arXiv:1303.3248v1 [hep-ph] 13 Mar 2013

The 125 GeV boson: A composite scalar?

A. Doff^1, E. G. S. Luna^2, A. A. Natale^{3,4} 1Universidade Tecnológica Federal do Paraná - UTFPR - DAFIS Av Monteiro Lobato Km 04, 84016-210, Ponta Grossa, PR, Brazil 2Instituto de Física, Universidade Federal do Rio Grande do Sul, Caixa Postal 15051, 91501-970, Porto Alegre, RS, Brazil 3Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, 09210-170, Santo André - SP, Brazil 4Instituto de Física Teórica, UNESP Rua Dr. Bento T. Ferraz, 271, Bloco II, 01140-070, São Paulo - SP, Brazil (Dated: March 14, 2013)

Abstract

Assuming that the 125 GeV particle observed at the LHC is a composite scalar and responsible for the electroweak gauge symmetry breaking, we consider the possibility that the bound state is generated by a non-Abelian gauge theory with dynamically generated gauge boson masses and a specific chiral symmetry breaking dynamics motivated by confinement. The scalar mass is computed with the use of the Bethe-Salpeter equation and its normalization condition as a function of the SU(N) group and the respective fermionic representation. If the fermions that form the composite state are in the fundamental representation of the SU(N) group, we can generate such light boson only for one specific number of fermions for each group. In the case of small groups, like SU(2) to SU(5), and two fermions in the adjoint representation we find that is quite improbable to generate such light composite scalar.

PACS numbers: 12.60.Nz, 12.60.Rc

I. INTRODUCTION

The ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC) recently reported the discovery of a new resonance at approximately 125 GeV [1]. This particle appears to be consistent with the Standard Model (SM) Higgs scalar boson, although the data, up to now, seems to indicate an excess of events in the γγ decay branching ratio of this particle. This γγ decay implies that this particle is a boson, being the scalar case the simplest possibility, but we still have a long way to determine this resonance precise quantum numbers [2].

In this work we will assume that the 125 GeV resonance is a composite scalar boson. Composite scalar bosons are known to be formed in QCD, one example of such possibility is the elusive sigma meson [3], that is assumed to be the Higgs boson of QCD. In QCD, as shown by Delbourgo and Scadron [4], its mass (m_σ) is directly related to the dynamical quark mass (μ) as m_σ = 2μ . (1) This relation comes out from the following relation

Σ(p^2) ≈ Φ^P_{BS} (p, q)|_{q→0} ≈ Φ^S_{BS} (p, q)|_q2_{=4m}2_{dyn} , (2)

where the solution (Σ(p^2)) of the fermionic Schwinger-Dyson equation (SDE), that indicates the generation of a dynamical quark mass and chiral symmetry breaking of QCD, is a solution of the homogeneous Bethe-Salpeter equation (BSE) for a massless pseudoscalar bound state (Φ^P_{BS} (p, q)|_{q→0}), indicating the existence of Goldstone bosons (pions), and is also a solution of the homogeneous BSE of a scalar p-wave bound state (Φ^S_{BS} (p, q)|_q2_{=4μ}2 ), which implies the existence of the scalar (sigma) boson with the mass described above.

The BSE scalar solution depends strongly on the chiral symmetry breaking (csb) dynamics. The relation given by Eq.(1) can be modified when we consider the inhomogeneous BSE, or, in an easier approach, the homogeneous BSE solution associated with a normalization condition as discussed in Ref.[5], leading to lighter scalars masses. In particular, there are several papers in the literature discussing composite scalars, which may play the role of the standard model Higgs boson, where it is claimed that they may have relatively low masses, as a result of a walking chiral symmetry breaking dynamics [6–10].

The dynamics necessary to break the chiral symmetry, to form pseudoscalar and scalar bound states is connected to the behavior of the main Green’s functions of non-Abelian gauge theories (NAGT). In the QCD case the gluon propagator is a fundamental two-point function needed to compute the SDE or BSE, and it is now known from lattice [11] and SDE calculations [12] that the gluon acquires a dynamical mass. This result confirms the old Cornwall’s proposal that non-Abelian gauge bosons acquire dynamical masses [13], and it also imposes a severe constraint on the csb and Goldstone boson formation in these theories [14], even forbidden non-trivial SDE solutions leading to csb in the case of fermions in the fundamental representation. A possible solution to the csb problem discussed in Ref.[14] was proposed recently [15], where csb is intimately related to confinement, what may indeed be expected for any NAGT [16]. We detailed the model of Ref.[15] to non-Abelian gauge theories [17] and proposed a slight modification of it in Ref.[18]. It is within this scenario that we will discuss the possible composite origin of the boson seen at the LHC.

