arXiv:hep-ph/0407053 v3 10 Dec 2004

MZ-TH/04-06 hep-ph/0407053

Consistent Dyson summation of Higgs propagators in nonlinear parameterizations revisited

Christian Schwinn^a

Institut für Physik, Johannes-Gutenberg-Universität, Staudingerweg 7, D-55099 Mainz, Germany

July 5, 2004, revised November 17, 2004

Abstract. As we demonstrate in a process independent way, in a nonlinear parameterization of the scalar sector of the standard model the Dyson summation of the Higgs self energy can be performed without violating the Ward Identities. This implies also the Goldstone boson equivalence theorem, in the limited range of its validity in effective field theories. This proves an earlier conjecture of Valencia and Willenbrock. Furthermore, the full Higgs propagator is independent of the gauge parameters. These results are consistent with the extension of the ‘gauge flip’ formalism for the construction of gauge invariant classes of Feynman diagrams to loop diagrams. In a nonlinear parameterization of a 2-Higgs doublet model, the consistent Dyson summation is possible for all neutral Higgs bosons, but not for the charged scalars. Explicit examples of the equivalence theorem are discussed both in the minimal standard model and a two-Higgs doublet model.

PACS. 11.15.Ex Spontaneous breaking of gauge symmetries – 12.15.-y Electroweak interactions – 14.80.Cp Non-standard-model Higgs bosons – 11.15.Bt General properties of perturbation theory

1 Introduction

Despite the phenomenological success of the electroweak standard model (SM), the underlying mechanism of electroweak symmetry breaking remains to be verified experimentally. Assuming this symmetry breaking is implemented in nature by the Higgs mechanism, one of the main goals of the next generation of collider experiments will be the study of the Higgs sector [1]. An extended Higgs sector is predicted for instance by the minimal supersymmetric standard model that involves a specific two Higgs doublet model (2HDM). The determination of the couplings of the Higgs bosons makes it necessary to consider processes with up to six or eight fermions in the final state for which a complete calculation of radiative corrections is currently not viable.

An useful tool to probe the symmetry breaking sector of the SM is the Goldstone boson equivalence theorem (ET) [2,3,4,5] that relates scattering amplitudes of longitudinally polarized massive gauge bosons to that of the associated Goldstone bosons (GBs). In the heavy Higgs limit, one can further replace internal gauge boson lines by GBs [6], allowing to simplify higher order calculations of heavy Higgs effects [7].

a schwinn@thep.physik.uni-mainz.de

Calculations of cross sections involving resonant Higgs bosons require a careful treatment of the Higgs-resonance, especially since the width depends strongly on the Higgs mass. As is well known for massive gauge bosons, the violations of gauge invariance from inconsistent prescriptions for finite width effects can lead to dramatic errors in the calculations of cross sections. It has been shown that fermionic self energy contributions can be resummed consistently [8] if the fermionic corrections to irreducible vertices are evaluated at the same order of perturbation theory. For the Higgs self energy, however, the fermionic contributions will be not sufficient in the mass region m_H > 2m_W where decay into gauge bosons gives the dominant contribution to the the Higgs width. A consistent treatment of the bosonic contributions is possible in the framework of the background field gauge [9] that requires a calculation of the complete radiative corrections at a fixed loop order which is presently not viable for the multifermion final states relevant for the measurement of the Higgs boson couplings. While a dependence on the quantum gauge parameter remains, in the Feynman gauge the background field gauge reproduces the results of the pinch technique [10]. Other suggested schemes for the treatment of unstable particles include the pole scheme [11] and the use of an effective Lagrangian including Wilson lines [12]. Recently an approach based on collinear effective field theory has been proposed [13] that has not yet been applied to realistic calculations. For suggested schemes for the treatment of the Higgs resonance see e.g. [14,15,16,17,18].

The compatibility of the Dyson summation of the Higgs propagator with the equivalence theorem has been discussed by Valencia and Willenbrock [14]. Since the ET holds order by order in perturbation theory while the Dyson summation mixes different orders, one cannot expect that the ET holds in a ‘naive’ way when finite widths are introduced. Indeed, as has been demonstrated in [14], a careful treatment of vertex corrections and non resonant contributions is necessary to establish the ET in the Higgs resonance region. It was conjectured in [14] that the situation is simpler in a nonlinear parameterization of the SM [19] and a ‘naive’ version of the ET is satisfied i.e. the gauge boson and the Goldstone boson amplitude agree manifestly, also after introduction of a finite Higgs width and without taking vertex corrections into account. It is plausible that such a simplification occurs in a nonlinear parameterization where the Higgs boson transforms trivially under gauge transformations and Becchi-Rouet- Stora-Tuytin (BRST) transformations, allowing to construct effective field theories without [19] or with a nonstandard Higgs boson [20,21]. Thus one can expect that Feynman diagrams involving Higgs bosons can be consistently treated separately from those without Higgs bosons. Indeed, using the ‘gauge flip’ formalism for the construction of gauge invariant classes (GICs) of tree level Feynman diagrams [22], a classification of GICs of tree level diagrams in the nonlinearly parameterized SM (NL-SM) in terms of the number of internal Higgs bosons has been given in [23].

In a nonlinear parameterization, such a decomposition of the amplitude need not respect the good high energy behaviour implied by partial wave unitarity, despite being gauge invariant. Also the applicability of the ET is limited [5] compared to linear parameterizations. Nevertheless, disentangling the Higgs diagrams from the more involved gauge boson contributions and using the ET to work with the simpler GB amplitudes allows a more transparent discussion of the unitarity violations induced by a finite Higgs width. This has been used in [15] to obtain a simple prescription for the Higgs propagator including a running width without violating unitarity in gauge boson scattering. Such a prescription is applicable in tree level calculations and can be implemented in computer programs for the generation of scattering matrix elements. The prescription of [15] has also proven useful to obtain unitarity bounds on couplings of a non-standard Higgs boson [21].

In this note, we revisit the properties of Higgs propagators in nonlinearly parameterized scalar sectors, providing a first example for the conjectured extension of the ‘flip’ formalism to loop diagrams [22]. While a formal proof of this formalism on the one loop level will be given elsewhere [24,25], in this note we use it as an intuitive tool and give direct proofs for the properties suggested by this formalism.

In section 2 we review the formalism of flips and its extension to loop diagrams [24,25]. Applied to the Higgs resonance in the NL-SM, the flip formalism is consistent with the conjecture of [14] and, in addition, with gauge parameter independence of the Higgs propagator. In section 3 we discuss the ET in the NL-SM and the high energy behaviour of indvividual GICs. In section 4 we give a formal proof and a one loop example for gauge parameter independence of the Higgs propagator in the NL-SM, including a discussion of H-Z mixing induced by CP violation. In section 5 we extend our analysis to a nonlinear parameterization of the 2HDM [28]. We show that a consistent Dyson summation can only be performed for the neutral Higgs bosons, including the CP odd scalar while it is inconsistent for the charged Higgs bosons. We give an explicit example for the violation of the naive ET by the width of the charged Higgs bosons.

