arXiv:hep-ph/0509340 v2 3 Oct 2005

KEK-TH-1041

A correct renormalization procedure for the electroweak chiral Lagrangian

Qi-Shu Yan Theory Group, KEK, Tsukuba, 305-0801, Japan.

We perform a systematic one-loop renormalization to the standard model with a nonlinearly realized Higgs boson field and the electroweak chiral Lagrangian up to O(p^2 ) order. We find even in the nonlinear form, the Higgs model of the standard model is renormalizable in our procedure. We also examine β functions of gauge couplings for the standard model and β functions for anomalous couplings in the electroweak chiral Lagrangian up to O(p^2 ) order, and find our results agree with all well-known results. Based on these observations, we conclude that our calculation procedure could be a correct one to systematically construct the divergences of the electroweak chiral Lagrangian when O(p^4) operators are included.

PACS numbers: 11.10.Gh, 11.10.Hi, 12.15.Ji, 12.15.Lk

I. INTRODUCTION

How to perform the systematic renormalization of the electroweak chiral Lagrangian (EWCL) [1, 2, 3, 4, 5, 6] including dimensionless anomalous couplings is a longtime unsolved puzzle [7, 8, 9, 10, 11, 12, 13, 14, 15]. In order to obtain the correct answer, the correct renormalization procedure is very crucial. Otherwise, it seems confusing that starting with one unique theory, the EWCL, we can have different answers, as shown in literatures.

While according to statements of the effective field theory method [16, 17, 18], even with the nonrenormalizable theory, in principle, the radiative correction should be well-defined by using the renormalization group method. Based on the validity and great success of the effective field theory method in B physics [19] and low energy hadronic physics [20, 21], etc, we believe that there exists a unique correct answer about the radiative corrections of anomalous couplings in the EWCL.

It is well-known that if a theory is not renormalizable, in order to construct the renormalization group equations (RGE), a correct renormalization procedure which can reliably extract divergences is very crucial and important. In a gauge theory, the divergences of renormalization constants are gauge dependent, but the one-loop β functions of the gauge couplings are gauge independent. Therefore, even in a nonrenormalizable theory (say, the EWCL), we expect that we can construct gauge independent one-loop β functions for anomalous couplings. We are fully aware of the fact that gauge choosing is very important for gauged nonlinear sigma models, as pointed out by Einhorn [22, 23] and as we learn from the history of renormalization of the massive Yang-Mills theories [5, 24] and the standard model [25]. For example, the calculations in unitary gauge [13, 14] (a nonrenormalizable gauge [25, 26]) by using the dimensional regularization scheme with O(p^2) operators can not produce the same divergences of those obtained in Landau gauge [3, 4, 27, 28, 29], and therefore have the difficulty to produce the ”screening effects” of a decoupled Higgs, as dubbed by Veltman [30]. Therefore we believe that a correct systematic renormalization procedure should choose a renormalizable gauge and at least pass the following criteria: to demonstrate the renormalizability of the SM, to reproduce the correct divergences of O(p^2) operators, to generate the correct β functions for the gauge couplings, etc.

This paper is devoted to investigate our renormalization procedure and examine whether it can pass these criteria. Before launching on the systematic one-loop renormalization of the EWCL including all dimensionless anomalous couplings [31], we regard that it is a necessary and constructive step for us to first examine two simple cases: 1) the nonlinearly realized Higgs model and 2) the EWCL up to O(p^2) operators. We will explore two types of power counting rules in our calculation: Weinberg’s derivative power counting rule [16] and Georgi-Manohar mass dimension power counting rule (naive dimension analysis) [32]. We will also introduce the superficial divergence power counting rule which is important for the construction of divergences.

By using the background field method [33, 34], the Stueckelberg transformation [35, 36], path integral, heat kernel [37, 38] and dimensional regularization method, and M S renormalization scheme, we show how to perform the systematic renormalization at one-loop level with a nonlinearly realized Higgs boson and the EWCL in O(p^2) operators without a Higgs boson. New points in this paper include: 1) Compared with calculation in the momentum space [29], some nonperturbative contributions can be reliably extracted out in coordinate space for the nonlinearly realized Higgs model; 2) With the help of the classic equation of motions of the vector and Higgs bosons and with a proper parameterization of the Goldstone fields, the nonlinearly realized standard model with a Higgs boson is still renormalizable in oneloop level at least; this point is not trivial, there is no reference which has shown us that the standard model with a nonlinear realized standard model is renormalizable. 3) Weinberg’s derivative power counting rule and Georgi-Manohar’s mass dimensional analysis are compatible with each other in the nonlinearly realized SM with a Higgs boson; 4) Gauge fixing term for vector bosons can be defined in either mass eigenstates or weak interaction eigenstates due to the global symmetry in ghost sector. 5) The β functions of the gauge couplings in our calculation procedure agree with well-known results [39, 40, 41]. 6) Our calculation procedure reproduces the well-known divergences of O(p^2) operators at one-loop level [3, 4, 27, 28, 29]. 7) We also show how to construct the ghost BRST transformations in the background field method with and without a nonlinearly realized Higgs fields, which might be of special importance to understand the higher order renormalizability of the nonlinearly realized SM with a Higgs boson and the EWCL up to O(p^2) order.

Based on these points, we conclude that our renormalization procedure is suitable and trustable in constructing divergences of the EWCL, even though such a theory is a nonrenormalizable theory in the perturbation expansion due to the nonlinearly realized Goldstone bosons.

As far as we know, all the techniques, methods, and concepts demonstrated in this paper have been used in the hadronic chiral Lagrangian, up to O(p^4) order [20, 21], and up to O(p^6) order calculations[42, 43], two loop renormalization in gravity in 4 dimension [44], three loop β functions in Yang-Mills theory [45], the one-loop renormalization in the π − ρ system [46, 47], and the gauged nonlinear SU (2) sigma model including dimensionless anomalous couplings [48].

For the sake of consistency and simplicity, we avoid the Wick rotation in the loop integral and simply work in the Euclidean coordinate space to extract divergences. We have checked our formula for extracting divergences in the coordinate space with those provided in [44, 50] and found agreement.

II. THE SU(2) × U(1) STANDARD MODEL WITH NONLINEARLY REALIZED HIGGS BOSON

The classic Lagrangian of the standard SU (2) × U (1) gauge theory without including Fermions can be formulated as

L = −H_1 − H_2 − (Dϕ)^† · (Dϕ)

+μ^2ϕ^†ϕ − λ 4 (ϕ^†ϕ)^2 , (1)

H_1 = 1 4 W^a_{μν} W^{aμν} , (2) H_2 = 1 4 B_{μν} B^{μν} , (3)

where the W and B are the vector bosons of SU_L(2) and U_Y (1) gauge groups, respectively. The ϕ is the Higgs field, a weak doublet. The μ^2 and λ are two variables of the Higgs potential, which determine the spontaneous breaking of symmetry. The definitions of other quantities are standard and listed as

W^a_{μν} = ∂_μW^a_ν − ∂_νW^a_μ + gf^{abc}W^b_μW^c_ν , (4) B_{μν} = ∂_μB_ν − ∂_νB_μ , (5)

D_μϕ = ∂_μϕ − igW^a_μ T^a + iy_ϕg^′B_μT^3ϕ , (6)

ϕ^† = (ϕ^∗_1, ϕ^∗_2) , (7)

where T^a are the generators of the Lie algebra of SU (2) gauge group, and a = 1, 2, 3. The Y charge of the field ϕ is given as y_ϕ = 1. The g and g^′ are the couplings of the corresponding gauge interactions, respectively.

The spontaneous symmetry breaking is realized by taking the mass square μ^2 to be positive. The vacuum expectation value of Higgs field is solved from the Higgs potential as |⟨ϕ⟩| = v/ √ 2. According to the Goldstone theorem, there are three Goldstone bosons which break break SU_L(2) × U_Y (1) down to U_{EM}(1) symmetry. And by eating the corresponding Goldstone bosons, the vector bosons W and Z obtain their masses, while the vector bosons A of the unbroken U (1)_{em} gauge symmetry are still massless.

The Lagrangian given in Eq. (1) with the Higgs mechanism can be reformulated in its nonlinear form by changing the variable ϕ ϕ = 1 √ 2 (v + h)U , U = exp (2iζ^aT^a) , v = 2 √ μ^2 λ , (8)

where the h is the Higgs scalar, v is the vacuum expectation value. The U is a phase factor, and the ζ^a, a = 1, 2, 3 are the corresponding phases which can be parameterized as the Goldstone bosons, as prescribed by the Goldstone theorem. The exact form for this parameterization will be given latter.

As we know, the change of variables in Eq. (8) induces a determinant factor in the functional integral Z Z = ∫ DW^a_μ DhDξ^b exp ( S^′[W, h, ξ] ) (9) × det { ( 1 + h v ) δ(x − y) } , (10)

and correspondingly modifies the Lagrangian density to

L = −H_1 − H_2 −

(v + h)^2 4 tr[DU^† · DU ] − 1 2 ∂h · ∂h + μ^2 2 (v + h)^2 − λ 16 (v + h)^4

+δ^4(0)ln { 1 + h v } . (11)

As pointed out by several references [36, 51], this determinant containing quartic divergences is indispensable and crucial to cancel exactly the quartic divergences brought into by the longitudinal part of vector bosons, and is important in verifying the renormalizability of the Higgs model in the U-gauge and the equivalence of U-gauge to other gauges.

There are also quartic divergent terms induced by ζ as shown in [36], here we have omitted them.

The Lagrangian L given in Eq. (11) is invariant under the following local SU (2)_L ×U (1)_Y chiral transformation U → g_LU g^†_R , W_μ → g^†_LW_μg_L + i 1 g g^†_L∂_μg_L , W_{μν} → g^†_LW_{μν} g_L , B_μ → B_μ + i 1 g^′ g^†_R∂_μg_R , B_{μν} → B_{μν} , v + h → v + h , (12)

where the gauge transformation factors g_L and g_R are defined as

g_L = exp { − igα^a_LT^a } ,

g_R = exp { − ig^′β_RT^3 } . (13)

Here α^a and β_R are parameters of gauge group transformations.