If this composite boson is related to the SM Higgs boson, its dynamics is also responsible for the vacuum expectation value (vev) that promotes the electroweak gauge symmetry breaking, therefore setting the scalar boson mass to 125 GeV, and using the SM vev, we may be able to infer the underlying symmetry group structure of the composite particle once we know the csb dynamics. In the next section we discuss the csb dynamics. This dynamics, motivated by confinement, is such that it may cause the decoupling of most of the degrees of freedom of the new strong interaction, and probably leaves only such “light” scalar boson as a reminiscent of its csb.

The distribution of this work is the following: In Section II we discuss the chiral symmetry breaking model and how the scalar mass comes out from the BSE and its normalization condition. In section III we explain how we can compare the scalar mass to the data and discuss details of the group structure that appear in our mass formula. Section IV contains a brief remark about the mass of spin 1 composites. Section V contains our results and conclusions.

II. CSB AND THE BSE

A. A model for CSB

The standard fermionic SDE for NAGT with dynamically generated gauge boson masses in the Landau gauge is given by

M(p^2) =

C_2 (2π)^4 × ∫ d^4k ḡ^2(p − k)3M(k^2) [(p − k)^2 + m^2_g(p − k)][k^2 + M^2(k^2)]

, (3)

where M(p^2) is the dynamical fermion mass (μ ≡ M(0)), C_2 is the fermionic Casimir eigenvalue and ḡ^2 is the effective charge

ḡ^2(k^2) = 1 b ln[(k^2 + 4m^2_g)/Λ^2]

, (4)

where b = (11N − 2n_f )/48π^2 for the SU(N) group with n_f flavors, m_g is the infrared dynamical gauge boson mass, whose phenomenologically preferred value is m_g ≈ 2Λ [13, 19]. For fermions in the fundamental representation of the SU(N) group this coupling (ḡ(0)) should be at least a factor 2 larger to trigger csb [14, 15, 20–22].

The approach of Ref.[15] follow from a series of reasons. First, according to Ref.[13], the SDE of NAGT have solutions that minimize the energy consistent with dynamically massive gauge bosons, leading to an effective theory endowed with vortices, and these vortices should be responsible for confinement. Lattice simulations are showing evidences for a relation between csb and confinement, where center vortices play a fundamental role. In the SU(2) case the artificial center vortices’ removal also implies a recovery of the chiral symmetry [23–25]! Objects like vortices cannot enter into the SDE at the same level of ordinary Green’s functions, since they appear in the effective theory and must be introduced by hand. Secondly, the effective action describing confinement is an (approximate) area-law action, which imply in an effective confining propagator, behaving as 1/k^4, proportional to the string tension (K_F ) and finite at the origin due to entropic reasons, what is necessary to generate the Goldstone bosons in the csb [15]. Therefore, we are led to introduce the following effective confining propagator in the fermionic SDE: D^{μν}_{eff} (k) ≡ δ^{μν} D_{eff} (k); D_{eff} (k) = 8πK_F (k^2 + m^2)^2

, (5) where m is an entropic regulator, and the effective propagator should not at all be related do the propagation of a standard quantum field [15].

The fermionic gap equation taking into account the dynamically massive gauge bosons and the effective confining propagator is given by [15]

M(p^2) = 1 (2π)^4 ∫ d^4k D_{eff} (p − k) 4M(k^2) k^2 + M^2(k^2) + C_2 (2π)^4 ∫ d^4k ḡ^2(p − k)3M(k^2) [(p − k)^2 + m^2_g(p − k)][k^2 + M^2(k^2)]

, (6)

where M(p^2) = M_c(p^2) + M_g(p^2) is the dynamical fermion mass generated by the confining (M_c(p^2)) and one-dressed-gauge (M_g(p^2)) boson contributions. As we remarked in Ref.[18] this equation resembles, in a different context, what we have in the successful phenomenological quarkonium potential described by

V_F (r) = K_F r − (4/3)(α_s/r), (7)

were the first term is the quark confining part and the second term is the one-gluon exchange contribution. Therefore, the confining part of Eq.(6) is a reasonable phenomenological way to study csb taking into account the effective confining area law. Note that our discussion relies heavily on QCD, although all the facts presented here are expected to be valid for any NAGT.