2 Flips, Groves and the Higgs resonance

2.1 Gauge invariant classes of tree diagrams

Let us briefly review the formalism of [22] for the determination of GICs of tree diagrams and the application to nonlinearly parameterized scalar sectors [23], before we describe its extension to loop diagrams and implications for the description of the Higgs resonance in subsection 2.2. GICs are defined as subsets of Feynman diagrams contributing to a scattering matrix element that satisfy the appropriate Ward Identities (WIs) by themselves and are gauge parameter independent. GICs can also be defined for Green’s functions with off-shell particles [23] but the relevant definition involving the Slavnov Taylor Identities (STIs) is rather technical and will not be reproduced here.

In [22] it has been realized that the problem of constructing GICs of tree diagrams can be solved recursively by considering minimal sets of 4-point sub-diagrams that satisfy the appropriate WIs. In an unbroken gauge theory they are given by:

G_{4,2F} = , , (2.1a)

G_4 = , , , (2.1b)

The construction of GICs is based on defining elementary ‘gauge flips’ as exchanges of diagrams in these sets. Gauge flips among larger diagrams are defined by applying elementary flips to sub-diagrams. For instance, the five point diagrams

⇔ ⇔

⇔ ⇔ (2.2)

are connected by elementary gauge flips, as denoted by a double arrow. This procedure of ‘flipping’ gauge bosons through diagrams is in fact a formalization of the prescription to insert a gauge boson at all possible places into a diagram, familiar from the diagrammatic proof of the WI in QED. It should be noted, however, that the gauge flips have to be applied both to external and internal gauge bosons present in Feynman diagrams. A set of diagrams like (2.2) that is closed under the application of flips—i.e. all diagrams in the set are connected by gauge flips and no diagram outside the set can be obtained by a gauge flip— is called a ‘grove’. As was shown in [22], groves are the minimal GICs of tree diagrams. Examples for the structure of groves in the electroweak SM can be found in [22, 23].

To apply the flip-formalism to the Higgs resonance, we need the the correct form of the gauge flips in spontaneously broken gauge theories. If the scalar sector of the SM is parameterized linearly, it turns out that Higgs boson exchange diagrams have to be included in the gauge flips in addition to (2.1) while they can be omitted in a nonlinear parameterization [23]. Therefore a flip

, , Z

⇔ H (2.3)

is absent in the NL-SM but has to be included in a linear parameterization. Here and in the following, plain lines denote arbitrary particles. We take it as understood that in an R_ξ gauge the appropriate diagrams with internal GBs have to be included in addition. The complete list of elementary gauge flips in nonlinear parameterizations of general Higgs sectors can found in [23]. We will give some details on the formal reason for this simplification of the gauge flips at the end of this subsection. The absence of the flip (2.3) leads to the emergence of additional GICs in the NL-SM that can be classified according to the number of internal Higgs bosons [23]. This property will also be proven using a different formalism in section 3 where it is used to proof the simplification of the ET observed in [14].

As an example for the decomposition of an amplitude into groves, consider the tree level diagrams contributing to the process e^+e^− → b̄bZ when the Higgs coupling to the electrons is set to zero. In the NL-SM they fall into three groves:

G_t = γ/Z e^− b

e^+ Z b̄ , γ/Z e^− Z

e^+ b̄ b

(2.4a)

G_s = γ/Z e^− b

e^+ b̄ Z , γ/Z e^− b

e^+ b̄ Z

(2.4b)

G_H = Z H e^− b

e^+ Z b̄ (2.4c)

In a linear parameterization, there is a flip connecting the ‘Higgsstrahlung’ diagram G_H to the diagrams in G_t, so only two groves remain.

In order to be able to obtain the gauge flips in the 2HDM in section 5, we have to review the formal reason for the simplification of the gauge flips in nonlinear parameterizations. In a spontaneous broken gauge theory in R_ξ gauge, the diagrams that have to be taken into account in the definition of the elementary gauge flips are determined by the requirement that all corresponding four point diagrams with external GBs also satisfy the appropriate WIs [23]. The tree level Higgs interaction vertex functions in the NL-SM satisfy the simple WIs (here V_a=W^±, Z and ϕ_a are the associated GBs) ip_{aμ}Γ^{μν}_{VaVbH} + m_{Va} Γ^ν_{ϕaVbH} = 0 (2.5a) ip_{aμ}Γ^μ_{VaϕbH} + m_{Va} Γ_{ϕaϕbH} = 0 (2.5b) For a formal derivation of these identities and our notation used for vertex functions see appendix A.1. Since the identities (2.5) don’t require the Higgs to be on shell, they imply that the Higgs exchange diagram in (2.3) and the corresponding diagram with one external GB satisfy a WI by themselves. Therefore the gauge flip (2.3) can be omitted in the NL-SM. In a linear parameterization, there are additional terms contributing to (2.5) and the flip (2.3) cannot be omitted.

2.2 Groves of loop diagrams and application to the Higgs resonance

The action of gauge flips can be extended to loop diagrams [24], taking into account that the external legs of

4-point sub-diagrams can be connected to form a closed loop. A computer program mangroves for the determination of groves of loop diagrams is currently in preparation [24]. It is plausible to conjecture [22] that the groves obtained in this way are the minimal GICs of loop diagrams, since one doesn’t expect that for loop diagrams a finer partitioning of the amplitude into GICs will be possible than at tree level. Here we don’t attempt a formal proof [25] but take the attitude that groves are sensible candidates for minimal GICs of loop diagrams. As an example of a grove of loop diagrams, consider the one loop quark gluon vertex in QCD where the application of the flips (2.1) results in the set of diagrams (we take it as understood that the appropriate ghost contributions have to be included in addition)

⇔

, ,

, (2.6)

The diagrams in (2.6) should be considered as part of a larger diagram so in general it will be necessary to ‘flip’ the gauge boson lines further through the complete diagram. Since there is no flip connecting the vertex correction to the fermion-loop diagrams contributing to the vacuum polarization, these diagrams form a separate grove. Therefore in this example the flip-formalism is consistent with the fermion-loop scheme [8].

Applying the flip formalism to the Higgs resonance, we immediately find that the Higgs self energy and the vertex corrections are not connected by gauge flips in the NL-SM because the Higgs exchange diagrams are not included in the elementary gauge flips (2.3):

⇎ (2.7) This property is independent of the external particles attached to the Higgs propagators. Similarly, there are no flips to irreducible higher order contributions to the self energy:

⇎ (2.8) Provided the identification of groves with minimal GICs holds for loop diagrams, the results of the flip formalism therefore indicate that a resummation of the self energy insertions without including vertex corrections or higher order contributions to the self energy doesn’t violate WIs or gauge parameter independence. Since the ET is a consequence of the WIs and the kinematical properties of the longitudinal gauge boson polarization vector, this is consistent with the conjecture of [14]. In contrast, the gauge flip (2.3) has to be included in a linear parameterization so that vertex corrections and irreducible contributions to the self energy consistently have to be considered at the same loop order. The gauge parameter independence of the Higgs propagator has not been discussed in [14] and will be treated in more detail in section 4.

3 Goldstone boson equivalence theorem and the Higgs resonance

Using the formalism of gauge flips, we have motivated that the Dyson summation of the Higgs resonance in the NL- SM doesn’t violate WIs or the Goldstone boson equivalence theorem, in agreement with the conjecture of [14]. Before providing a general proof in subsection 3.2, we give an explicit example for the ET in the NL-SM and discuss the high energy behaviour of GICs in nonlinear parameterizations.