In order to contact with the standard nonlinear realization formalism [52, 53], we can define a covariant differential operator

V_μ = U^†∂_μU − igU^†W_μU + ig^′B_μ , (14)

therefore the mass term tr[DU^† · DU ] can be formulated as tr[DU^† · DU ] = −tr[V · V ] . (15) The minus sign is from the fact that (D_μU^†) = −U^†(D_μU )U^†.

Compared with the nonlinear sigma model, we are fully aware of that there exist two types of power counting rules which can be introduced: 1) Weinberg’s derivative power counting rule [16]. In order to make all these operators as O(p^2) order, we must assign

[v]_p = [h]_p = [W ]_p = [B]_p = [ξ]_p = 0 , [∂]_p = [g]_p = [g^′]_p = 1 , [μ^2]_p = [λ]_p = 2 . (16)

This power counting rule is self-consistent in the assignment of [v]_p = 0, which is determined as v = √ μ^2/λ. With this power counting rule, the one-loop divergence terms should be counted as O(p^4), which can be served as self-consistency checking for this rule. 2) Georgi- Manohar mass dimension power counting rule [32] without Fermion is equivalent to count the mass dimension of fields and couplings, we have

[g]_m = [g^′]_m = [λ]_m = 0 , [v]_m = [h]_m = 1 , [W ]_m = [B]_m = [ξ]_m = [∂]_m = 1 , [μ^2]_m = 2 .(17)

Due to the fact that the theory is renormalizable when formulated with a linear form, so the one-loop divergence terms are expected to just repeat those tree-level operators while the couplings and mass parameter are expected to shift in order to absorb the UV divergences, which is exactly the meaning of the renormalizability.

These two power counting rules also serve as an important guidance for us to check our intermediate and final results.

III. THE NONLINEARLY REALIZED SM IN THE BACKGROUND FIELD METHOD

The Higgs sector beaks the local symmetry SU_L(2) × U_Y (1) → U_{EM}(1) and fixes the mixing in the vector sector from weak interaction eigenstates to the mass eigenstates. The transformation from the weak eigenstates to the mass eigenstates is determined by the following relations

W^± = 1 √ 2 ( W^1 ∓ iW^2 ) , Z = sin θ_W B − cos θ_W W^3 , A = cos θ_W B + sin θ_W W^3 , (18)

where θ_W is Weinberg angle.

Correspondingly, the rotation in the vector fields induces the corresponding rotation in the gauge group parameters

α^± = 1 √ 2 (α_1 ∓ iα_2) ,

α_Z = sin θ_W β_Y − cos θ_W α_3 , α_A = cos θ_W β_Y + sin θ_W α_3 . (19)

We observe that these orthogonal rotations do not change neither the Lagrangian nor the functional measure nontrivially. Here, the rotation in the gauge group parameters is matched with the rotation of the vector fields, which is necessary to guarantee the well-defined ghost sector. We will address the issue of matching in the next section.

In the spirit of the background field gauge quantization [20, 33, 34], we can decompose the Goldstone field into the classic part U and quantum part ξ as U → U ^U , ^U = exp{ i2ξ (v + h)

} . (20)

Here we parameterize the Goldstone phase in ξ/(v + h). To parameterize the quantum Goldstone field in the above form is to simplify the presentation of the standard form of quadratic terms of Goldstone bosons. With this parameterization, the D’Alambert operator of Goldstone bosons enjoys the advantage that the quartic divergences are well-organized [49].

Compared with the standard parameterization of the Goldstone’s degree of freedom in the hadronic chiral Lagrangian [20], our parameterization modifies the definition of the Goldstone ξ = v + h v ξ̃ , (21)

where the ξ̃ is the standard Goldstone field, or π fields in the hadronic chiral Lagrangian. This parameterization also induces a new quartic term in the Lagrangian and modifies it as δ^4(0)ln(1 + (^h/(v + h))). Such a modification in the parameterization of the Goldstone fields is justified by the equivalence theorem [54]. However, such a parameterization of Goldstone fields becomes invalid when the system has singular solutions with v + h = 0 (vortex solutions) [55]. However, we only care about the perturbation and UV divergences around the regular solution v + h ≠ 0, therefore such a parameterization can be acceptable.

The vector boson field are split as

V_μ → V_μ + ^V_μ , (22)

where V_μ = (W_μ, B_μ) represents the classic background vector fields and ^V_μ = (^W_μ, ^B_μ) represents the quantum vector fields.

By using the Stueckelberg transformation [35, 36] for the background vector fields, W^s → U^†W U + iU^†∂U , B^s → B , ^W^s → U^†^W U , ^B^s → ^B , (23) the background Goldstone fields can be completely absorbed by redefining the background vector fields, and will not appear in the one-loop effective Lagrangian. By formulating the term tr[DU^† · DU ] into the standard nonlinear chiral realization form −tr[V · V ] [52, 53], we observe that in the Stueckelberg transformation, only SU (2) weak bosons are modified while the U (1) boson is unaffected.

The Stueckelberg fields is invariant under the gauge transformation of the background gauge fields, such a property guarantees that the following computation is gauge invariant under the classic gauge transformation from the beginning if we can express all effective vertices into the Stueckelberg fields. Such a fact is more apparently by examining the partition functional Z, which is invariant under the classic gauge transformation. After the loop calculation, by using the reversed Stueckelberg transformation, the Lagrangian can be restored back to the form represented by its low energy degree of freedom [36]: the transverse vector bosons and the longitudinal Goldstone bosons.

In effect, the combination of the background Goldstone boson field and background vector boson field into the Stueckelberg fields is equivalent to take the unitary gauge for the classic fields. In this case, the mass eigenstates of

A and Z are understood as the mixing between the third component of the dressed SU (2) vector fields and the undressed U (1); the mass eigenstates of W^± as the mixing between the first and second components of the dressed SU (2) vector fields. Since only the quantum fields need to be quantized, we can take different gauges for the classic fields and the quantum fields [33, 34], which is one of the advantages of the background field method.

Similarly to the vector bosons, the Higgs boson is split as h = h + ^h , (24)

where h and ^h are classic and quantum Higgs boson, respectively.

IV. THE EOM, QUANTIZATION AND THE GAUGE FIXING TERMS

The equation of motion of the background classic vector fields (Stueckelberg field, below we omit the^s in both the classic and quantum fields) is determined by the Euler-Lagrange variation method, which can be simply formulated as

D_μ ~W^{νμ} = −σ_{0,V V} V^ν , (25) with ~W^{μν,T} = {A^{μν} + ieF^{μν}_Z , Z^{μν} − i^{g2}_G F^{μν}_Z , W^{+,μν} − igF^{+,μν} , W^{−,μν} − igF^{−,μν} }. Here and below, we omit the overline on the classic field for the simplicity of representation. The V^T means the (A, Z, W^+, W^−). The relevant definition are given as A_{μν} = ∂_μA_ν − ∂_νA_μ , Z_{μν} = ∂_μZ_ν − ∂_ν Z_μ , W^±_{μν} = d_μW^±_ν − d_ν W^±_μ ,

F^{μν}_Z = W^μ_+W^ν_− − W^μ_−W^ν_+ , F^{μν}_± = ±(Z^μW^ν_± − W^μ_±Z^ν ) ,

d_μW^±_ν = ∂_μW^±_ν − i(±1)eA_μW^±_ν . (26)

The covariant operator D will be given when we define the D’Alambert operator of vector boson fields.

The EOM of vector bosons induces the following relations

∂ ln(v + h) · Z = − 1 2 ∂ · Z , (27) ∂ ln(v + h) · W^+ = − 1 2 d · W^+ + i 1 2 g^{′2} G Z · W^+ ,(28)

∂ ln(v + h) · W^− = − 1 2 d · W^− − i 1 2 g^{′2} G Z · W^− ,(29)

which can also be obtained by extracting the linear terms of Goldstone fields. According to the our calculation, it seems that it is not necessary to impose the condition ∂A = 0.

The equation of motion of the background Higgs field is given as

∂^2h = (v + h)[

G^2 4 Z · Z + g^2 2 W^+ · W^−

−μ^2 + λ 4 (v + h)^2] . (30)

These equations of motion satisfy both power counting rules. In the Weinberg’s derivative power counting rule, both sides of the EOM of vector and Higgs fields are counted as 2. In the Georgi-Manohar mass dimension power counting rule, both sides of the EOM of vector and Higgs fields are counted as 3 (The EOM of photon is different, only left hand side is counted as 3, while the right hand side is counted as 0).

The quantization of the dynamics system is selected to be performed around the classic gauge transformation given in Eq. (23). The quantum degree of freedoms include quantum vector bosons, quantum Goldstone bosons, and quantum Higgs bosons, and the partition functional without gauge fixing terms can be formulated as Z[V, h] = N ∫ DαD ^V D^hDξ · · · , (31) where the vector and Goldstone bosons are formulated in mass eigenstates. The vector quantum fields, ^V , represent ^A, ^Z, ^W^+, and ^W^−. In the Goldstone bosons, unlike in the gauged nonlinear SU (2) sigma model, there is no SU_c(2) global symmetry any more. And the Goldstone bosons must be parameterized as ξ_Z , ξ_+, and ξ_−.

In order to separate the infinite volume of gauge group parameter, we use the covariant background gauge fixing [33, 34]. Follow the standard quantization procedure, the infinite gauge parameter volume is separated by imposing gauge fixing to the quantum fluctuations, as given as Z[V, h] = ∫ DαZ_G[V, h] , (32) where Z_G is the fixed partition functional, which can be expressed as Z_G[V, h] = N^′ ∫ D ^V DBD^hDξDvDu · · · (33) Quantization procedure introduces two types of real ghost fields, v and u, into the quantum degree of freedoms. Here we follow the convention of references [56, 57, 58] to label these two types of ghost differently.