The confining propagator is an effective one, and not related to a standard quantum field. Therefore it is natural to expect a cutoff to where it can be propagated, and this point was particularly emphasized in Ref.[18]. For instance, if we think of the phenomenological quarkonium potential that we discussed in the previous paragraph, we find a limitation up to where the linear part of the potential is effective. We know that for n_f = 2 quarks in the fundamental representation, lattice QCD data seems to indicate that the string breaks at a critical distance r_c ≈ 1.25 fm [26]. Comparatively we may set a maximum momentum p^2 ≈ K_F up to where the confining part of the confining gap equation should be integrated. A discussion about separating the fermionic SDE in a confining part plus the one-gauge boson exchange has also been performed in a similar context in Ref.[27]. The solution of Eq.(6) with such cutoff is quite complicated and we will digress briefly about it in the sequence.

Eq.(6) has been solved analytically and numerically in different approximations. If we take the cutoff of both integrals of Eq.(6) to infinity we can observe that M(p^2) behaves asymptotically as 1/p^2 [15, 18]. But what we want is a limitation in the upper cutoff in the first integral. This is not easy to do, so we have set arbitrarily the upper cutoff of both integrals to a momentum scale where the confining propagator is really effective. With this approximation the asymptotic behavior changes to a logarithmic function (details of this calculation can be seen in Section 4 of Ref.[17]). In another approximation we assumed that the major contribution in the momentum integration of the first integral in Eq.(6) comes from the infrared region with p, k << K_F ≈ m, expanding the confining propagator and considering only the leading term, leads to

M(p^2) = 2 π^3 K_F m^4 ∫ d^4k

M(k^2) k^2 + M^2(k^2) θ(m^2 − k^2) + C_2 (2π)^4 ∫ d^4k ḡ^2(p − k)3M(k^2) [(p − k)^2 + m^2_g(p − k)][k^2 + M^2(k^2)]

. (8)

The expansion is reasonable if we compare the difference of the confining propagator (quite peaked in the infrared) with the gauge-boson propagator (see respectively Figs.(4) and (3) of Ref.[17]). It is possible to verify analytically that the asymptotic behavior of this equation is logarithmic. This is easy to see because the confining contribution has been reduced to an effective four-fermion interaction, what is equivalent to a bare mass behavior. This equation has also been solved numerically in order to confirm the logarithmic ultraviolet behavior (the result is plotted in Fig.(9) of Ref.[17]).

In Ref.[18] it is argued that if the effective confining propagator in Eq.(6) is restrained to be different from zero up to squared momenta of order K_F (or m^2) the effect of confinement is equivalent to the simulation of a “bare confining” mass. This can be verified in an extreme approach, limiting the confining propagator with Heaviside step functions and changing Eq.(6) to

M(p^2) = 1 (2π)^4 ∫ d^4k D_{eff} (p − k) ×θ(K_F − k^2)θ(K_F − p^2)

4M(k^2) k^2 + M^2(k^2) + C_2 (2π)^4 ∫ d^4k ḡ^2(p − k)3M(k^2) [(p − k)^2 + m^2_g(p − k)][k^2 + M^2(k^2)]

. (9)

This equation can be transformed into a differential equation. Derivating the θ function we obtain a delta function and the final effect is similar to the decoupling of the integral equations. This can be verified in the numerical evaluation of Eq.(9), which is shown in Fig.(1).

Fig.(1) shows the numerical calculation of the dynamical mass using K_F = 0.20 GeV^2 in the QCD case (N = 3, Λ = 0.3 GeV, n_f = 6, m^2_g = 0.20 GeV^2 and C_2 = 4/3). First, the breaking is totally dominated by the confining propagator. The dynamical mass basically depends on the values of K_F and m and the infrared value is not so different from the one obtained with Eq.(8). Secondly, the numerical result is obtained forcing the continuity of the solution, and this explains the graphics of Fig.(1): The curves are exactly the continuous superposition of a “constant confining mass” generated by the restrained confining propagator, plus a very small mass, behaving asymptotically as 1/p^2 and consistent with the value expected if we had solved the gap equation only with the massive gauge boson propagator [20–22]. In the QCD case this “bare confining mass” can still be dressed with the gluon exchange effects, and, stressing the discussion of Ref.[18], we propose that the fermionic self-energy (Σ(p) ≡ M(p)) of any NAGT are of the so called “irregular” form and will be parameterized as [28, 29]