3.1 Equivalence theorem and unitarity: an example

As example for the ET in a nonlinear parameterization, we consider top production by vector boson fusion [27], following the discussion of vector boson scattering in [14, 15]. This example has also been discussed in [4] for the heavy Higgs limit in a linear parameterization, and an effective field theory analysis of effects of a non-standard Higgs boson has been given in [21]. According to the flip formalism, in the NL-SM there are two separately gauge invariant sets of diagrams

G_g = W −

W^+

t̄ t , Z/γ W^−

W^+

t̄ t

G_H = H W^−

W^+

t̄ t

(3.1) As we will now show, the ET holds separately for both classes of diagrams. As a caveat, the additional GICs in the NL-SM do not necessarily have a good high energy behavior taken by themselves since in nonlinear parameterizations tree-level unitarity is not a consequence of gauge invariance. According to [26], the only theories of massive vector bosons respecting tree-level unitarity—i.e. the requirement that the tree level matrix elements for N -particle scattering amplitudes at high energies scale at most as E^{4−N} —are equivalent to linearly parameterized spontaneously broken gauge theories. In the NL-SM with standard Higgs couplings, reparameterization invariance of the S matrix implies that the complete set of diagrams satisfies the tree-level unitarity bound, so the classes of diagrams that show good high energy behavior will in general be the same in both parameterizations. This will become apparent in the example below.

In the NL-SM, the Higgs-gauge boson and Higgs-GB vertices arise from the operator 1 2 vH tr[(D_μU )^†D^μU ] = g m_W H(∂^μϕ^+ + m_W W^{+,μ})(∂_μϕ^− + m_W W^−_μ ) + . . .

(3.2)

that includes also a similar term involving the Z and ϕ^0 bosons and terms of higher order of the GBs not shown here. Here we have defined U = exp ( i^{ϕ·σ}_v ) and the co-

variant derivative is given by D_μU = ∂_μU + igW^i_μ^{σi}_2 U − ig^′U B^{σ3}_2 . It can be checked that the vertices obtained from (3.2) satisfy the WIs (2.5). Since the operator (3.2) is gauge invariant by itself, in an effective field theory approach to a nonstandard Higgs [20], it can be included with an arbitrary coefficient. The Yukawa couplings arise from the operators L_Y = −Q̄_LU [_{(mt+mb )} 2 +^{(mt−mb )}_2 σ^3 ] Q_R − HQ̄_LU [_{(λt+λb)} 2 +^{(λt−λb)}_2 σ^3 ] Q_R + h.c. (3.3)

where gauge invariance allows for Higgs-Yukawa couplings λ_{t,b} not related to the fermion masses m_{t,b}. Neglecting the bottom mass, the relevant interaction terms are given by

L_Y = − im_t √ 2v ϕ^+t̄ (_{1−γ5} 2 ) b + im_t √ 2v ϕ^−b̄ (_{1+γ5} 2 ) t − λ_tHt̄t + m_t v^2 ϕ^+ϕ^−t̄t + . . . (3.4)

We will use the ET to calculate the contributions that grow with the energy and potentially can violate the unitarity bound, i.e. we calculate the diagrams for ϕ^+ϕ^− → tt̄ in the limit m_W → 0 with v =^{2mW}_g =const. while keeping the top mass fixed. While the t-channel diagram shows no dangerous high energy behavior, the Higgs exchange diagram and the contact diagram from the interaction quadratic in the GBs in (3.4) grow linearly with the energy^1:

1 Recall that the the spinors t scale with √ E ϕ^− ϕ^+

t̄ t + H ϕ^− ϕ^+

t̄ t

= i (m_t v^2 ) t̄t [ 1 − ( λ_tv m_t ) s s − m^2_H + iImΠ_H (s) ] (3.5)

where we have used the Dyson summation to introduce the imaginary part of the Higgs self energy Π_H into the propagator. As can be checked using the Feynman rules obtained from (3.2), the Higgs exchange diagram is reproduced by the corresponding diagram with external longitudinal W bosons in the limit where the gauge boson mass is sent to zero. The contact diagram is reproduced from the t-channel diagram and the s-channel Z/γ exchange diagrams after a nontrivial cancellation of terms growing like E^2 [4]. Therefore this diagram is connected to the grove G_g in (3.1) by the ET. This shows that, in agreement with the expectation from the flip formalism, in the NL-SM the ET holds separately for the groves G_g and G_H in (3.1), also for a finite width. However, to obtain good high energy behavior, all diagrams from both G_g and G_H have to be considered. Furthermore, only for the SM value of the Higgs Yukawa coupling λ_t =^{mt}_v and a vanishing width both diagrams add up to an amplitude with good high energy behavior proportional to^{m2H}_{s−m2H} . In an effective field theory approach, unitarity up to the cutoff of the effective theory implies bounds on the nonstandard couplings [21] like λ_t.

In a linear parameterization, the contact diagram appearing in (3.5) is absent while in the numerator of the Higgs exchange diagram s is replaced by m^2_H so for a vanishing width the same result for the GB amplitude is obtained as in the NL-SM without cancellation among diagrams. However, the GB amplitude agrees with the one for the longitudinal gauge bosons only for a vanishing width so the Dyson summation is incompatible with the naive ET in the linear parameterization.

Since the imaginary part of the gauge boson contributions to the Higgs self energy is proportional to s^2 [15], the result (3.5) violates the unitarity bound when a realistic expression for Π_H is inserted. To include a running width without violating unitarity in the NL-SM, a modified Higgs propagator [15]

D_H (q^2) → i(1 + iγ_H ) q^2 − m^2_H + iγ_H q^2 with γ_H = Γ_H /M_H θ(q^2)

(3.6) has been proposed in the context of gauge boson scattering (for a generalization beyond leading order see [18]). For the SM value of λ_t, using this form of the propagator allows the cancellation between the Higgs exchange diagram and the contact diagram to take place in (3.5) and one obtains an amplitude proportional to^{m2H}_{s(1+iγH )−m2H} . Therefore good high energy behavior is restored also for a running width. This has to be compared to the case of the

W boson, where the introduction of a running width [29] similar to (3.6) is in general incompatible with gauge invariance unless all radiative corrections are included in the same order, resulting in possibly large numerical errors in certain regions of phase space [8]. In a linear parameterization, also the propagator (3.6) is not compatible with the naive ET.

To summarize, in a nonlinear parameterization there are additional GICs compared to a linear one that satisfy the ET by themselves, also for a finite width of the Higgs boson. However, the classes of diagrams that are gauge invariant and show good high energy behavior will in general be the same in both parameterizations.