The Lagrangian of Z_G is given as L = L(V, h; ^V , ξ, ^h) + L_{NL} , (34) where the first term contains the classic vector bosons (in U-gauge) and the classic Higgs bosons, the quantum fields. And the second term contains gauge fixing terms.

In the Nakanishi-Lautrup auxiliary field form, the gauge fixing and ghost terms [59] can be formulated as L_{NL} = iF^aB^a − 1 2 B^aΓ^{ab}B^b −iv^a M^{ab} δF^b δα^ā M^{āb̄}u^{b̄} . (35)

Here we have deliberately used the index b̄ to label u type ghost and the gauge group parameter index to distinguish the ghost and anti-ghost. Due to the structure of the semi-simple group, the matrices Γ^{ab}, M^{ab}, and M^{āb̄}, are introduced to accommodate the rotation of F^a, v^a and u^ā. The matrices M^{ab} and M^{āb̄} are related with the ambiguity in exponentializing the Faddeev-Popov determinant to the Lagrangian. Such an ambiguity could occur if the det M^{ab} and det M^{āb̄} do not vanish, the following relation can be justified

det( δF^a δα^{b̄} ) = det(M^{ab δF b}_{δαā} M^{āb̄}) det(M^{ab}) det(M^{āb̄})

. (36)

If the F^a (here the index a is related with quantum field index) rotatate to a^′, in order to have well-defined canonical ghost fields, the α^ā must rotate accordingly. For example, for the gauge fixing given in Eq. (39, where the field index have changed from a = (Y, 3, 1, 2) to a^′ = (A, Z, W^+, W^−), if we do not defined α^A as given in Eq. (19) while keep using the α_Y and α_3, we will find that the ghost kinetic term have the following form

−v^A∂^2(cos θ_W u^Y + sin θ_W u^3) −v^Z ∂^2(sin θ_W u^Y − cos θ_W u^3) + · · · . (37)

In the Hamiltonian form with the canonical ghost fields and its conjugate fields, and the canonical commutation relation and the propagators can not be well-defined, therefore the quantization procedure has problems. So we emphasize here, that the matching between the rotations of gauge fields and gauge group parameters are important for the ghost term.

To represent ghost fields and anti-ghost differently is for the correct hermiticity assignment as pointed out by [57, 58], and is well-known in the conformal field theory [60] where b and c type real ghosts are introduced. Here we would like to emphasize that the rotations of ghost and anti-ghost are independent. The rotation of v type ghosts can be related with the change of F^a fields, and the rotation of u type ghosts are related with the rotation of the gauge parameter α. After diagonalizing of Nakanishi-Lautrup auxiliary fields B^a, the eigenvalues of the matrix Γ are required to be real and positive. The Landau gauge and the unitary gauge, which correspond to the case that some of the eigenvalues of the matrix Γ is zero and infinite, respectively. These two extreme cases should be treated carefully in the functional integral, as shown in [61] and in [36], respectively.

The quantization of Yang-Mills fields can be performed in a more strict and sophisticated way by incorporating BRST global symmetry in the formalism, as shown in [62]. However, for our purpose, here we provide a simple and direct understanding on the quantization, the gauge fixing, and gauge parameter independence for the S-matrix. The quantization and gauge fixing can be understood as a procedure to couple the vector dynamic system to an auxiliary system. Even after the covariant Lorentz gauge fixing, in the SU (N ) theories for instance, the auxiliary system can still enjoy an isospin-like global symmetry and scaling symmetry as analyzed in [63]. The global symmetry and scaling symmetry can be equally represented in the arbitrariness of choosing Γ and two M matrices in the L_{NL}. The S-matrix should be independent of parameters of these matrices.

The real ghost fields enjoy a scaling transformation invariance which is related with the ghost number conservation law. v → e^λv u → e^{−λ}u , (38) v is identified as anti-ghost field, while u is identified as ghost field. This ghost number conservation scaling transformation is consistent with the hermiticity assignment [57, 58]. This scaling group is the subgroup of general matrix M and M , both of which are defined with each component is a complex number.

The gauge fixing term for the quantum fields are chosen in the mass eigenstates, and are given as below L_{GF,A} = − 1 2 (∂ · ^A −ie(^W^− · W^+ − ^W^+ · W^−))^2 , (39) L_{GF,Z} = − 1 2 (∂ · ^Z − 1 2 G(v + h)ξ_Z +i g^2 G (^W^− · W^+ − ^W^+ · W^−))^2 , (40) L_{GF,W} = −(d · ^W^+ + 1 2 g(v + h)ξ^+_W + i g^2 G Z · ^W^+ −i g^2 G W^+ · ^Z + ieW^+ · ^A) (d · ^W^− + 1 2 g(v + h)ξ^−_W − i g^2 G Z · ^W^− +i g^2 G W^− · ^Z − ieW^− · ^A) . (41) To determine the gauge parameters, we use the following guidances: 1) The D’Alambert operator of quantum vector field must have the form as given in Eq. (44). When gauge potential is neglected, this correspond to the Feynman-’t Hooft gauge in the momentum space. The terms with background fields in the gauge fixing term have the function to eliminate extra Lorentz structures in the vector sector, and guarantee a well-defined exact vector propagator in coordinate space. 2) Although we can introduce nonlinear terms of ξ, up to one-loop level, we only consider the linear term in the gauge fixing. This linear term induces mass term of the corresponding ghost fields. The nonlinear terms might be useful when we consider beyond one-loop calculation, and these nonlinear terms also induce nonlinear interactions between Goldstone and ghost. Since we only consider one-loop renormalization, we confine to the linear term. 3) There is no mixing between massive vector fields and their corresponding Goldstone bosons, and there is no mixing between massless photon fields and chargeless Goldstone ξ_Z ; which is a typical feature of Feynman-’t Hooft gauge. 4) The classic U_{EM}(1) symmetry must be fulfilled explicitly.

These gauge fixing terms will fulfill two important functions when we consider to extract divergences: 1) to guarantee that the exact vector propagator have wellcontrolled divergence structure. 2) to eliminate the kinetic mixing term between the vector and Goldstone fields and to make the expansion of the vector and Goldstone mixing term T r ln(1 −^⇀X_ξ□^{−1}_{V V}^↼X_ξ □^{−1}_{ξξ} ) to stop in producing UV divergences to a specific term. We avoid in using the Landau gauge as being used in [3, 4, 27, 28, 29], which has the advantage to identify the massless poles to the Goldstone particles in the asymptotic region and to eliminate the ghost-Goldstone interactions. The reason is that it makes the expansion of vector-Goldstone mixing term complicated.

By using the arbitrariness in choosing Γ and two M matrices, we can rotate these gauge fixing terms back to weak interaction form (the background vector fields and gauge group parameters also rotate accordingly), which have the following form F_Y = ∂ · B̂ − g^′ 2 (v + h)ξ^Z , F^i_W = (δ^{ij} ∂ + gf^{ijk}W^j ) · Ŵ^k + g 2 (v + h)ξ^i . (42)

Such a fact demonstrates we can put gauge fixing terms either in mass eigenstates or in weak interaction eigenstates for vector bosons, and they are equivalent with each other and do not affect the S-matrix, as indicated by Γ and two M matrices in the L_{NL} given in Eq. (35). Gauge fixing terms in the weak interaction eigenstate basis have the advantage to explicitly show that our gauge fixing terms are covariant background field gauge fixings.

V. THE QUADRATIC FORMS OF THE ONE-LOOP LAGRANGIAN

Since we only care about the one-loop renormalization, we can only concentrate on quadratic terms (bilinear terms) of quantum fields and neglect those trilinear terms, quartic terms, and higher order terms in the Lagrangian. Those terms neglected are necessary when we consider higher order renormalization.

In order to make the one-loop renormalization easier to handle, we cast the quadratic quantum fluctuation terms of the one-loop Lagrangian into a standard form, which reads L_{quad} = − { 1 2 ^V^{†a}_μ □^{μν,ab}_{V V} ^V^b_ν + 1 2 ξ^{†i}□^{ij}_{ξ ξ} ξ^j +v^a□^{ab}_{vu}u^b + 1 2 ĥ□_{hh}ĥ + 1 2 ^V^{†,a}_μ^↼X^{μ,aj}_ξ ξ^j + 1 2 ξ^{†,i ⇀}X^{ν,ib}_ξ ^V^b_ν + 1 2 ^V^{†,a}_μ^↼X^{μ,a}_h ^h + 1 2 ^h^⇀X^{μ,a}_h ^V^a_μ + 1 2 ξ^{†,i}X^i_{ξh}^h + 1 2 ^hX^i_{hξ} ξ^i } , (43)

□^{μν,ab}_{V V} = −D^{2,ab}g^{μν} + σ^{ab}_{0,V V} g^{μν} + σ^{μν,ab}_{2,V V} , (44) □^{ij}_{ξ ξ} = −d^{2,ij} + σ^{ij}_{0,ξξ} + σ^{ij}_{2,ξξ} , (45) □_{hh} = −∂^2 + m^2_h + σ_{hh} , (46) □^{ab}_{vu} = −D^{2,ab} + σ^{,ab}_{0,V V} , (47) X^i_{hξ} = X^{α,i}_{hξ} d_α + X^i_{hξ,0} , (48) X^i_{ξh} = X^{α,i}_{ξh} ∂_α + X^i_{ξh,0} , (49) where ^V^† = ( ^A, ^Z, ^W^−, ^W^+) and ^V^T = ( ^A, ^Z, ^W^+, ^W^−), ξ^† = (ξ_Z , ξ^−, ξ^+) and ξ^T = (ξ_Z , ξ^+, ξ^−), and v = (v_A, v_Z, v_−, v_+, ) and u^T = (u_A, u_Z, u_+, u_−). The Hermitian transformation in our calculation is defined as

(V )^† = V^† , (ξ)^† = ξ^† , (v)^† = v^† , (u)^† = u^† . (50)

The Hermitian transformation is equal to the charge conjugate transformation in the vector, Goldstone, and ghost sector. The Lagrangian given in Eq. (43) is invariant under this Hermitian transformation (charge conjugate). Here we would like to emphasize that our Hermitian transformation has only charge conjugate and does not require the transpose transformation.