Σ(p^2) ∼ μ [ 1 + bg^2 ln ( p^2/μ^2 )]_{−γ} , (10)

where μ is the characteristic scale of mass generation,

γ = 3c/16π^2b (11) and c = 1 2 [C_2(R_1) + C_2(R_2) − C_2(R_3)] , (12) where C_2(R_i) are the Casimir operators for fermions in the representations R_1 and R_2 that condense in the representation R_3, b is the first β function coefficient, g^2 is the NAGT coupling constant for which we assume the same expression of Eq.(4) setting Λ = μ. The main feature of Eq.(10), as explained in Ref.[18], is that it causes the decoupling of heavier degrees of freedom that connect different fermion families.

We finally remark that the confining effective propagator described in Eq.(5) is one possible way to model an area-law for confinement of fermions in the fundamental representation of a SU(N) NAGT [15]. This propagator, if confinement is the result of vortices, has to be introduced by hand into the SDE, because vortices are already the result of dynamical gauge boson mass generation at a primary level. The string breaking should also to be present in this effective theory, exactly constraining the momentum region where the confining propagator is effective. The actual effect of confinement may still be more sophisticated than this simple model, but it does reproduce many of the confinement characteristics learned with lattice simulations, and is a solution for csb in face of all the problems described in Ref.[14, 15]. Therefore it is quite possible that confinement generates dynamical csb in NAGT, but in a way that it looks like an explicit breaking of the chiral symmetry.

B. BSE and the normalization condition

The complete determination of bound states is obtained from solutions of the renormalized inhomogeneous BSE. Since the inhomogeneous BSE is quite difficult to solve it is usual to look for the homogeneous solutions associated with a normalization condition. The BSE normalization condition in the case of a NAGT is given by [30]

2ıq_μ = ı^2 ∫ d^4p T r { P(p, p + q) [ ∂ ∂q^μ F (p, q) ] P(p, p + q) }

−ı^2 ∫ d^4pd^4k T r { P(k, k + q) [ ∂ ∂q^μ K^′(p, k, q) ] P(p, p + q) } (13)

where K^′(p, k, q) = 1 (2π)^4 K(p, k, q) , F (p, q) = 1 (2π)^4

S^{−1}(p + q)S^{−1}(p) ,

where P(p, p+q) is a solution of the homogeneous BSE, K(p, k, q) is the fermion-antifermion scattering kernel and S(p) is the fermion propagator. The manipulation of Eq.(13) is identical to the one of Ref.[5]. Skipping the algebra already discussed in Ref.[5] and identifying G(p) ≡ Σ(p^2) μ (14)

we obtain an expression for the scalar boson mass:

M^2_S = 4μ^2 { − 4n_f N 16π^2 ∫ d^4p μ^2G^4(p) [ p^2 + μ^2G^2(p)

]_2

(p^2 + μ^2G^2(p))^4 × × 1 (p)^2

[γbg^2(p)] ( μ f^′_π )_2 + + I^K (μ, p, k, g^2) } . (15)

In Eq.(15) f^′_π describes the composite pseudoscalar decay constant associated to n_d fermion doublets and I^K (μ, p, k, g^2) is a higher order contribution to the BSE kernel. Working in the rainbow-ladder approximation we can neglect this contribution which is O(g^2(p^2)/4π) smaller than the first term on the right-hand side of Eq.(15).

Eq.(10) and Eq.(14) when inserted into Eq.(15), with some algebra already detailed in Ref.[5], lead to M^2_S = 4μ^2 { bg^2(μ)(2γ − 1) [4 + 2bg^2(μ)(2γ − 1)] } . (16) Notice that in order to have a positive mass we must have (2γ − 1) > 0, in such a way that we recover Lane’s condition [30], i.e. γ > 1 2 . (17)

We stress that the BSE normalization condition modify the standard result of Eq.(1) only for very hard asymptotic self-energy solutions. Otherwise it is barely possible to obtain a light composite scalar boson, because its mass is going to be twice the value of the dynamical fermion mass, and this one, if related to the SM vev, will lead to a quite heavy scalar boson.