3.2 Compatibility of the ET with Dyson summation: general discussion

After this example, we proceed to a general proof of the consistency of the Dyson summation of the Higgs propagator in the NL-SM and discuss the relation to the conjectured simplification of the ET [14] in more detail. To be precise, in [14] it has been suggested that matrix elements can contain external Higgs bosons off their mass shell without violating the ET, provided a nonlinear parameterization is used. This property is in fact a straightforward consequence of the trivial BRST transformation δ_{BRST}H = 0 of the Higgs in the NL-SM. Recall that the derivation of the ET requires the WIs for amplitudes with insertions of the operator (ip_μV^μ_a + m_{Va} ϕ_a) [2]. In the BRST formalism, they are derived using the Kugo-Ojima condition that the BRST charge Q annihilates physical states. This results in STIs of the form

0 = ⟨out| T [{Q, c̄_aB_b . . . B_n}] |in⟩ = ⟨out| T [B_a . . . B_n] |in⟩ (3.7) where B_a is the Nakanishi-Lautrup auxiliary field obtained from the BRST transformation of an antighost c̄_a. We use a linear R_ξ gauge fixing also in the nonlinear parameterization, so that the equation of motion of B_a is given by B_a = −^1_ξ (∂_μV_a − ξm_{Va} ϕ_a) as in the linear parameterization. In the NL-SM, the trivial BRST transformation of the Higgs implies that similar identities are true also if additional Higgs boson field operators are inserted in the Green’s functions: 0 = ⟨out| T [{Q, c̄_aB_b . . . B_nH . . . H}] |in⟩ = ⟨out| T [B_a . . . B_nH . . . H] |in⟩ (3.8)

In a linear parameterization, the BRST transformation δ_{BRST}H =^g_2 (c^+ϕ^− +c^−ϕ^+)+^g_{2 cos θw} c_Z ϕ_0 mixes the Higgs with the GBs so there are additional terms on the right hand side of (3.8).

The WIs (3.8) allow in the usual way [2,5] to deduce the validity of the ET also for matrix elements with external off-shell Higgs bosons H^⋆, in agreement with the conjecture of [14]:

M(in → out + V^L_a . . . V^L_n H^∗ . . . H^∗)

= (−i)^nM(in → out + ϕ_a . . . ϕ_nH^∗ . . . H^∗) + O ( m_V E − suppressed ) (3.9)

where one phase of (−i) occurs for every outgoing longitudinal gauge boson V^L (for incoming gauge bosons, the sign of the phase has to be changed) and we have suppressed renormalization factors [3]. While in a renormalizable theory and for external on-shell Higgs bosons, the additional contributions on the right hand side are of order O (_{mV} E ) and the GB amplitude is bounded at large energies, in a nonlinearly parameterized effective field theory, the additional contributions are suppressed only relative to the GB amplitude [5] that need not show good high energy behaviour. To assess the usefulness of the ET in a given situation, the absolute value of the additional terms has to be estimated for the process and the energy range of interest [5]. We always take it as understood that the ET in a nonlinearly parameterized theory holds in this restricted sense.

We now demonstrate that (3.9) already implies also the validity of the ET for internal off-shell Higgs bosons, also when a Dyson resummed propagator is used. To show this, we give a diagrammatic prescription to express the complete amplitude in terms of matrix elements with off shell Higgs bosons and all other particles on the mass shell. Consider the set of diagrams that has in common an internal Higgs boson line (that is not part of a closed loop) with a given momentum p_H , labeling the external momenta such that −(p_1 + · · · + p_i) = p_H = p_{i+1} + · · · + p_n and treating all momenta as incoming. This set of diagrams can be written in the factorized form

p_i

. .

p_1

p_n

. .

p_{i+1} p_H

= M(Ψ_1 . . . Ψ_iH^∗) D_H (p_H ) M(H^∗Ψ_{i+1} . . . Ψ_n) (3.10)

We have depicted the case of a s-channel Higgs boson, but a similar decomposition holds for t-or u-channel Higgs lines. If the complete amplitude is evaluated at a given loop order, the decomposition (3.10) has to be understood as consistently expanded up to this order. Iterating the decomposition (3.10) by applying the same formula to the sub-amplitudes^2 we arrive at a decomposition of the amplitude in terms of matrix elements with off-shell Higgs bosons and all other external particles on the mass-shell. When applied to arbitrary internal particles off the mass

2 There is a subtlety in avoiding double counting of diagrams. For instance, first applying (3.10) to a Higgs boson line with some momentum pH_1 and subsequently factorizing another momentum pH_2 out of a sub-amplitude yields contributions that appear also when the contribution of pH_2 is factorized first. Such contributions generated more then once have to be omitted shell, the individual terms of such a decomposition are in general not gauge invariant by themselves. For the case of Higgs bosons in the NL-SM, however, the sub-amplitudes occurring in (3.10) are precisely the quantities satisfying the ET for off shell Higgs bosons (3.9). As a consequence, the contributions to the S-matrix with internal Higgs boson lines with a given set of momenta satisfy the ET by themselves. Since this property is independent of the expression used for the Higgs propagators D_H in (3.10), we can use the Dyson resummed propagator or a simple effective prescription like (3.6) without violating WIs or the ET. As in the example of subsection 3.1, the subsets of diagrams with internal Higgs bosons need not respect unitarity bounds. Nevertheless, the separate gauge invariance can be useful for the discussion of simple schmes to restore unitarity.

In addition to the simple WIs (3.8), the trivial BRST transformation law of the Higgs boson implies the gauge parameter independence of Green’s functions with off-shell Higgs bosons, if all other external particles are on-shell. As reviewed briefly in appendix (A.2), in the BRST formalism the gauge parameter dependence of Green’s functions can be expressed in terms of Green’s functions with insertions of BRST transformed fields (A.11). From this, one obtains immediately

∂_ξ ⟨out| T [H . . . H] |in⟩ = 0 (3.11)

By the same reasoning as above, this implies gauge parameter independence of subsets of diagrams with a given set of momenta of internal Higgs lines, independent of the prescription used for the Higgs propagator (provided it is gauge parameter independent by itself). Incidently, these results give an independent derivation of the classification of GICs in the NL-SM in terms of the number of internal Higgs boson lines derived in [23] using the flip formalism.

4 Properties of the Higgs self energy in the nonlinear parameterization

Apart from the consistency of the Dyson summation with the ET, another result motivated by the flip formalism in section 2 is the gauge parameter independence of the Higgs propagator in the NL-SM:

∂_ξ ⟨0 |T [H(x)H(y)]| 0⟩ = 0 (4.1)

In fact, this is merely a special case of the gauge parameter independence of matrix elements with off-shell Higgs bosons (3.11). In a linear parameterization, eq. (4.1) is violated because the BRST transformation of the Higgs field is nontrivial (see (A.11) and the remarks below (3.8)). In the presence of CP violating mixing with the gauge boson sector, the full Higgs propagator includes contributions from the Z and GB propagators [30]:

⟨0 |T [H(x)H(y)]| 0⟩ = Γ_{HH} + H Γ_{HH} Γ_{HH}

+ Z Γ_{HZ} Γ_{ZH} + ϕ^0

Γ_{Hϕ}0 Γ_ϕ0_H

+ . . . (4.2)

Therefore the gauge parameter independence of the full propagator (4.1) will in general be a consequence of cancellations among the different contributions and the Higgs self energy by itself can be gauge parameter dependent. This will be discussed from the perspective of the flip formalism below.