The covariant differential operators D = ∂ + Γ_V and d = ∂ + Γ_ξ, and the gauge connection of vector bosons Γ_V is defined as 0 0 ieW^−_μ −ieW^+_μ 0 0 −i^{g2}_G W^−_μ i^{g2}_G W^+_μ ieW^+_μ −i^{g2}_G W^+_μ −ieA_μ + i^{g2}_G Z_μ 0 −ieW^−_μ i^{g2}_G W^−_μ 0 ieA_μ − i^{g2}_G Z_μ .

The gauge connection of Goldstone bosons Γ_ξ is defined as 0 i^g_2 W^−_μ −i^g_2 W^+_μ i^g_2 W^+_μ −ieA_μ 0 −i^g_2 W^−_μ 0 ieA_μ .

While for the ghost term the covariant differential operator is the same one as that of the vector boson fields, similar to the case without spontaneous symmetry breaking.

All gauge potentials satisfy the anti-Hermitian property like ∂, therefore the differential operators iD_μ is Hermitian. All exact propagators in Eqs. (44—47) are Hermitian, so their spectra are expected to be positive and definite and the heat kernel regularization (and the Schwinger proper time) method can be reliably used to extract divergences. Here due to the fact that there is no Fermion included, we do not need to use any extra prescription to make the operators Hermitian, as people do for the most general Dirac operator which violates the hermiticity assignment [20].

Here we would like to comment on the hermiticity assignment given in [57, 58]. The ghost fields are scalar fields but satisfy anticommutation relation. In order to construct physical spectrum of the non-Abelian theory and have a well-defined S-matrix in the operator formalism, the correct hermiticity assignment should be defined, such a convention is widely taken in conformal and string theories. Considering the remnant U_{EM}(1) symmetry, here we have modified this hermiticity assignment simply as charge conjugate. Historically, the ghost fields are introduced as complex fields. For the perturbation calculation, for all existed examples as far as we know, such an assignment makes no difference. However, we find when O(p^4) operators are included, such a hermiticity assignment indeed makes difference [31]. Anyhow, for the current two cases, such a hermiticity assignment makes no difference.

The matrix σ_{2,V V} contains Lorentz tensor structure and corresponds to the dipole magnetic term of vector bosons due to the fact that vector bosons are spin-one particles. It is given as

σ^{μν,ab}_{2,V V} = 0 0 σ^{μν}_{2,AW +} σ^{μν}_{2,AW −} 0 0 σ^{μν}_{2,ZW +} σ^{μν}_{2,ZW −} σ^{μν}_{2,W −A} σ^{μν}_{2,W −Z} σ^{μν}_{2,W −W +} 0 σ^{μν}_{2,W +A} σ^{μν}_{2,W +Z} 0 σ^{μν}_{2,W + W −} ,

and each of its components reads as σ^{μν}_{2,AW +} = −σ^{μν}_{2,W + A} = 2ie~W^{−,μν} , σ^{μν}_{2,AW −} = −σ^{μν}_{2,W − A} = −2ie~W^{+,μν} , σ^{μν}_{2,ZW +} = −σ^{μν}_{2,W + Z} = −2i g^2 G ~W^{−,μν} , σ^{μν}_{2,ZW −} = −σ^{μν}_{2,W − Z} = 2i g^2 G ~W^{+,μν} , σ_{2,W} −_W + = −σ_{2,W} +_W − = 2igW^{3,μν} . (51)

Here we would like to mark that σ_{V V} is Hermitian. Under the Hermitian transformation, the Lorentz indices should be exchanged as μ → ν(ν → μ), and this makes the invariance of σ_{V V} explicitly. The σ_{V V} does not depend on the background Higgs field h.

Goldstone bosons are spin-zero particles, but the matrix σ_{2,ξξ} does not vanish and has scalar structure in the

Lorentz index. It is given as

σ^{ij}_{2,ξξ} = σ_{2,ξZξZ} σ_{2,ξZξ}+ σ_{2,ξZξ}− σ_{2,ξ}−_{ξZ} σ_{2,ξ}−_ξ+ σ_{2,ξ}−_ξ− σ_{2,ξ}+_{ξZ} σ_{2,ξ}+_ξ+ σ_{2,ξ}+_ξ− ,

and each of its components reads as σ_{2,ξZξZ} = g^2 2 W^+ · W^− −

∂^2h v + h , σ_{2,ξ}+_ξ+ = − g^2 4 W^− · W^− , σ_{2,ξ}−_ξ− = − g^2 4 W^+ · W^+ ,

σ_{2,ξZξ}+ = σ_{2,ξ}+_{ξZ} = gG 4 W^− · Z , σ_{2,ξZ ξ}− = σ_{2,ξ}−_{ξZ} = gG 4 W^+ · Z ,

σ_{2,ξ}+_ξ− = σ_{2,ξ}−_ξ+ = g^2 4 W^+ · W^− +

G^2 4 Z · Z − ∂^2h v + h . (52)

The σ_{2,ξξ}, under the Hermitian transformation, is explicitly invariant. The term^{∂2h}_{v+h} in the σ_{2,ξZξZ} and σ_{2,ξ}+_ξ− is not trivial, and it represents a nonperturbative expansion on the h field. By using the momentum expansion and simply extracting Feynman rule, we can not obtain such a compact form.

In order to explicitly trace the function of the EOM of the Higgs field to eliminating extra divergence structures, we have restricted from substituting ∂^2h term in σ_{2,ξξ} by the equation Eq. (30).

The ghost fields are spin-zero particles, their propagators have no nontrivial σ structure, like ordinary scalar particles. However, we observe that the ghost fields are different from the Goldstone fields in this aspect.

The σ_{hh} is determined as σ_{hh} = − 1 4 (G^2Z · Z + 2g^2W^+ · W^−) − λ 4 v^2 − 3 4 λ(v + h)^2 . (53)

And the Hermitian transformation invariance is apparently. We observe that the σ_{hh} depends on the background vector fields.

The mass matrices have the form σ^{ab}_{0,V V} = dia{0, G^2(v + h)^2/4, g^2(v + h)^2/4, g^2(v + h)^2/4} and σ^{ij}_{0,ξξ} = dia{G^2(v + h)^2/4, g^2(v + h)^2/4, g^2(v + h)^2/4}. The background Higgs field h contributes to the mass matrices. Due to the gauge fixing term we have chosen, we observe that the vector boson, its corresponding Goldstone and ghost fields, have the same mass term, similar to the Feynman-’t Hooft gauge. The m^2_h is the mass of Higgs boson, which is determined as m^2_h = λv^2/2.

The mixing term between the vector and Goldstone bosons is a 4 × 3 matrix, and is determined as

↼ X μ,aj ξ = 0 −i^{g2 g′}_G (v + h)W^{−,μ} i^{g2 g′}_G (v + h)W^{+,μ} G∂^μh i^g_{2G} (g^2 − g^{′2})(v + h)W^{−,μ} −i^g_{2G} (g^2 − g^{′ 2})(v + h)W^{+,μ} −i^{g2}_2 (v + h)W^{+,μ} −g∂^μh −^1_2 igG(v + h)Z^μ 0 i^{g2}_2 (v + h)W^{−,μ} 0 −g∂^μh +^1_2 igG(v + h)Z^μ ,

while the matrix^⇀X^{μ,aj}_ξ is a 3×4 matrix and is just the re-

arrangement of the^↼X^{μ,aj}_ξ due to our Hermitian transformation (charge conjugate and transpose transformation), and here we do not rewrite it explicitly. The mixing term between vector and Higgs bosons is determined as

↼ X μ,a h = {0, − 1 2 G^2(v + h)Z^μ, − 1 2 g^2(v + h)W^{+,μ}, − 1 2 g^2(v + h)W^{−,μ}} .(54)

The mixing term^⇀X^{μ,a}_h is the rearrangement of the^↼X^{μ,a}_h and is omitted here. The mixing terms between Higgs and Goldstone bosons are determined as X^{α,i}_{hξ} = {−GZ^α, gW^{−,α}, gW^{+,α}} , (55) X^i_{hξ,0} = {− G 2 ∂ · Z, g 2 d · W^− − i 1 2 ( g^2 G − G)W^− · Z, g 2 d · W^+ + i 1 2 ( g^2 G − G)W^+ · Z}. (56)

The terms X^{α,i}_{ξh} and X^i_{ξh,0} are also the rearrangement of X_{hξ} and X_{hξ,0}, and are omitted here. To extract the mixing terms between Higgs and Goldstone bosons, we have used the EOM of vector fields given in Eqs. (27— 29).

It is an interesting fact that in both Weinberg’s derivative power counting rule and Georgi-Manohar’s power counting rule, those propagators and mixing matrices given in Eq. (43) are counted as 2;

There is one remarkable feature about the ghost term: in the Feynman-’t Hooft gauge we take, the U_{EM}(1) ghost does not decouple from interaction with other ghost fields. This is different from the common knowledge with pure Abelian gauge theories where ghosts are expected to decouple. The underlying reason is that the U_{EM}(1) ghost field is a mixture of the U_Y (1) and SU_L(2) ghosts and it couples to charged ghost fields while compatible with the principle of gauge invariance. Such a nondecouple behavior also help to cure the ambiguity in the gauge fixing when a theory with a semi-simple group symmetry has U (1) groups [59].