III. GROUP STRUCTURE ASSOCIATED TO A 125 GEV BOSON MASS

Many of the 125 GeV boson couplings observed at LHC are similar to the ones expected for the Higgs boson. Although it may even happens that in the end this boson shall not be related to the SM symmetry breaking, the most intriguing case is the one where it is really the responsible for the SM gauge boson masses. In this case the vev (v) generated by the strong interaction is connected to the gauge boson mass through

v^2 = ⟨¯ ΨΨ ⟩_{2/3} = 4M^2_W g^2_W

, (18)

where g_W is the weak coupling constant, M_W the charged weak boson mass, and ⟨¯ ΨΨ ⟩ is the new SU(N) strong NAGT condensate, whose vev is given by v ∼ 246 GeV.

At this point we differ from the Refs.[5, 10] since the dynamical mass, which appears in Eq.(16), is related to the fermion condensate (or the vev in Eq.(18)) through the confining propagator and consequently to the string tension, as discussed in Ref.[17, 18]. Considering the four-fermion approximation shown in Eq.(8), and neglecting the massive one-gauge boson exchange, what is also consistent with the imposition of a momentum cutoff of O(K_F ) in Eq.(9), the relation between the vev and the dynamical mass μ is [18] ⟨¯ ΨΨ ⟩ R ≈ − N_R 8π m^4_R K_R μ_R . (19)

In Eq.(19) we show the vev of fermions in the representation R with dimension N_R, the parameter m in the effective confinement propagator is written as m_R, and string tension K_R computed at the scale K_R [17, 18]. With Eq.(19) we finally obtain the scalar boson mass

M_S = 16πK_R N_Rm^4_R | |⟨Ψ̄Ψ⟩_R | | { bg^2_R(2γ − 1) [4 + 2bg^2_R(2γ − 1)] }_{1/2} . (20)

We can now set M_S = 125 GeV and ⟨¯ ΨΨ ⟩ R ∼ (246)^3 GeV^3, obtaining a function involving the variables K_R, m, N_R, γ, b and g^2 for the representation R computed at the scale K_R. There is now an important point that has been emphasized in Refs.[15, 31]: Due to entropic reasons (or minimization of the energy) in order to generate the Goldstone bosons associated to the csb we must have m^2_R ≈ μ^2_R ≈ K_R . (21) This last equation reduces Eq.(20) to an equation involving K_R and quantities only dependent on the symmetry group and fermionic content of any NAGT. This also imply that ⟨¯ ΨΨ ⟩ R ≈ − N_R 8π K^{3/2}_R , (22)

where the condensate is directly related to the string tension.

Considering Eq.(21) we obtain the following scalar boson mass

M_S ≈ 2 √ K_R { bg^2_R(2γ − 1) [4 + 2bg^2_R(2γ − 1)] }_{1/2} , (23)

where K_R is now the typical NAGT scale that forms the composite states, γ is given in Eq.(11) and obeys Eq.(17), and b = 1 (4π)^2 ( 11 3 C_2(G) − 4 3 T (R)n_F (R) ) , (24)

remembering that C_2(R)I = T^a_RT^a_R and C_2(R)d(R) = T (R)d(G),where d(R) is the dimension of the representation R, while the label G refers to the adjoint representation.

The string tension determining the fermion dynamical mass and the composite boson mass is now fixed by the SM condensate value. It is interesting to recall some properties of its value. In the representation R it should be also related to the SU(N) group structure and to the characteristic scale (Λ) of the NAGT. The QCD string tension for the fundamental representation is well known from phenomenological and lattice studies, however for other groups and representations we have to rely in lattice simulations. Lattice data for SU(N)

(and large N) seems to tell us that the ratio K_R/Λ is approximately constant up to order 1/N^2 [32, 33], although this result may still be questioned [34] and is connected to the way the string tensions of different representations are related, i.e. they follow a Casimir or a Sine Law scaling [34, 35]. Therefore, we will derive the string tension for different groups assuming that K_F /Λ is a constant. This constant is determined using the known value for the QCD fundamental representation string tension (K_F = 0.18 GeV^2) and Λ_{QCD} = 300 MeV. We then consider Casimir scaling for the string tension K_R ≈ C_R C_F K_F , (25)

where C_R/C_F is the ratio between the Casimir operators for the representation R and the fundamental one. For SU(N) theories and a finite N the Casimir scaling law must break down at some point, to be replaced by a dependence on the N-ality k of the representation [35] K_R = f(k)K_F (26)

This change of behavior is credited to an effect of force screening by the gauge bosons. For fermions in the adjoint representation the N-ality is zero, therefore, according to Casimir scaling, the adjoint string tension is given by

K_A =

2N^2 N^2 − 1

K_F , (27)

and, as a reasonable approximation, it is possible to assume K_A ≈ 2K_F .