But first, let us demonstrate explicitly the cancellation of the gauge parameter in the one loop gauge boson contribution to the Higgs propagator. We decompose the gauge boson propagator in R_ξ gauge into the propagator in unitarity gauge and a term proportional to the GB propagator, introducing the graphical notation = +

D^{μν}_{W,ξ} (q) = −i ( g^{μν} −^{qμqν}_{m2W} ) q^2 − m^2_W + ( − q^μq^ν m^2_W ) i q^2 − ξm^2_W

(4.3) Because of the trivial BRST transformation, there are no ghost-Higgs vertices so we only have to consider the gauge boson and GB loops. The peculiar form of the interaction lagrangian (3.2) ensures that the contributions with one unphysical pole add up to zero:

p k p + k = (igm_W )^2 ∫ d^4k −i ( g^{μν} −^{kμkν}_{m2W} ) k^2 − m^2_W ( −i (p + k)_μ(p + k)_ν m^2_W ((p + k)^2 − ξm^2_W ) ) (4.4a)

p k p + k =g^2 ∫ d^4k (p + k)_μ −i ( g^{μν} −^{kμkν}_{m2W} ) k^2 − m^2_W

(4.4b) i (p + k)^2 − ξm^2_W

(−(p + k)_ν )

In the second diagram, one minus sign arises because the gauge boson momentum is incoming at one vertex and outgoing at the other. One can show similarly, that the contributions with two unphysical poles add up to zero. In contrast, in the linear parameterization the HΦW vertex has the form^g_2 W^{±,μ}H ←→ ∂_μ ϕ^∓ and the cancellation doesn’t go through as in (4.4) so the gauge boson contribution is gauge parameter dependent [17].

In the presence of Higgs-Z mixing, gauge parameter independence of the Higgs propagator doesn’t already imply gauge parameter independence of the Higgs self energy to all orders. As shown in appendix A.2 using the formalism of [31,32], in the presence of CP violation the gauge parameter dependence of the Higgs self energy takes the form

∂_ξΓ_{HH} = 2Λ_ϕ0_H Γ_ϕ0_H + 2Λ_{ZH,μ}Γ^μ_{ZH} (4.5) where Λ_ϕ0_H and Λ_{ZH} are vertex functions with insertions of the gauge parameter dependent part of the gauge fixing functional (see appendix A.2 for the precise expressions). In the SM this mixing is phenomenologically not important since it is induced by CP violating effects only at the three loop level, but the phenomenon will persist in CP violating extensions of the SM. The discussion is also relevant for the CP odd scalar A in the 2HDM discussed in section 5. The reason why CP violating Higgs-Z mixing introduces additional complications can also be understood directly on the level of gauge flips. Once ZH mixing is generated radiatively as in the minimal SM by an insertion of a box diagram [30], there is a gauge flip to vertex correction diagrams: c b W^+ t W^− t H

s c

Z ⇔ W^+ b c t W^− t H

s^W + Z

⇔ W^+ b c t W^− t H s W^+

(4.6)

Since the full resummed Higgs propagator (4.2) includes also contributions from Higgs-Z mixing, similar flips connect the irreducible Higgs self energy to reducible diagrams with Higgs-Z mixing (compare to (2.8)) so once CP violation occurs, the Higgs self energy is not expected to be gauge parameter independent by itself. Nevertheless, the gauge parameter dependence must cancel between the different irreducible two point functions since the full Higgs propagator is gauge parameter independent.

To clarify this issue further, one can demonstrate the cancellation among the various contributions by applying the formalism of [31,32] to the full propagator (4.2) including mixing. The complete treatment to all orders involves a three by three matrix describing the mixing among Z,ϕ^0 and H and is beyond the scope of this note. Here we give a simplified analysis valid in the first loop order n where HZ mixing is non vanishing. In this case we can restrict ourselves to the diagrams shown in (4.2) and need not consider the mixing of the Z boson with the GB ϕ^0. The variation of the Higgs propagator with respect to the gauge parameter receives contributions from the gauge boson and GB propagators and from the selfenergies themselves:

∂_ξD^{(2n)}_H = D^{(0)}_H [ ∂_ξΓ^{(2n)}_{HH} + 2 ( ∂_ξΓ^{(n),μ}_{HZ} ) D^{(0)}_{Z,μν}Γ^{(n),ν}_{ZH} + 2 ( ∂_ξΓ^{(n)}_{Hϕ0} ) D^{(0)}_{ϕ0} Γ^{(n)}_{ϕH} ] D^{(0)}_H

+D^{(0}_H [ Γ^{(n),μ} HZ (∂_ξ D^{(0)}_{Z,μν} )Γ^{(n),ν}_{ZH} + Γ^{(n)}_{Hϕ0} (∂_ξD^{(0)}_{ϕ0} )Γ^{(n)}_{ϕ0H} ] D^{(0)}_H

(4.7)

Here D^{(2n)}_H denotes the Higgs propagator up to order 2n, where n is first order where Γ_{HZ} is non vanishing. In the order considered, the propagators of the Z and ϕ^0 are tree level propagators so we can use the explicit expression (4.3) to verify that the terms involving the variation of the propagators cancel among themselves because of the simple WI (ip_μΓ^μ_{ZH} + m_Z Γ_ϕ0_H ) = 0. To simplify the remaining terms we use the Identity (A.9), making the plausible assumption that the vertex functions Λ_{HZ} and Λ_{Hϕ}0 arise only at the same order as the mixing Γ_{ZH} . Up to this order the two point vertex functions enter only on tree level and we obtain

∂_ξΓ^{(n),μ}_{HZ} = Λ^{(n)}_{HZ,ν} Γ^{(0),νμ}_{ZZ} ∂_ξΓ^{(n)}_{Hϕ0} = Λ^{(n)}_{Hϕ0} Γ^{(0)}_{ϕ0ϕ0} (4.8)

Since the two point vertex functions are the negative of the inverse propagators, the gauge parameter dependence of the mixing contributions cancels against the variation of the Higgs self energy (4.5):

∂_ξ D^{(2n)}_H = D^{(0)}_H [ ∂_ξΓ^{(2n)}_{HH} − 2 ( Λ^{(n)}_{HZ,μ}Γ^{(n),μ}_{ZH} + Λ^{(n)}_{Hϕ0} Γ^{(n)}_{ϕH} )] D^{(0)}_H = 0 (4.9)

Therefore the gauge parameter dependence of the full propagator vanishes, in agreement with (4.1). For this, it is necessary to calculate the Higgs-self energy up to the order 2n, a residual gauge dependence remains if it is evaluated at the same order as the HZ mixing.

5 Two-Higgs doublet models

As an important example for a non-minimal Higgs sector, in this section we discuss to which extent the results obtained for the NL-SM carry over to a two-Higgs doublet model. A complication compared to the NL-SM is the appearance of vertices involving two Higgs bosons and a gauge boson like W^{+,μ}(H^0 ←→ ∂_μ H^−) that can lead to a more complicated structure of GICs [23]. As we will demonstrate below, in the 2HDM only the neutral Higgs bosons can be treated as in the NL-SM and their Dyson summation doesn’t violate gauge invariance. Our discussion is mainly phrased in the language of gauge flips, but the formal proofs of sections 3 and 4 can easily be extended to the case of the neutral Higgs bosons in the 2HDM since the main ingredient is the trivial BRST transformation of the neutral Higgs. We also give an explicit example for the violation of the naive ET by the introduction of a finite width for the charged Higgs boson.