VI. EVALUATING THE TRACES AND LOGARITHMS

By diagonalizing the quantum vector fields, Goldstone fields, and Higgs fields successively, we can integrate out all quantum fluctuations by using the Gaussian integral [29]. And the L_{1−loop} can be concisely expressed as the traces and logarithms T r□_{vu} − 1 2 [ T r ln □_{V V} + T r ln □^′_{ξξ} + T r ln □^{′′}_{hh} ] , (57)

where

□^{′ij}_{ξξ} = □^{ij}_{ξξ} −^⇀X_ξ□^{−1}_{V V}^↼X_ξ , (58)

□^′_{hh} = □_{hh} −^⇀X_h□^{−1}_{V V}^↼X_h , (59)

□^{′′}_{hh} = □^′_{hh} − X^′_{hξ} □^{′−1}_{ξξ} X_{ξh} , (60)

X^′_{hξ} = X_{hξ} −^⇀X_h□^{−1}_{V V}^↼X_ξ , (61)

X^′_{ξh} = X_{ξh} −^⇀X_ξ □^{−1}_{V V}^↼X_h . (62)

Terms T r ln □^′_{ξξ} and T r ln □^{′′}_{hh} are dependent on the sequence as how to integrate quantum fields, and are determined by the following relations T r ln □^′_{ξξ} = T r ln □_{ξξ} +T r ln(1 −^⇀X_ξ□^{−1}_{V V}^↼X_ξ□^{−1}_{ξξ} ) , (63) T r ln □^{′′}_{hh} = T r ln □^′_{hh} +T r ln(1 − X^′_{hξ} □^{′−1}_{ξξ} X_{ξh}□^{′−1}_{hh} ) . (64)

In order to extract all divergences at one-loop level, we need to expand the Eq. (57) to exact propagator terms and interaction terms. Thanks to the gauge fixing terms given in Eqs. (39—41), we find that only the following terms can contribute the divergences

∫ x L_{1−loop} = T r□_{c̄c} − 1 2 [ T r ln □_{V V} + T r ln □_{ξξ} + T r ln □_{hh} − T r(^⇀X_ξ□^{−1}_{V V}^↼X_ξ□^{−1}_{ξξ} ) − T r(^⇀X_h□^{−1}_{V V}^↼X_h□^{−1}_{hh} ) −T r(X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} ) − 1 2 T r(X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} ) + · · · ] . (65)

Here the T r means to sum over space-time points, Lorentz indices, and group indices, respectively. Thanks to the property of the T r, the above equation clearly shows that divergences are independent of the sequence of integrating-out quantum fields. Even when finite terms are considered, this is also true. This is a pleasant result which confirms that the sequence to integrate out quantum fields has no physical meaning.

Since we only care about divergence structure, and we omit the finite terms by · · · . We would like to remark that each term in Eq. (65) corresponds to a series of Feynman diagrams. In principle, we can make a correspondence between Feynman diagrams and terms in Eq. (65), though it is cumbersome.

In both power counting rule, these terms can be counted as 0. So we must extract divergence structure from these terms, which should be counted as p^4 terms in the Weinberg’s power counting rule and dimension 4 in the Georgi-Manohar power counting rule.

VII. DIVERGENCES AND THE RENORMALIZABILITY AT ONE-LOOP LEVEL

To extract divergences, we need to introduce the third counting rule to count the superficial divergence degree of freedom, so that we can know which terms in the traces and logarithms contain divergences. When we calculate with the Schwinger proper time method in coordinate space, we introduce the following superficial divergence power counting rule

[∂_μ]_d = −1, [x_μ]_d = 1, [τ ]_d = 2, (66)

where the ∂_μ means the differential partial operator which might appear in the vertices, the x_μ means the vector in the coordinate space, the τ means the Schwinger proper time. The total divergence degree of a term depends on the number of integrals over the coordinate space, n_x, the number of proper time integrals, n_τ , the power index of the differential partial operators, v_d, the power index of coordinate vectors, v_x, and the power index of proper times, v_τ . For example, the number of integrals over the coordinate space ∫ x ∫ y is counted as 2, the number of integrals over the proper time integrals ∫ τ is counted as 1, the power index of ∂_x∂_y is counted as 2, the power index of x^μ_1 x^ν_2 is counted as 2, while the power index of τ_1τ^2_2 is counted as 3. At one-loop, after expressing each term given in Eq. (65 with exact propagators in the coordinate space, we observe the following superficial power counting rule

Ω = 4 − (n_x − 1)d − (2 − d/2) n_τ +v_d − 2 v_τ − v_x . (67)

Here d means the dimension of the space-time. There is only one integral in the coordinate space is taken as 4, while others integrated out are taken as d. Only positive Ω means divergence.

With this superficial divergence power counting rule, the traces and logarithms in Eq. (65) are badly divergent. However, the terms with Ω = 4 contribute to the vacuum and can be removed by a global normalization factor in path integral, and the terms with Ω = 2 can be reduced to logarithmic divergences in the dimensional regularization method. Therefore there are only logarithmic divergences which are physically meaningful.

Then by using the heat kernel method [37, 38] directly, we obtain the following divergence structures from the contributions of T r ln □ in the Eq. (65)

1 2 ϵ̄T r ln □_{V V} = − 20g^2 3 H_1 −

(2g^4 + G^4) 16 (v + h)^4 , (68)

1 2 ϵ̄T r ln □_{ξξ} = + g^2 12 H_1 + g^{′2} 12 H_2 + 1 12 L_1 − 1 24 L_2 − 1 24 L_3 − 1 12 L_4 − 1 24 L_5 + G^2g^{′ 2} 16 (v + h)^2Z · Z + g^2(G^2 + g^2) 32 (v + h)^2W^+ · W^− − 3 4 (∂^2h)^2 (v + h)^2 + ∂^2h 4(v + h) ( 2g^2W^+ · W^− + G^2Z · Z ) − 1 8 (2g^2 + G^2)(v + h)∂^2h − 1 64 (G^4 + 2g^4)(v + h)^4 , (69)

1 2 ϵ̄T r ln □_{hh} = − 1 16 L_5 + 1 32 λ[v^2 − 3(v + h)^2](G^2Z · Z + 2g^2W^+ · W^−) + 3 32 λ^2v^2(v + h)^2 − 9 64 λ^2(v + h)^4 − 1 16 λ^2v^4 , (70)

− ϵ̄T r ln □_{vu} = = − 2g^2 3 H_1 +

G^4 + 2g^4 32 (v + h)^4 , (71)

where 16π^2/ϵ̄ = (2/ϵ − γ_E + ln(4π^2), γ_E is the Euler constant, and ϵ = 4−d. For the convenience to construct counter terms, we have deliberately add a sign in each term in the Eq. (65). In the Eq. (69), we would like to mark terms proportional to (∂^2h), which are impossible to be extracted if we work in the momentum space.

The divergence terms from the mixing terms with two propagators are calculated by using the technique shown in [49] and are given as

− ϵ̄ 2 T r(^⇀X_ξ□^{−1}_{V V}^↼X_ξ□^{−1}_{ξξ} ) = g^2g^{′2} 8 Z · Z(v + h)^2 − g^2 + G^2 8 (v + h)^2(G^2Z · Z + 2g^2W^+ · W^−) − 1 2 (2g^2 + G^2)∂h · ∂h , (72)

− ϵ̄ 2 T r(^⇀X_h□^{−1}_{V V}^↼X_h□^{−1}_{hh} ) = − g^2g^{′2} 8 Z · Z(v + h)^2 − g^2 8 (v + h)^2(G^2Z · Z + 2g^2W^+ · W^−) , (73)

− ϵ̄ 2 T r(X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} ) = − 1 2 (t_{BB1} + t_{BB2} + t_{BC} + t_{CC}) , (74)

t_{BB1} = − g^2 6 H_1 − g^{′ 2} 6 H_2 + 1 6 L_1 + 1 6 L_2 + 1 6 L_3 + 1 6 L_4 − 1 6 L_5 − 1 2 ( g^2 G^2

− 1)^2L_6 + 1 2 ( g^2 G^2

− 1)^2L_{10} −

G^2 4 (∂ · Z)^2 − g^2 2 (d · W^+)(d · W^−) −i g^2g^{′2} G [(d · W^+)(W^− · Z) − (d · W^−)(W^+ · Z)] , (75)

t_{BB2} = − 1 4 L_2 − 1 4 L_3 − 1 2 L_4 + 1 4 L_5 − 1 16 (v + h)^2(2g^4W^+ · W^− + G^4Z · Z) − 3λ 16 (v + h)^2(2g^2W^+ · W^− + G^2Z · Z) + λ 16 v^2(2g^2W^+ · W^− + G^2Z · Z) − 1 4(v + h)

(2g^2W^+ · W^− + G^2Z · Z)∂^2h , (76)

t_{BC} = ( g^2 G^2

− 1)^2L_6 − ( g^2 G^2

− 1)^2L_{10} +

G^2 2 (∂ · Z)^2 + g^2(d · W^+)(d · W^−) −i g^2g^{′ 2} G [(d · W^+)(W^− · Z) − (d · W^−)(W^+ · Z)] , (77)

t_{CC} = − 1 2 ( g^2 G^2

− 1)^2L_6 + 1 2 ( g^2 G^2

− 1)^2L_{10} −

G^2 4 (∂ · Z)^2 − g^2 2 (d · W^+)(d · W^−) +i g^2g^{′2} 2G [(d · W^+)(W^− · Z) − (d · W^−)(W^+ · Z)] . (78)

Here the term proportional to ∂^2h in Eq. (76) comes from the σ_{ξξ}, and it is impossible to find such a compact divergence term if we work in momentum space.