Finally, the composite scalar boson mass in the approximation of Eq.(23) depends on the string tension, b and γ for a given group and representation, and the value of m_g/Λ that enters into the infrared value of the coupling constant. It is important to remember that the ratio m_g/Λ has a lower bound as discussed in Ref.[36], which is approximately given by m_g/Λ ≥ 1.2, as well as we may not expect that m_g is much larger than 3Λ if we assume that the NAGT phenomenology is not too much different from what we know from QCD [37].

IV. A REMARK ON A VECTOR COMPOSITE

It is not necessary to rely on lengthy calculations to estimate the approximate composite vector meson mass in this scenario. The vector composite mass in a NAGT with a potential like the one of Eq.(7) is heavy basically due to the spin-spin part of the hyperfine interactions. For S waves the hyperfine splitting has been determined as [38]

M(^3S_1) − M(^1S_0) ≈ 8 9 ḡ^2(0) |ψ(0)|^2 μ^2

, (28)

where |ψ(0)|^2 is the meson wave function at the origin, and we assumed that the fermion masses forming the meson are equal to the dynamical mass μ ∼ √ K_R. Eq.(28) has been derived in the heavy quarkonium context [38], although it seems to work reasonably well even in the presence of light fermions (or mesons) [39].

Assuming that no lighter composite pseudoscalar has been seen below 125 GeV, that ḡ^2(0)/4π ≈ 0.5 [15, 37], and that |ψ(0)|^2 ≈ μ^3, what is consistent with Eq.(2) we obtain the following inequality from Eq.(28)

M(^3S_1) > (2π √ K_R + 125)GeV. (29)

With the dynamical fermion mass values that we obtain in this work, we can see that the vector composite is going to be a very heavy meson, whose phenomenology will be quite model dependent.

V. RESULTS AND CONCLUSIONS

Our results are presented in the following figures for a choice of SU(N) groups, fermionic representations and their respective number of fermions. In these figures the horizontal dark blue line represents the mass (and respective uncertainty) of the boson observed at the LHC. The pale blue vertical region is the one defining the expected values for the ratio m_g/Λ. The continuous black lines correspond to the scalar masses computed with Eq.(23) for a given number of fermions. The gauge group, number of fermions and respective representations that we use here were chosen keeping in mind that we have to respect asymptotic freedom and the limit given by Eq.(17).

In Fig.(2) we show the results for the scalar composite mass formed by fermions belonging to the SU(N = 2, 3, 4, 5) gauge groups. Note that for these groups and fermions in the fundamental representation only the theory with one specific number of fermions can generate a scalar boson of 125 GeV. These number of fermions are n_f = 6, 8, 10 respectively for SU(3), SU(4), SU(5). In Fig.(3) we consider n_f = 6 fermions in the fundamental representation and verify that only in the SU(3) case we can generate a composite scalar boson with a mass equal to 125 GeV. In Fig.(4) we show the case of n_f = 2 fermions in the adjoint representation. For the groups SU(2) to SU(5) we do not find a solution compatible with the LHC data. A possible solution appears only for quite large N (> 100). In Fig.(5) we show the results for the two-index antisymmetric representation in the case of SU(3) to SU(6) with different number of fermions, and in the SU(5) (and for larger groups) no solution is found.

The chiral symmetry breaking solution that we discussed in Section II happens due to confinement and the dynamical mass is directly related to the string tension. The scalar mass turns out to be strongly dependent on the string tension and its value is determined through the SM vacuum expectation value. The other ingredient in the scalar mass formula is the value of the coupling constant in the low energy limit, which is frozen and dependent on the ratio m_g/Λ [40]. This dependence comes from the asymptotic behavior of the bound state wave function. The self-energy used to compute the scalar mass (Eq.(10)), and the related spin 0 wave function, is known to occurs in the case of extreme walking theories or four-fermion dominated chiral symmetry breaking [41, 42]. The origin of this solution in our study is totally based in confinement, appearing at an effective level where we may say that confinement generates a hard mass [18]. However our result for the scalar mass is general in the sense that it does not matter what is the mechanism generating such solution, because this is the hardest asymptotic behavior for the scalar wave function and no other behavior can lead to smaller scalar masses.

In Section III we discussed the relation between the string tension in different representations and its relation to Λ, as well as the values of the ratio m_g/Λ. We may say that the relation between these quantities is poorly known even in QCD, and the best evaluations for these quantities come from lattice theory (see Ref.[32–35] and references therein). We tested possible variations of the string tension for different representations with the scale Λ, and no appreciable changes compared to the previous figures appear in these cases.