5.1 Nonlinear parameterization of the 2HDM

We will briefly review the 2HDM in the nonlinear parameterization introduced in [28] and determine the BRST transformations of the Higgs bosons that are used in the subsequent subsections to derive the STIs and the form of the gauge flips. Following [28] we collect both scalar doublets H_1, H_2 of the 2HDM in a matrix

Φ = (H̃_2H_1) with H̃_i = iσ_2H^∗_i

and ⟨H_{1,2}⟩ = ( 0 v_{1,2} ) (5.1) and introduce the nonlinear parameterization Φ = U H where the GB matrix is again U = exp ( i^{ϕ·σ}_v ) and the Higgs bosons are collected in the matrix

H = H_0 + (h + iA^0 + σ · H) ( cos β 0 0 sin β )

with H_0 = ( v_2 0 0 v_1

) (5.2)

Here the mixing angle tan β =^{v2}_{v1} has been introduced and we define v so that v_1 = v cos β and v_2 = v sin β. The mass eigenstates of the neutral scalars are linear combinations of h and H^3 but the precise form [28] is not needed for our discussion. More important for us are the ‘interaction eigenstates’ [28] H and S defined by

cos βS + sin βH = cos β (_{h+H3} 2 )

− sin βS + cos βH = sin β (_{h−H3} 2 ) (5.3)

that will simplify the Feynman rules. The GB and Higgs matrices transform under SU (2)_L × U (1)_Y as Φ → LΦR^† U → LU R^† H → RHR^† (5.4) with L = e^{iα· σ2} ∈ SU (2)_L and R = e^{iβ σ32} ∈ U (1)_Y . Therefore the BRST transformation of the Higgs bosons is given by: δ_{BRST}H = ig^′c^3 [ σ^3 2 , H ] (5.5)

so the BRST transformations of the charged Higgs bosons H^± =^{1√}_2 (H^1 ∓ iH^2) are found to be

δ_{BRST}H^± = ±i(ec_A −^g_{cos θw} sin^2 θ_w c_Z)H^± (5.6)

while the neutral Higgs bosons transform trivially. Below, we need the Feynman rules of the Higgs bosons appearing in the decomposition of the kinetic term

L_{kin} = 1 4 tr [ (D_μΦ)^†D^μΦ ] := L_H + L_U + L_{HU} (5.7)

where we have defined the operators

L_H = 1 4 tr[D_μH^†D^μH] (5.8a)

L_U = 1 4 tr[(D^μU^†)(D_μU )H^†H] (5.8b) L_{HU} = 1 4 ( tr [ (U^†D^μU )(HD_μH^†) ] + h.c. ) (5.8c)

Here the transformation law (5.4) implies the action of the covariant derivative on H as D_μH = ∂_μH −ig^′B_μ [_{σ3} 2 , H ] . Note that the operators in (5.8) are gauge invariant by themselves. Therefore, in an effective field theory approach to the 2HDM, the operator L_{HU} can appear with an arbitrary coefficient λ_{HU} while the coefficients of the other two operators are fixed by the normalization of the kinetic terms^3. The cubic interaction terms obtained from the expansion of (5.8) will be written as

L_Φ3 = ∑ Φ_iΦ_j Φ_k ( O^H_{ΦiΦj Φk} + O^U_{Φi Φj Φk} + λ_{HU} O^{HU}_{ΦiΦj Φk} )

(5.9) where the fields Φ include the gauge bosons, Higgs bosons and GBs. Here the operators O^H_{Φi Φj Φk} arise from the expansion of L_H and analogously for O^U_{ΦiΦj Φk} and O^{HU}_{Φi Φj Φk} .

5.2 Neutral Higgs bosons

We now discuss the form of the gauge flips involving neutral Higgs bosons and the consequences for the GICs and the Dyson summation of the Higgs propagators. The charged Higgs bosons are discussed in subsection 5.3. The discussion of the neutral scalars is simpler in terms of the two interaction eigenstates defined in (5.3). As can be verified from the Feynman rules arising from L_U , the interaction eigenstate H has the same interactions with the gauge bosons as the Higgs in the NL-SM (3.2), while all other scalars have no interactions of the form HV_μV^μ [28]. In the language of the flip formalism, this implies that the flips of the form (2.3) have to be chosen just like in the NL-SM and the internal Higgs boson H can be omitted.

We now turn to the additional HHV vertices in the 2HDM. One finds that the only vertices of this kind involving neutral Higgs bosons are contained in the operator L_{HU} defined in (5.8) and involve only the second interaction eigenstate S and the CP odd scalar A^0:

O^{HU}_W +_H−_H0 := 1 √ 2v (∂^μϕ_+ + m_W W^{+,μ}) [ 1 2 (A^0 ←→ ∂_μ H^−) + i(S ←→ ∂_μ H^−) ] + h.c. O^{HU}_{ZSA}0 := 1 v (∂^μϕ_0 + m_Z Z^μ)(S ←→ ∂_μ A^0)

(5.10)

with ϕ_1 ←→ ∂_μ ϕ_2 = ϕ_1∂_μϕ_2 − (∂_μϕ_1)ϕ_2. As consequence of the trivial BRST transformations, one obtains trivial tree level WIs as long as a neutral Higgs is involved: ip_{W,μ}Γ^μ_{W ± H∓ S} (p_W , k_∓, k_S) + m_W Γ_ϕ±_H∓_S (p_W , k_∓, k_S) = 0 ip_{Z,μ}Γ^μ_{ZA0S} (p_Z , k_A, k_S) + m_Z Γ_ϕ0_A0_S (p_W , k_A, k_S) = 0

(5.11)

Again, these WIs can be checked using the explicit form of the vertices (5.10). In the context of the flip formalism, the trivial WIs (5.11) imply the absence of the gauge flips

3 For simplicity, here we don’t consider the introduction of another kinetic term for the GBs of the form tr[(DμU)^† D^μU] that would allow a nonstandard coefficient of LU .

S, A^0 W^∓, Z

H^±, A^0, S ⇎

W^∓, Z

H^±, A^0, S , W^∓, Z

H^±, A^0, S

(5.12)

Thus internal neutral Higgs bosons don’t appear in the gauge flips, and therefore can be treated exactly like the SM Higgs in a nonlinear parameterization. This suggests the validity of the naive ET and the gauge parameter independence of the propagators of the neutral scalars, like in the NL-SM. On a formal level, similarly to the discussion in sections 3 and 4, these properties are indeed a consequence of the trivial BRST transformations.

The gauge parameter dependence of the self energies of the neutral Higgs bosons is governed by an identity of the same form as (4.5), also for mixed two point functions:

∂_ξΓ_H0_{i H}0_j = Λ_ϕ0_H0_i Γ_ϕ0_H0_j + Λ^μ_{ZH0i} Γ_{ZH}0_{j ,μ} + (i ↔ j) (5.13)

where H^0_i ∈ {H, S, A^0}. Thus the self energies can become gauge parameter dependent only if gauge-Higgs mixing occurs. This can affect the CP-odd scalar A^0 already on the one loop level. In contrast, mixing of CP even and CP odd Higgs bosons will induce no further gauge parameter dependence since no mixed two point functions like Γ_{HA} appear on the right hand side of (5.13).