Due to the derivative coupling between the Goldstone and Higgs boson, the term with four propagators (two Goldstone and two Higgs propagators) also contributes divergences, which can be extracted out and given as

− ϵ̄ 4 T r(X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} X_{hξ} □^{−1}_{ξξ} X_{ξh}□^{−1}_{hh} ) = − 1 12 L_4 − 1 24 L_5 . (79)

In the Weinberg’s power counting rule, these divergences are counted as p^4 due to the proper momentum assignment on the dimensionless couplings. While in Georgi- Manohar’s power counting rule, these divergences are counted as dimension 4. In these intermediate results, there are extra divergence structures as shown by those L_i. These extra intermediate divergence structures are defined as

L_1 = gg^′ 2 B_{μν} tr(T W^{μν} ) , (80)

L_2 = i g^′ 2 B_{μν} tr(T [V^μ, V^ν ]) , (81)

L_3 = itr(W_{μν} [V^μ, V^ν ]) , (82)

L_4 = [tr(V_μV_ν )]^2 , (83)

L_5 = [tr(V_μV^μ)]^2 , (84)

L_6 = tr(V_μV_ν )tr(T V^μ)tr(T V^ν) , (85)

L_7 = tr(V_μV^μ)[tr(T V^ν)]^2 , (86)

L_8 = g^2 4 [tr(T W_{μν} )]^2 , (87)

L_9 = i g 2 tr(T W_{μν} )tr(T [V^μ, V^ν ]) , (88)

L_{10} = 1 2 [tr(T V_μ)tr(T V_ν )]^2 . (89)

These operators have been used to construct the set of complete operators of the EWCL when C, P, T, and CP discrete symmetries are conserved [3, 4].

To sum over all contributions yields the following total divergence structures as

ϵ̄D_{tot} = − 43g^2 6 H_1 + g^{′2} 6 H_2 − 3 16 L_5 − 3 32 (2g^2 + G^2)(v + h)^2(G^2Z · Z + 2g^2W^+ · W^−) + 3 8(v + h)

∂^2h(G^2Z · Z + 2g^2W^+ · W^−) − 3 64 (2g^4 + G^4 + 3λ^2)(v + h)^4 − λ^2 64 v^4 +

3λ^2 32 v^2(v + h)^2 − 1 2 (2g^2 + G^2)∂h · ∂h − 1 8 (2g^2 + G^2)(v + h)∂^2h −

3(∂^2h)^2 4(v + h)^2

. (90)

It is remarkable that terms related with the EOM of classic vector fields are exactly eliminated out, and there is no trace of it at all. However, here we observe there are some extra divergences, like L_5, ∂^2h(G^2Z · Z + 2g^2W^+ · W^−), and (∂^2h)^2, etc., which can not be eliminated. Terms proportional to ∂^2h are beyond the reach of the perturbation calculation method in the momentum space.

If we stop here, then it seems that our calculation procedure can not demonstrate the renormalizability of the renormalizable theory, therefore it should be rejected as a proper method to construct divergences of EWCL. Fortunately, in the background field method, we can use the EOM of classic fields. By using the linear realized Higgs model as a guide and using the EOM of the Higgs field given in Eq. (30) carefully, the total divergence structure can be reformulated as

ϵ̄D_{tot} = − 43 6 g^2H_1 + 1 6 g^{′ 2}H_2 −

2g^2 + G^2 8 (v + h)^2(G^2Z · Z + 2g^2W^+ · W^−) − 2g^2 + G^2 2 ∂h · ∂h + 1 32 (6λ + 2g^2 + G^2)λv^2(v + h)^2 − 1 64 [(6g^4 + 3G^4) + (2g^2 + G^2)λ + 12λ^2](v + h)^4 − 1 16 λ^2v^4 . (91)

We observe that all the extra divergence structures L_i and ∂^2h are eliminated out. This just indicates that the extra divergence structure just cancel out exactly with each other, and even the terms like (∂Z)^2 do not appear in the total divergence structures. This is exactly the meaning of the renormalizability. Even no extra gauge fixing term of the background fields should be added to the Lagrangian, and the equations of motion of the background fields are sufficient. This is a pleasant result and really support our renormalization procedure.

By using the reverse Stueckelberg transformation [36], the background Goldstone fields (the longitudinal component of the vector bosons) can be restored in the Lagrangian. Therefore the Lagrangian contains the correct dynamic degrees of freedom at low energy region. It is interesting to observe that these divergence terms (counter terms) are counted as p^4 in the Weinberg’s power counting rule and simply dimension 4 operators in the Georgi- Manohar’s power counting rule. In Weinberg’s power counting rule, these p^4 divergences can be absorbed by refining operator’s renormalization constants, which induce the anomalous dimension matrix among operators;

while in the Georgi-Manohar’s power counting rule, these divergences of dimension 4 operators can be absorbed by redefining the renormalization constants of fields, couplings and mass parameter, like the standard renormalization procedure.

Here we would like to point out that in order to justify the perturbation method, in the realistic consideration, even we can define both these two power counting rules in our theory, we must require that all couplings in the loop expansion should be weak couplings in order to guarantee the validity of the perturbation expansion.

There are terms which contribute to the vacuum. After using the normalization of the partition functional, these terms can be eliminated out.

We would like to mention that the coefficients of H_1 and H_2 have the correct value which contribute to the β functions of the gauge couplings g and g^′, as calculated with a linearly realized Higgs doublet, respectively. According to the well known results [39, 40, 41], the β function of non-Abelian gauge theory can be expressed as g^3 16π^2 ( − 11 3 × 2 + 1 3 × 1 2 ) . (92)

While the β function of Abelian gauge theory can be expressed as g^{′3} 16π^2 ( 1 3 × 1 2 ) . (93)

Our results given in Eq. (91) agree with these well-known results.

One interesting observation is that the Goldstone particles only contribute half of quantities of a Higgs doublet. This can be read out from Eq. (69). In the nonlinear realized Higgs, another half comes from the Goldstone-Higgs mixing contribution, as shown in Eq. (75). To produce these correct β functions of gauge couplings also convince us that our renormalization procedure can be correct for the systematic renormalization of the EWCL.

Here we observe that the coefficients of the terms (v + h)^2(G^2Z ·Z +2g^2W^+ ·W^−)/8 and ∂h·∂h/2 are equal, and this is not accidental. If we reformulate the Lagrangian in its linear form, the combination of these two terms just yields the term (Dϕ)^† · (Dϕ). We have used this as a guideline to eliminate the ambiguity in the usage of the EOM of classic Higgs field.

VIII. DIVERGENCES OF O(p^2 ) WITHOUT A HIGGS BOSON

When the Higgs field is assumed to be decoupled from low energy phenomenology and only O(p^2) operators (in Weinberg’s power counting rule) are considered, the classic Lagrangian is modified as

L = −H_1 − H_2 + v^2 4 tr[V · V ] . (94)

After taking into account the quantization in the background field method, the active degree of freedom of the system includes quantum vector boson, quantum Goldstone boson, and ghost fields. By working in the mass eigenstates, the gauge fixing terms are determined as

L_{GF,A} = − 1 2 (∂ · ^A −ie(^W^− · W^+ − ^W^+ · W^−))^2 , (95)

L_{GF,Z} = − 1 2 (∂ · ^Z − 1 2 Gvξ_Z +i g^2 G (^W^− · W^+ − ^W^+ · W^−))^2 , (96)

L_{GF,W} = −(d · ^W^+ + 1 2 gvξ^+_W + i g^2 G Z · ^W^+ −i g^2 G W^+ · ^Z + ieW^+ · ^A) (d · ^W^− + 1 2 gvξ^−_W − i g^2 G Z · ^W^− +i g^2 G W^− · ^Z − ieW^− · ^A) . (97)

Compared with the case with a nonlinearly realized Higgs boson, these gauge fixing terms are obtained from Eqs. (39—41) by setting h = 0. These gauge fixing terms are covariant background field gauges when we rotate they back to weak interaction eigenstate basis. The bilinear terms of the quantum fluctuations can be expressed as

L_{quad} = − { 1 2 ^V^{†a}_μ □^{μν,ab}_{V V} ^V^b_ν + 1 2 ξ^{†i}□^{ij}_{ξ ξ}ξ^j +v^a□^{ab}_{vu}u^b + 1 2 ^V^{†,a}_μ^↼X^{μ,aj}_ξ ξ^j + 1 2 ξ^{†,i ⇀}X^{ν,ib}_ξ ^V^b_ν } . (98)

These operators can be obtained from Eq. (43) by setting h = 0. While other parts, like the gauge potential, etc, are not modified. After performing the path integral to integrate out all quantum fluctuations, the one-loop effective Lagrangian can be expressed as ∫ x L_{1−loop} = T r□_{c̄c} − 1 2 [ T r ln □_{V V} + T r ln □_{ξξ} −T r(^⇀X_ξ□^{−1}_{V V}^↼X_ξ □^{−1}_{ξξ} ) + · · · ] . (99)

After extracting divergences, we obtained the following divergence structure ϵ̄D_{tot} = − 29 4 g^2H_1 + 1 12 g^{′2}H_2 + 1 12 L_1 − 1 24 L_2 − 1 24 L_3 − 1 12 L_4 − 1 24 L_5 + 3(G^2 + g^2) 8 × v^2 4 tr[V · V ] − 3g^{′2} 8 × v^2 4 (T r[T V ])^2 − 3 64 (2g^4 + G^4)v^4 . (100)

We observe that without the help of the Higgs field, those divergences can not be eliminated out any more. Here we mark two facts: 1) The β functions of the gauge couplings are correct when we count the active degree of freedom. The β function of g is given as

β_g = g^3 16π^2 ( − 11 3 × 2 + 1 6 × 1 2 ) . (101)

The β function of g^′ is given as β_g′ = g^{′3} 16π^2 ( 1 6 × 1 2 ) . (102)

The β function of the v^2 is given as

β_v2 = v^2 8π^2 × ( 3(G^2 + g^2) 8 ) . (103)

2) The β functions for the anomalous couplings are completely determined by the evaluation of the exact Goldstone propagator, which can be formulated as

β_β = 1 8π^2 × (− 3g^{′2} 8 ) , (104)

β_{α1} = 1 8π^2 × 1 12 , (105)

β_{α2} = 1 8π^2 × (− 1 24 ) , (106)

β_{α3} = 1 8π^2 × (− 1 24 ) , (107)

β_{α4} = 1 8π^2 × (− 1 12 ) , (108)

β_{α5} = 1 8π^2 × (− 1 24 ) . (109)

By solving these RGE of the anomalous couplings, the logarithmic contributions of the heavy Higgs can be found and reproduce the ”screening” effects of Higgs [5, 30] to low energy phenomenology.