The problem to have a light scalar associated to the SM symmetry breaking has more subtleties than the ones described here. Actually, the understanding of the scalar composite mass is an open problem even in the case of the QCD ”Higgs” boson, or the σ meson (see, for instance, a partial list of references on this subject [43]). As pointed out recently in Ref.[44] radiative corrections induced by the effective scalar coupling to the top quark may decrease the scalar mass. These corrections give a contribution to the scalar mass with a negative signal typical of fermion loops. These corrections are not easy to compute at a fundamental level once there should be a form factor in the effective coupling that is difficult to determine, which may even decrease the amount of this contribution. On the other hand it is quite possible that the scalar boson would also mix with many other scalar states of the NAGT, as happens with the QCD “Higgs” boson, leading to an increase of the scalar mass that we have computed. If this is the case, our estimates may even look as a lower bound to the scalar mass.

We conclude saying that a scalar composite boson, with a mass equal to 125 GeV and responsible for the non-trivial SM vacuum expectation value, is quite difficult to be generated in a NAGT. We have shown that in few cases we can generate such light scalar boson mass, but this is possible when the fermions that form the composite state are in one specific fermionic representation with one specific number of fermions. If one think that this condition does not appear to be natural, one may also think that the 125 GeV boson observed at the LHC may not be a composite scalar.

ACKNOWLEDGMENTS

We thank A. C. Aguilar for discussions and help with the numerical calculation and M. A. Kneipp for discussions. This research was partially supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq).

[1] ATLAS Collaboration, Phys. Lett. B 716, 1 (2012); CMS Collaboration, arXiv:1207.7235 [hep-ex].

[2] M. E. Peskin, arXiv:1208.5152 [hep-ph].

[3] N. A. Tornqvist and M. Roos, Phys. Rev. Lett. 76, 1575 (1996); N. A. Tornqvist and A. D.

Polosa, Nucl. Phys. A 692, 259 (2001); Frascati Phys. Ser. 20, 385 (2000); A. D. Polosa, N. A. Tornqvist, M. D. Scadron and V. Elias, Mod. Phys. Lett. A 17, 569 (2002).

[4] R. Delbourgo and M. D. Scadron, Phys. Rev. Lett. 48, 379 (1982). [5] A. Doff, A. A. Natale and P. S. Rodrigues da Silva, Phys. Rev. D 80, 055005 (2009). [6] D. D. Dietrich, F. Sannino and K. Tuominen, Phys. Rev. D 73, 037701 (2006).

[7] F. Sannino, Int. J. Mod. Phys. A 20, 6133 (2005).

[8] D. D. Dietrich, F. Sannino and K. Tuominen, Phys. Rev. D 72, 055001 (2005). [9] A. Doff, A. A. Natale and P. S. Rodrigues da Silva, Phys. Rev. D 77, 075012 (2008). [10] A. Doff and A. A. Natale, Phys. Lett. B 677, 301 (2009). [11] A. Cucchieri and T. Mendes, PoS QCD-TNT 09, vol. 031, (2009). [12] A. C. Aguilar, D. Binosi and J. Papavassiliou, Phys. Rev. D 78, 025010 (2008). [13] J. M. Cornwall, Phys. Rev. D 26, 1453 (1982).

[14] J. M. Cornwall, Center vortices, the functional Schrodinger equation, and CSB, Invited talk at the conference “Approaches to Quantum Chromodynamics”, Oberwölz, Austria, September 2008, arXiv:0812.0359 [hep-ph].

[15] J. M. Cornwall, Phys. Rev. D 83, 076001 (2011). [16] J. M. Cornwall, Phys. Rev. D 22, 1452 (1980).

[17] A. Doff, F. A. Machado and A. A. Natale, Ann. Phys. 327, 1030 (2012). [18] A. Doff, F. A. Machado and A. A. Natale, New. J. Phys. 14, 103043 (2012). [19] A. A. Natale, PoS QCD-TNT 09, 031 (2009). [20] B. Haeri and M. B. Haeri, Phys. Rev. D 43, 3732 (1991). [21] A. A. Natale and P. S. Rodrigues da Silva, Phys. Lett. B 392, 444 (1997). [22] A. A. Natale and P. S. Rodrigues da Silva, Phys. Lett. B 390, 378 (1997). [23] H. Reinhardt, O. Schröder, T. Tok and V. C. Zhukovsky, Phys. Rev. D 66, 085004 (2002). [24] J. Gattnar, C. Gattringer, K. Langfeld, H. Reinhardt, A. Schafer, S. Solbrig and T. Tok, Nucl.