5.3 Charged Higgs bosons

While the situation for neutral Higgs bosons resembles that in the NL-SM, the nontrivial BRST transformation of the charged Higgs bosons (5.6) implies that they have to be treated similar as in a linear parameterization. The BRST transformation (5.6) implies a nontrivial tree level STI for the ZH^−H^+ vertex:

ip_{Z,μ}Γ^μ_{ZH+H−} (p_Z , k_+, k_−) + m_Z Γ_{ϕ0H}+_H− (p_Z, k_+, k_−)

= i^g_{cos θw} sin^2 θ_w [ D^{−1}_{H+ H−} (k_+) − D^{−1}_{H+ H−} (k_−) ] (5.14)

The STI for the γH^+H^− vertex is similar. One contribution to the ZH^+H^− vertex arises from the operator L_{HU} :

O^{HU}_{ZH}+_H− := i v (∂^μϕ_0 + m_Z Z^μ)(H^+ ←→ ∂_μ H^−) (5.15a)

The corresponding Feynman rule arising from this operator satisfies a trivial tree level WI, i.e. it doesn’t contribute to the right hand side of (5.14). This reflects the separate gauge invariance of the operator L_{HU} that can appear with an arbitrary coefficient λ_{HU} . However, there is another contribution to the ZH^+H^− vertex from the kinetic term of the Higgs bosons L_H, so its coefficient is fixed in agreement with the STI (5.14):

O^H_{V H}+_H− := i(H^+ ←→ ∂_μ H^−)(eA^μ − g cos θ_w sin^2 θ_wZ^μ)

(5.15b) Because of the nontrivial STI (5.14), diagrams with internal charged Higgs bosons must be included in the gauge flips. For example, the flips for sub-amplitudes including 2-fermion, charged Higgs bosons and neutral gauge bosons are given by G̃_{4,1H±2F}

= Z, γ

H^± , Z, γ

H^± , H^± Z, γ

H^±

(5.16)

both in the linear and the nonlinear parameterization.

As a consequence, there is a flip connecting self-energies and vertex corrections, as can be seen in the example of the coupling of a charged Higgs boson to b and t quarks:

t b̄ H^+ Z

H^+

H^+ ⇔ t H^+ b̄ b̄ Z H^+ (5.17)

Also, there are flips to irreducible higher loop contributions to the self energy:

H^+ H^+ H^+ ⇔ H^+ H^+

(5.18) This indicates that charged Higgs bosons in the 2HDM cannot be resummed consistently, also in a nonlinear parameterization. In agreement with this result, it is shown in appendix A.2 that the self energy of the charged Higgses is in general gauge parameter dependent, also without taking mixing with the gauge sector into account.

One also expects that the naive version of the ET is violated for intermediate charged Higgs bosons, i.e. for a finite width of the charged Higgs the gauge boson amplitudes and the GB amplitudes don’t agree manifestly. As an explicit example, consider the process Z → tb̄H^− that appears as subprocess for associated production of charged Higgs bosons at linear colliders. In the nonlinear 2HDM, Yukawa couplings can be obtained from the operator L_Y = −Q̄_LU H [_{(λt+λb )} 2 +^{(λt−λb)}_2 σ^3 ] Q_R + h.c. (5.19) with m_b = λ_bv_1 = λ_bv cos β and m_t = λ_tv_2 = λ_tv sin β. The choice (5.19) corresponds to the so called type II 2HDM [1]. From an effective field theory perspective, an additional term involving only the GB matrix can be added to (5.19), as in the first term of (3.3). The effects of such nonstandard Yukawa couplings on unitarity have been discussed in section 3 and will not be considered in the following. The resulting Yukawa couplings of the charged Higgs bosons are

L_{Y H}± = − √ 2 v ( 1 + i ϕ^0 v ) [ t̄H^+ ( m_b tan β

(_{1+γ5} 2 )

+ m_t cot β (_{1−γ5} 2 )) b ] + h.c. + . . . (5.20)

In the computation of the diagrams, we consider again the limit^4 m_b, m_Z → 0. We will also include an arbitrary coefficient λ_{HU} as factor in front of (5.15a). Similar to the example of top pair production in section 3, the only GB diagrams with dangerous high energy behavior are the Higgs exchange and the contact diagram. Using the Feynman rules from (5.15a) and (5.20) we obtain

ϕ^0

b̄ t H^− + ϕ^0

H^+ b̄ t H^−

= √ 2m_t cot β

v^2 [ t̄ (_{1−γ5} 2 ) b ] ( 1−

λ_{HU} (p^2_{H+} − p^2_{H−} ) p^2_{H+} − m^2_{H+} + iImΠ_H+ (p^2_{H+} ) ) (5.21)

In the case of a standard coefficient of (5.15b), i.e. λ_{HU} = 1, the expression (5.21) vanishes if the external H^− is on its mass shell (p^2_{H−} = m^2_{H+} ) and the width is set to zero^5. Since we cannot expect the ET to hold for an off-shell H^− (see below) and in order to make the cancellations among different diagrams more transparent, in the following we will keep λ_{HU} ≠ 1.

In the example of section 3.1, we were able to decompose the amplitude into two groves that satisfied the ET by themselves. This is not the case in the present example and all diagrams for longitudinal gauge bosons are needed to reproduce the GB amplitude (5.21), as we will show now. The diagrams with internal fermions give an additional term compared to the contact term in (5.21):

4 For simplicity, we assume in addition mb tan β ≪ mt but this is not essential to our argument.

5 Actually, this could have been anticipated since in a linear parameterization the coupling of a GB to two particles with the same mass vanishes (see e.g. the second reference in [23]) so no diagram of the form (5.21) appears at all.

Z_L

b̄ H^− t + Z_L

b̄ H^− t

= − ig √ 2m_t cot β v cos θ_w m_Z

(^1_2 − sin^2 θ_w ) [ t̄ (_{1−γ5} 2 ) b ] + . . . (5.22)

where we have suppressed the terms corresponding to the GB diagrams with internal fermion lines we have omitted above. The Higgs exchange diagram gives, using the Feynman rules obtained from both operators (5.15)

Z_L H^+ b̄ t H^− = − ig √ 2m_t cot β v cos θ_wm_Z ( sin^2 θ_w −^{λHU}_2 )

[ t̄ (_{1−γ5} 2 ) b ] (p2_{H+} − p2_{H−} )

p^2_{H+} − m^2_{H+} + iImΠ_H+ (p^2_{H+} )

(5.23)

Only for a vanishing width and H^− on the mass shell, the terms proportional to sin^2 θ_w cancel between (5.22) and (5.23) and the GB amplitude (5.21) is reproduced (up to a phase). Therefore the situation for the charged Higgs in the nonlinear parameterization is similar to a linear parameterization, as described in subsection 3.1, and the naive version of the ET is not satisfied when a Dyson summation of the charged Higgs propagator is performed. Also since the external charged Higgs must be on the mass shell, an ET for off-shell Higgs bosons (3.9) is not valid for the charged Higgs bosons. These results therefore confirm the expectation of the flip formalism.

