXiv:1103.3233 [hep-ex].

[2] S. Chatrchyan et al. [CMS Collaboration], arXiv:1102.5429 [hep-ex].

[3] ATLAS Collaboration, ATLAS-CONF-2011-005 (2011);

ATLAS-CONF-2011-026 (2011).

[4] H. J. He, N. Polonsky and S. f. Su, Phys. Rev. D 64, 053004 (2001) [arXiv:hep-ph/0102144]; G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, Phys. Rev. D 76, 075016 (2007) [arXiv:0706.3718 [hep-ph]]; M. Hashimoto, Phys. Rev. D 81, 075023 (2010) [arXiv:1001.4335 [hep-ph]]; J. Erler and P. Langacker, Phys. Rev. Lett. 105, 031801 (2010) [arXiv:1003.3211 [hep-ph]].

[5] For reviews, see, e.g., P. H. Frampton, P. Q. Hung and M. Sher, Phys. Rept. 330, 263 (2000) [arXiv:hep-ph/9903387]; B. Holdom, W. S. Hou,

T. Hurth, M. L. Mangano, S. Sultansoy and G. Unel, PMC Phys. A 3, 4 (2009) [arXiv:0904.4698 [hep-ph]].

[6] ATLAS Collaboration, ATL-PHYS-PUB-2010-015 (2010); http://cdsweb.cern.ch/record/1303604/files/ ATL-PHYS-PUB-2010-015.pdf.

[7] CMS Collaboration, CMS-NOTE-2010/008 (2010);

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Physics ResultsHIGStandardModelProjections.

[8] B. Holdom, Phys. Rev. D 24, 1441 (1981). [9] K. Yamawaki, M. Bando and K. Matumoto, Phys. Rev.

Lett. 56, 1335 (1986); M. Bando, T. Morozumi, H. So and K. Yamawaki, Phys. Rev. Lett. 59, 389 (1987).

[10] T. Akiba and T. Yanagida, Phys. Lett. B 169, 432 (1986).

[11] T. W. Appelquist, D. Karabali and L. C. R. Wijewardhana, Phys. Rev. Lett. 57, 957 (1986); T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D 36, 568 (1987).

[12] V. A. Miransky, “Dynamical Symmetry Breaking in Quantum Field Theories”, (World Scientific, Singapore, 1993).

[13] C. T. Hill and E. H. Simmons, Phys. Rept.

381, 235 (2003); Erratum-ibid. 390, 553 (2004) [arXiv:hep-ph/0203079].

[14] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); B. Holdom and J. Terning, Phys. Lett. B 247, 88 (1990); M. Golden and L. Randall, Nucl. Phys. B 361, 3 (1991).

[15] M. Harada, M. Kurachi and K. Yamawaki, Prog.

Theor. Phys. 115, 765 (2006) [arXiv:hep-ph/0509193]; M. Kurachi and R. Shrock, Phys. Rev. D 74, 056003 (2006) [arXiv:hep-ph/0607231]; M. Kurachi, R. Shrock and K. Yamawaki, Phys. Rev. D 76, 035003 (2007) [arXiv:0704.3481 [hep-ph]].

[16] T. Appelquist et al. [LSD Collaboration], arXiv:1009.5967 [hep-ph].

[17] D. K. Hong and H. U. Yee, Phys. Rev. D 74, 015011 (2006) [arXiv:hep-ph/0602177].

[18] K. Haba, S. Matsuzaki and K. Yamawaki, Prog. Theor.

Phys. 120, 691 (2008); Phys. Rev. D 82, 055007 (2010). [19] M. Bando, K. Matumoto and K. Yamawaki, Phys. Lett.

B 178, 308 (1986).

[20] B. Holdom and J. Terning, Phys. Lett. B 187, 357 (1987);

Phys. Lett. B 200, 338 (1988).

[21] S. Shuto, M. Tanabashi and K. Yamawaki, in Proc.

1989 Workshop on Dynamical Symmetry Breaking, Dec. 21-23, 1989, Nagoya, eds. T. Muta and K. Yamawaki (Nagoya Univ., Nagoya, 1990) 115-123; M. S. Carena and C. E. M. Wagner, Phys. Lett. B 285, 277 (1992); M. Hashimoto, Phys. Lett. B 441, 389 (1998). [arXiv:hep-th/9805035].

[22] M. Hashimoto and K. Yamawaki, Phys. Rev. D 83, 015008 (2011) [arXiv:1009.5482 [hep-ph]].

[23] D. D. Dietrich, F. Sannino and K. Tuominen, Phys. Rev.

D 72, 055001 (2005) [arXiv:hep-ph/0505059]; T. Appelquist and Y. Bai, Phys. Rev. D 82, 071701 (2010) [arXiv:1006.4375 [hep-ph]]; L. Vecchi, arXiv:1007.4573 [hep-ph].

[24] M. Harada, M. Kurachi and K. Yamawaki, Phys. Rev.

D 68, 076001 (2003); K. Yamawaki, Prog. Theor. Phys. Suppl. 167, 127 (2007); ibid 180, 1 (2009).

[25] V. A. Miransky, Sov. J. Nucl. Phys. 38, 280 (1983) [Yad.

Fiz. 38, 468 (1983)]; K. Higashijima, Phys. Rev. D 29, 1228 (1984).

[26] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010).

[27] W. E. Caswell, Phys. Rev. Lett. 33, 244 (1974); T. Banks and A. Zaks, Nucl. Phys. B 196, 189 (1982).

[28] R. M. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey and D. E. Knuth, Adv. Comput. Math. 5, 329 (1996).

[29] E. Gardi and M. Karliner, Nucl. Phys. B 529, 383 (1998) [arXiv:hep-ph/9802218]. E. Gardi, G. Grunberg and M. Karliner, JHEP 9807, 007 (1998) [arXiv:hep-ph/9806462].

[30] V. A. Miransky, Int. J. Mod. Phys. A 8, 135 (1993). [31] V. Gusynin, M. Hashimoto, M. Tanabashi and K. Yamawaki, Phys. Rev. D 65, 116008 (2002) [arXiv:hep-ph/0201106].

[32] V. A. Miransky and V. P. Gusynin, Prog. Theor. Phys.

81, 426 (1989).

[33] H. Pagels and S. Stokar, Phys. Rev. D 20, 2947 (1979). [34] W. D. Goldberger, B. Grinstein and W. Skiba, Phys. Rev.

Lett. 100, 111802 (2008) [arXiv:0708.1463 [hep-ph]]. [35] C. T. Hill, Phys. Lett. B 345, 483 (1995) [arXiv:hep-ph/9411426].

[36] M. Hashimoto, S. Matsuzaki and K. Yamawaki, in progress.

[37] M. Hashimoto, M. Tanabashi and K. Yamawaki, Phys.

Rev. D 64, 056003 (2001); ibid D 69, 076004 (2004).