Due to our definition of the covariant differential operator given in Eq. (14) and Euclidean space, we observe several sign differences in our divergences when compared with the well-known results [3, 4, 27, 28, 29]. Compared with the well-known paper given by Appelquest and Wu

[6], our β parameter has a sign difference due to the Euclidean space, and our triple anomalous couplings have the opposite signs due to the definition of the covariant differential operator given in [6] has the following form V_μ = U^†∂_μU + iU^†W_μU − iB_μ . (110) After realizing these differences, we find complete agreements between our results and with these well-known results.

As matter of fact, sign differences existed in literatures are due to the fact there exist discrete symmetries in the definition of the partition functional g → ±g , g^′ → ±g^′ , v → ±v , (111) which can explain why there exist arbitrariness in the definition of the covariant differential operator. In the path integral, vector boson and Goldstone both are assumed to be real fields, there exists another type of discrete symmetries in the field definition which corresponds to the above discrete symmetries in couplings (here we regard v as a coupling) W → ∓W , B → ∓B , ξ → ∓ξ . (112) These symmetries cause convention problems in the anomalous couplings at O(p^4) order.

The fact that our renormalization procedure can reproduce the divergences of these O(p^2) operators reinforces our belief that our renormalization procedure is correct.

IX. BRST TRANSFORMATIONS

The BRST global transformation [59] is very important to formal proof of the renormalizability of the spontaneous symmetry breaking models and gauge independence of the S-matrix. Here we ask the question: in our calculation procedure with nonlinear realization, is there such a global transformation? The answer is yes. Below we explicitly construct the BRST transformation in the BFM formalism in the nonlinearly realized Higgs model and in O(p^2). We have referred the BRST transformation without spontaneous symmetry breaking [64] and in the linearly realized Higgs doublet [65] for our construction.

We start with the BRST transformation with a linearly realized Higgs field. Due to the fact that in the background field method we can choose different gauges for the classic and quantum fields, the background Goldstone fields can be eliminated from the Lagrangian by choosing the unitary gauge for the background vector fields. So the Higgs field can be parameterized as Φ = 1 √ 2 ( 1(v + ρ + ^ρ) + iϕ̂^iT^i ) . (113)

The gauge fixing terms in this linearly realized Higgs field can be expressed as

F_Y = ∂ · B̂ + g^′(v + ρ)ϕ^3 , F^i_W = (δ^{ij} ∂ + gf^{ijk}W^j ) · Ŵ^k + g(v + ρ)ϕ^i . (114)

Here we notice that in these gauge fixing terms the SU_c(2) isospin symmetry originated from SU (2) has been explicitly broken by F_Y , so we can not rotate ϕ^1, ϕ^2, and ϕ^3(= ϕ^Z ) any more. Here we observe that the quantum fluctuation of Higgs field, ^ρ, does not enter into the gauge fixing terms.

For both the renormalizable linearly realized Higgs model and the EWCL up to O(p^2) operators, there exists a universal rotation matrix for all the gauge group parameters, quantum vector fields, ghost fields, which can be expressed as

c_w s_w 0 0 s_w −c_w 0 0 0 0^{1√}_2^{i√}_2 0 0^{1√}_2 −^{i√}_2 .

Then we observe that this rotation changes the functional measure with a trivial constant number, which is innocent and does not affect physics. After this rotation, the index of vector fields a changes from {Y, 3, 1, 2} to {A, Z, W^+, W^−}. While there are only three Goldstone, their index can be represented as i, which is changed from {3(Z), 1, 2} to {Z, W^+, W^−}, due to the remnant U_{EM}(1) symmetry. While the group structure constants f^{ijk} of SU (2) also are also changed and the new group structure constants g^{ijk} with indices as i = {Z, W^+, W^−} are determined by the commutation relations of generators, T^Z , T^+, and T^−.

[T^+, T^−] = T^3 , [T^3, T^+] = T^+ , [T^−, T^3] = T^− .(115)

We have g^{+−3} = g^{3++} = g^{−3−} = −g^{−+3} = −g^{+3+} = −g^{3−−} = 1.

The BRST transformation of the quantum system in the mass eigenstate basis can be formulated as

δ_BV̂^a_μ = −D^{ab}_μ (V + V̂ )u^b ,

δ_B u^a = − i 2 η^{ai}g^{ijk}ω^{jb}ω^{kc}u^bu^c , δ_B (ϕ^†)^i = −(v + ρ + ^ρ)(u^†)^aη^{ai} , δ_B ^ρ = 1 4 (u^†)^aη^{ai}ϕ^i ,

δ_B v^a = B^a , δ_B B^a = 0 . (116)

The charge conjugate has been added to guarantee the correct charge number for each equations. The i in the δ_B u^a indicates the change of from real fields to complex fields.

The η is a 4 × 3 matrix, which is given as

e 0 0 −^{g2}_G 0 0 0 g 0 0 0 g , and ω is a 3 × 4 matrix, which is given as

s_w −c_w 0 0 0 0 1 0 0 0 0 1 .

In order to guarantee the derivative power counting rule, the BRST transformation δ_B is assumed to change the power by the unit +1, and ghost fields are assumed to be [v]_p = [u]_p = 0. The matrix η contains the gauge couplings and [η]_p = 1 which guarantees that this power counting rule can hold. While for the mass dimension power counting rule, δ_B is also assumed to change the power by +1, and ghost fields are assumed to be [v]_m = [u]_m = 1. The matrix η is dimensionless in mass dimension power counting rule.

In both these two power counting rule, the matrix ω is dimensionless.

However, both these two assignments can not be consistent for the last equation. Anyway, after integrating out the auxiliary field B^a and using the on-shell condition for the u type ghost fields given as δF^a δα^{b̄} u^{b̄} = 0 , (117)

the Lagrangian enjoys the on-shell BRST transformation and can be consistent with both these two power counting rules.

As shown in [59], the ghost-BRST is sufficient for the demonstration on the perturbation renormalizability and gauge independence of S-matrix.

The relation between the linearly realized and nonlinearly realized Higgs and Goldstone fields are given as [36]

(v + ρ + ^ρ) + ϕ^iT^i = (v + h + ^h)U^{iζiT i} , (118)

with the relations between the component fields given as

ρ = (v + h) cos ζ − v , (119)

^ρ = ^h cos ζ , (120)

ϕ^i = (v + h + ^h)ζ̂^i sin ζ . (121)

Where ζ = √ ζ^{i,2}, and ζ̂^i = ζ^i/ζ. The ζ^i are the phase angle which parameterize the Goldstone fields with ζ^i = 2ξ/(v + h). By checking the gauge transformation of Higgs fields, the BRST transformation of quantum fluctuations in mass eigenstate basis is modified as

δ_BV̂^a_μ = −D^{ab}_μ (V + V̂ )u^b ,

δ_B u^a = − i 2 η^{ai}g^{ijk}ω^{jb}ω^{kc}u^bu^c , δ_B (ξ^†)^i = − 1 2 (v + h)(u^†)^aη^{ai} , δ_B^h = 0 , δ_B v^a = B^a , δ_B B^a = 0 . (122)

The reason for the δ_B^h = 0 can be easily understood: in the nonlinear form, ^h field is a SU (2) singlet. But the δ_B^h poses a new dilemma for both power counting rules if we want to assign powers to BRST transformation, compared with the case in the linear form given in Eq. (116), where both these two power counting rules sustain with on-shell ghost fields. However, the Lagrangian with a nonlinearly realized Higgs fields is consistent with the relation δ_B ^h = 0.

When the Higgs scalar decouples or there is no Higgs at all, the BRST transformation of quantum fluctuations in mass eigenstate basis in the EWCL up to O(p^2) is modified as

δ_BV̂^a_μ = −D^{ab}_μ (V + V̂ )u^b ,

δ_B u^a = − i 2 η^{ai}g^{ijk}ω^{jb}ω^{kc}u^bu^c , δ_B (ξ^†)^i = − 1 2 v (u^†)^aη^{ai} , δ_B v^a = B^a , δ_B B^a = 0 . (123)

These constructions just show that there is no difficulty to construct the BRST transformation even with nonlinear realization. However, the BRST transformation does not necessarily guarantee the renormalizability of the nonlinear realization of the spontaneous symmetry breaking for any higher loop order. Even in the nonlinearly realized Higgs boson, the Feynman rules of Goldstone bosons and the superficial divergence power counting rule make the renormalizability of the model obscure.

X. DISCUSSIONS AND CONCLUSIONS

In this paper, by using the dimensional regularization (a symmetry preserving regularization scheme) and Feynman-’t Hooft gauge in the background field method, we show how our calculation procedure can demonstrate the renormalizability of the nonlinearly realized Higgs in the SM, can produce correct β functions of gauge couplings, and can reproduce well-known results on the divergences of the O(p^2) operators in the EWCL. Compared with those calculations with Landau gauge [3, 4, 27, 28, 29], our results show that those divergences are gauge independent if a renormalizable gauge are taken. In the R_ξ gauge, the ordering of performing loop integrals and taking the limit ξ → ∞ can not be exchanged. This may explain why the divergences extracted by using the unitary gauge can not agree with other renormalizable gauges. We conclude that our method can serve as a reliable method to extract the divergences of the EWCL.

Below we would like remark on the regulation method existed in literatures. Reference [8, 9] introduces a Higgs field as a regulator, after renormalization the effective

Lagrangian the Higgs was taken to the decoupling limit. This procedure can not produce the correct β functions of gauge couplings and anomalous couplings of the EWCL without a Higgs, since the basic degree of freedoms are different before and after the decoupling limit. A careful matching must be made between the EWCL with a Higgs and the EWCL without a Higgs. Only after this matching procedure, the β functions for anomalous couplings can be correctly obtained.