Phys. B 716, 105 (2005).

[25] P. de Forcrand and M. D’Elia, Phys. Rev. Lett. 82, 4582 (1999); P. O. Bowman et al., Phys.

Rev. D 78, 054509 (2008); P. O. Bowman et al., Phys. Rev. D 84, 034501 (2011). [26] G. S. Bali, H. Neff, T. Düssel, T. Lippert, and K. Schilling (SESAM Collaboration), Phys.

Rev. D 71, 114513 (2005).

[27] S. J. Brodsky and R. Shrock, Phys. Lett. B 666, 95 (2008); S. J. Brodsky, C. D. Roberts, R.

Shrock and P. C. Tandy, Phys. Rev. C 82, 022201 (2010); Phys. Rev. C 85, 065202 (2012). [28] A. Doff and A. A. Natale, Eur. Phys. J. C 32, 417 (2003). [29] A. Doff and A. A. Natale, Phys. Rev. D 68, 077702 (2003). [30] K. Lane, Phys. Rev. D 10, 2605 (1974).

[31] J. M. Cornwall, Mod. Phys. Lett. A 27, 1230011 (2012).

[32] C. Allton, M. Teper and A. Trivini, JHEP 07, 021 (2008). [33] R. Lohmayer and H. Neuberger, arXiv:1210.7484 [hep-lat] [34] J. Greensite, B. Lucini and A. Patella, Phys. Rev. D 83, 125019 (2011). [35] J. Greensite, Prog. Part. Nucl. Phys. 51, 1 (2003). [36] J. M. Cornwall, Phys. Rev. D 80, 096001 (2009).

[37] A. C. Aguilar, A. Mihara and A.A. Natale, Phys. Rev. D 65, 054011 (2002). [38] E. Eichten, K. Gottfried, T. Kinoshita, K.D. Lane, and T.M. Yan, Phys. Rev. D 17, 3090 (1978); Phys. Rev. D 21, 203 (1980).

[39] H. Schnitzer, invited talk at Conf. on Hadron Spectroscopy (Univ. Maryland, March 1985), preprint BRX-TH-184.

[40] Once we admit that the NAGT has dynamically generated gauge boson masses we necessarily have a non-perturbative infrared fixed point, or a frozen coupling constant in low energy limit. See, for instance, A. C. Aguilar, A. A. Natale and P. S. Rodrigues da Silva, Phys. Rev. Lett. 90, 152001 (2003); A.C. Aguilar, A. Doff and A. A. Natale, Phys. Lett. B 696, 173 (2011).

[41] T. Takeuchi, Phys. Rev. D 40, 2697 (1989).

[42] K.-I. Kondo, S. Shuto and K. Yamawaki, Mod. Phys. Lett. A 6, 3385 (1991). [43] F. E. Close and N. A. Tornqvist, J. Phys. G 28, R249 (2002); S. Narison, Nucl. Phys. Proc.

Suppl. 121, 131 (2003); C. Amsler and N. A. Tornqvist, Phys. Rept. 389, 209 (2004); W. Ochs, AIP Conf. Proc. 717, 295 (2004); N. A. Tornqvist, Phys. Lett. B 619, 145 (2005); M. Albaladejo and J. A. Oller, Phys. Rev. D 86, 034003 (2012).

[44] R. Foadi, M. T. Frandsen and F. Sannino, hep-ph/1211.1083

FIG. 1. Dynamical quark mass obtained with the numerical calculation of the equation (9).

FIG. 2. Scalar boson mass M_S calculated using the SU(N = 2, 3, 4, 5) gauge group in the fundamental representation with different numbers of Dirac fermions.

FIG. 3. Scalar boson mass M_S calculated using the SU(N = 2, 3, 4) gauge group in the fundamental representation with the number of Dirac fermions n_F set at 6.

FIG. 4. Scalar boson mass M_S calculated using the SU(N = 2, 3, 4) gauge group in the adjoint representation with the number of Dirac fermions n_F set at 2.

FIG. 5. Scalar boson mass M_S calculated using the SU(N = 3, 4, 5, 6) gauge group in the 2-index antisymmetric representation with different numbers of Dirac fermions.