In the Slavnov’s scheme[66], higher dimensional covariant operator are introduced as a regulator. Such a regularization scheme has been used by J. J. van der Bij and B. Kastening [15] to study the radiative correction of two point functions in the EWCL. By using the standard superficial divergence counting rule, it is obviously that this regularization method can improve the divergence power counting behavior but can not lead to a consistent treatment to all divergences in the theory [67]. The biggest trouble is that it can not produce the correct β function for the gauge couplings in the renormalizable gauge theory, as pointed out in [67, 68], which also means the breaking of unitarity of the S-matrix. For us, to use it as a regulator to nonlinear gauged sigma model seems to be more problematic.

Recently, Y.L. Wu has proposed [69] a new symmetry preserving regularization scheme. Whether this scheme can be used to perform systematic renormalization of low energy QCD chiral Lagrangian or EWCL needs further study.

About our renormalization procedure, there are two remarks on it:

1) Although we have explicitly demonstrate the renormalizability at one-loop level, and have constructed the BRST transformation formally, it is reasonable to ask whether the renormalizability in this calculation is accidental or necessary, like the one-loop renormalizability for the gravity? Can it work at two-loop level or higher? These questions are worthy of our future study.

2) Due to the semi-simple structure of the SU (2)×U (1) symmetry, and the symmetry breaking pattern SU (2) × U (1) → U (1), in the vector sector and ghost sector, we can have both the weak interaction eigenstates and mass eigenstates. It is natural to ask whether our calculation procedure in the weak interaction eigenstates are also viable. In weak interaction eigenstate basis, the BRST of SU (2) × U (1) can be more easily constructed. In principle, although massless vector fields theory has the problem of infrared divergences, when we only consider the ultraviolet divergences, it is possible to calculate in the weak interaction eigenstate basis. The computation in the weak interaction eigenstates is worthy of examination in our future work.

By using these concepts and methods, we will explore the systematic renormalization of the EWCL in our future works [31].

Acknowledgments

The author would like to thank Prof. M. Tanabashi for helpful and stimulating discussions. The author also would like to thank Prof. K. Hagiwara for his constant encouragement during this project. The work is supported by the JSPS fellowship program.

[1] T. Appelquist and C. W. Bernard, Phys. Rev. D 22, 200 (1980).

[2] T. Appelquist and C. W. Bernard, Phys. Rev. D 23, 425 (1981).

[3] A. C. Longhitano, Phys. Rev. D 22, 1166 (1980). [4] A. C. Longhitano, Nucl. Phys. B 188, 118 (1981). [5] T. Appelquist, Print-80-0832 (YALE) Based on lectures presented at the 21st Scottish Universities Summer School in Physics, St. Andrews, Scotland, Aug 10-30, 1980 [6] T. Appelquist and G. H. Wu, Phys. Rev. D 48, 3235 (1993) [arXiv:hep-ph/9304240].

[7] A. De Rujula, M. B. Gavela, P. Hernandez and E. Masso, Nucl. Phys. B 384, 3 (1992).

[8] K. Hagiwara, S. Ishihara, R. Szalapski and D. Zeppenfeld, Phys. Lett. B 283, 353 (1992).

[9] K. Hagiwara, S. Ishihara, R. Szalapski and D. Zeppenfeld, Phys. Rev. D 48, 2182 (1993).

[10] C. P. Burgess and D. London, Phys. Rev. Lett. 69, 3428 (1992).

[11] C. P. Burgess and D. London, Phys. Rev. D 48, 4337 (1993) [arXiv:hep-ph/9203216].

[12] P. Hernandez and F. J. Vegas, Phys. Lett. B 307, 116 (1993) [arXiv:hep-ph/9212229].

[13] C. P. Burgess, S. Godfrey, H. Konig, D. London and I. Maksymyk, Phys. Rev. D 50 (1994) 7011 [arXiv:hep-ph/9307223].

[14] S. Dawson and G. Valencia, Nucl. Phys. B 439, 3 (1995) [arXiv:hep-ph/9410364].

[15] J. J. van der Bij and B. M. Kastening, Phys. Rev. D 57, 2903 (1998) [arXiv:hep-ph/9708438].

[16] S. Weinberg, PhysicaA 96 (1979) 327.

[17] S. Weinberg, “The Quantum theory of fields. Vol. 1:

Foundations,” [18] H. Georgi, Annu. Rev. Nucl. Part. Sci. 43 (1993) 209. [19] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev.

Mod. Phys. 68, 1125 (1996) [arXiv:hep-ph/9512380]. [20] J. Gasser and H. Leutwyler, Annals Phys. 158 (1984) 142.

[21] J. Gasser and H. Leutwyler, Nucl. Phys. B 250 (1985) 465.

[22] M. B. Einhorn and J. Wudka, NSF-ITP-92-01 Invited talk given at Workshop on Electroweak Symmetry Breaking, Hiroshima, Japan, Nov 12-15, 1991 [23] M. B. Einhorn and J. Wudka, UM-TH-92-25 Slightly embellished version of a talk given at Yale Workshop on Future Colliders, Oct 2-3, 1992 [24] T. D. Lee and C. N. Yang, Phys. Rev. 128 885 (1962). [25] M. J. G. Veltman, UM-TH-92-16 Invited talk given at 3rd Int. Symp. on the History of Particle Physics, Stanford, CA, Jun 24-27, 1992 [26] S. Weinberg, Phys. Rev. D 7, 1068 (1973). [27] M. J. Herrero and E. Ruiz Morales, Nucl. Phys. B 418, 431 (1994) [arXiv:hep-ph/9308276].

[28] M. J. Herrero and E. Ruiz Morales, Nucl. Phys. B 437,

319 (1995) [arXiv:hep-ph/9411207].

[29] S. Dittmaier and C. Grosse-Knetter, Nucl. Phys. B 459, 497 (1996) [arXiv:hep-ph/9505266].

[30] M. J. G. Veltman, Acta Phys. Polon. B 8, 475 (1977). [31] S. Dutta, K. Hagiwara and Q. S. Yan, in preparation. [32] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984).

[33] B. S. DeWitt, Phys. Rev. 162, 1195 (1967). [34] B. S. DeWitt, Phys. Rev. 162, 1239 (1967). [35] E. C. G. Stuckelberg , Helv. Phys. Acta 11 (1933) 299. [36] C. Grosse-Knetter and R. Kogerler, Phys. Rev. D 48, 2865 (1993) [arXiv:hep-ph/9212268].

[37] I. G. Avramidi, Lect. Notes Phys. M64, 1 (2000). [38] D. V. Vassilevich, Phys. Rept. 388, 279 (2003) [arXiv:hep-th/0306138].

[39] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973).

[40] H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973). [41] G. ’t Hooft, Nucl. Phys. B 62, 444 (1973). [42] J. Bijnens, G. Colangelo and G. Ecker, JHEP 9902 (1999) 020 [arXiv:hep-ph/9902437].

[43] J. Bijnens, G. Colangelo and G. Ecker, Annals Phys. 280 (2000) 100 [arXiv:hep-ph/9907333].

[44] A. E. M. van de Ven, Nucl. Phys. B 378, 309 (1992). [45] J. P. Bornsen and A. E. M. van de Ven, Nucl. Phys. B 657, 257 (2003) [arXiv:hep-th/0211246].

[46] M. Tanabashi, Phys. Lett. B 316, 534 (1993) [arXiv:hep-ph/9306237].

[47] M. Harada and K. Yamawaki, Phys. Rept. 381 (2003) 1 [arXiv:hep-ph/0302103].

[48] Q. S. Yan and D. S. Du, Phys. Rev. D 69, 085006 (2004); [49] S. Dutta, K. Hagiwara and Q. S. Yan, Nucl. Phys. B 704, 75 (2005).

[50] I. Jack and H. Osborn, Nucl. Phys. B 207, 474 (1982). [51] K. A. Woodhouse, Nuovo Cim. A 23, 459 (1974). [52] C. G. . Callan, S. R. Coleman, J. Wess and B. Zumino, Phys. Rev. 177, 2247 (1969).

[53] M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164, 217 (1988).

[54] R. Haag, Phys. Rev. 112, 669 (1958).

[55] H. B. Nielsen and P. Olesen, Nucl. Phys. B 61, 45 (1973). [56] R. Alkofer and L. von Smekal, Phys. Rept. 353, 281 (2001) [arXiv:hep-ph/0007355].

[57] T. Kugo and I. Ojima, Prog. Theor. Phys. Suppl. 66, 1 (1979).

[58] N. Nakanishi and I. Ojima, World Sci. Lect. Notes Phys.

27, 1 (1990).

[59] C. Becchi, A. Rouet and R. Stora, Annals Phys. 98, 287 (1976).

[60] J. Polchinski, “String theory. Vol. 1: An introduction to the bosonic string,” [61] L. Baulieu and J. Thierry-Mieg, Nucl. Phys. B 197, 477 (1982).

[62] J. Gomis, J. Paris and S. Samuel, Phys. Rept. 259, 1 (1995) [arXiv:hep-th/9412228].

[63] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976) [Erratum-ibid.

D 18, 2199 (1978)].

[64] H. Kluberg-Stern and J. B. Zuber, Phys. Rev. D 12, 482 (1975).

[65] A. Denner, G. Weiglein and S. Dittmaier, Nucl. Phys. B 440, 95 (1995) [arXiv:hep-ph/9410338].

[66] A.A. Slavnov, Theor. Math. Phys. 33 (1977) 977; L. D.

Faddeev and A.A. Slavnov, Gauge Fields, introduction to quantum theory, Second Edition (Benjamin, Reading

1990).

[67] C. P. Martin and F. Ruiz Ruiz, Nucl. Phys. B 436 (1995) 545 [arXiv:hep-th/9410223].

[68] J. H. Leon, C. P. Martin and F. Ruiz Ruiz, Phys. Lett.

B 355 (1995) 531 [arXiv:hep-ph/9507443].

[69] Y. L. Wu, Mod. Phys. Lett. A 19, 2191 (2004) [arXiv:hep-th/0311082].