6 Summary and outlook

Motivated by the structure of gauge invariant classes of tree diagrams in nonlinear parameterizations of the scalar sector [23] and the observations of [14] concerning effects of the Higgs width on the Goldstone boson equivalence theorem, we have revisited the properties of the Higgs resonance in nonlinear parameterizations. As we have demonstrated for the nonlinear parameterizations of both the minimal standard model and a two-Higgs doublet model, the Dyson summation of propagators of neutral Higgs bosons can be performed without violating gauge parameter independence and Ward identities. Although in nonlinear parameterizations care must be taken not to violate bounds from tree unitarity, a simple unitarity restoring expression for the Higgs propagator [15] can be used without violating the naive equivalence theorem, in contrast to linear parameterizations.

Furthermore, the full Higgs propagator has been shown to be gauge parameter independent. For the Higgs self energy this holds only in the absence of CP violating mixing with the gauge sector. These results are consistent with the conjectured extension of the ‘gauge flip’ formalism to loop diagrams [22].

For charged Higgs bosons in a two-Higgs doublet model, gauge flips exist that connect resummed self energy diagrams to irreducible higher order contributions to the self energy or to vertex corrections and a Dyson summation is not compatible with gauge invariance. The violation of the naive equivalence theorem has been demonstrated for an explicit example.

The Higgs resonance has served as a first example of the application of the flip formalism to loop diagrams in a case where independent methods are available to verify the results. As mentioned in section 2, a second example where the flips reproduce results established by different methods is the fermion loop scheme [8]. A formal proof of the gauge flip formalism for one loop diagrams in linear parameterizations and applications to one loop SM processes with up to 4 fermions in the final state will be given elsewhere [24,25]. We hope the formalism will prove useful in situations where direct proofs are difficult to achieve.

Acknowledgements

I thank Thorsten Ohl and David Ondreka for many useful discussions and Hubert Spiesberger for helpful comments on the manuscript. This work has been supported by the Deutsche Forschungsgemeinschaft through the Graduiertenkolleg ‘Eichtheorien’ at Mainz University.

A Slavnov-Taylor and Nielsen Identities

In this appendix we give some technical details on formulae used in the main text and set up our notation for the functional identities resulting from gauge invariance.

A.1 Zinn-Justin Identity and STIs

The derivation of STIs for irreducible vertices uses the Zinn-Justin Identity ∑ Ψ ∫ d^4x δΓ δΨ^⋆ δΓ δΨ + B_a δΓ δc̄_a = 0 . (A.1)

where the Ψ summarize all fields in the theory and the Ψ^⋆ are the sources of the BRST transformations included in the effective action Γ = Γ_0 + ∑ Ψ ∫ d^4x tr[Ψ^⋆(δ_{BRS}Ψ )]. We will use the notation Γ_{Ψ1...Ψn} =^{δn Γ}_{δΨ1...δΨn} |_{Ψ=0} for the irreducible vertex functions. From (A.1) we obtain the general STI for the HV V and the HϕV vertices by taking a derivative with respect to a ghost, a Higgs field and a gauge boson or a GB: − ∑ Ψ=V_a ,ϕ_a Γ_{caΨ} ⋆ Γ_{ΨVbH} = (A.2a)

∑ Ψ=V_a,ϕ_a,H (Γ_{caΨ} ⋆_{Vb} Γ_{ΨH} + Γ_{caΨ} ⋆_H Γ_{ΨVb} ) +^i_ξ p^ν_b Γ_{cac̄bH} − ∑ Ψ=V_a,ϕ_a Γ_{caΨ} ⋆ Γ_{ΨϕbH} = (A.2b) ∑ Ψ=V_a,ϕ_a,H (Γ_{caΨ} ⋆_{ϕb} Γ_{ΨH} + Γ_{caΨ} ⋆_H Γ_{Ψϕb} ) + m_{Wa} Γ_{cac̄bH}

where we have used the equation of motion for the auxiliary field B. For a nonlinear transformation law of the GBs, there are additional contributions of the form Γ_{cϕ}⋆_{ϕϕ}Γ_H that vanish in the absence of tadpoles. In this case both relations (A.2) are valid both for the linear and nonlinear parameterizations. In the nonlinear parameterization the Higgs drops out of the sums on the right hand side due to its trivial BRST transformation so no Higgs two point functions appear in these STIs. In higher orders, the Higgs ghost couplings Γ_{cac̄bH} and the vertex functions Γ_{caϕ}⋆_{b H} and Γ_{caV} ⋆_{b H} can be generated radiatively but they are absent on tree level in the nonlinear parameterization. Using the linear terms in the BRST transformations of the gauge bosons δ_{BRST}V_a = ∂_μc_a + . . . and GBs δ_{BRST}ϕ_a = −m_{Va} c_a +. . . we thus arrive at the simple tree level WIs (2.5).

A.2 Gauge parameter dependence of Green’s functions and irreducible vertices

An identity for the gauge parameter dependence of irreducible vertices can be derived using an extended BRST symmetry [31]. For simplicity, we suppress the indices distinguishing the gauge bosons in the following. Introducing an auxiliary Grassmann variable χ allows to give the gauge parameters themselves a transformation law

δ_{BRST} ξ = χ , δ_{BRST} χ = 0 (A.3)

In the usual BRST formalism, the gauge fixing and ghost Lagrangian is a BRST exact operator, i.e. it can be written as a BRST transformation of a functional Θ of ghost number (−1). In the extended BRST formalism we get an additional contribution from the transformation of ξ so that

δ_{BRST}Θ = L_{GF} + L_{F P} + L_χ with L_χ = χ∂_ξΘ (A.4)

For the usual R_ξ gauge fixing Θ = c̄(∂_μV^μ − ξm_V ϕ +^ξ_2 B) we find

L_χ = 1 2 χc̄(B − 2m_V ϕ) = − 1 2ξ χc̄(∂_μV^μ + ξm_V ϕ) (A.5)

where in the last step we have used the equation of motion for the auxiliary field B.

The Zinn-Justin identity resulting from the extended BRST transformation is given by ∑ Ψ ∫ d^4x δΓ δΨ^⋆ δΓ δΨ + B δΓ δc̄ + χ∂_ξ Γ = 0 (A.6)

Taking the derivative with respect to χ, taking the fermionic character into account, one obtains the so called ‘Nielsen Identity’ [31] ∂_ξΓ = ∑ Ψ ∫ d^4x δΓ δΨ^⋆ δΓ_χ δΨ + δΓ_χ δΨ^⋆ δΓ δΨ + B δΓ_χ δc̄ (A.7)

where we have introduced the notation Γ_χ = ∂_χΓ |_{χ=0}. The vertices involving insertions of χ can be evaluated using the lagrangian (A.5). The renormalization conditions of physical parameters have to be chosen appropriately so the Nielsen Identity (A.7) is not deformed in higher orders [32].

As discussed in [32], imposing the vanishing of the Higgs tadpole as renormalization condition implies Γ_{χH}∗ = Γ_{χϕ}0∗ = 0. Taking the derivative of the Nielsen Identity (A.7) with respect to Z we get a relation connecting these functions to Γ_{χZ}∗ so it is also constrained to vanish:

Γ_{χZ}∗ Γ_{ZZ} + Γ_{χϕ}0∗ Γ_ϕ0_Z + Γ_{χH}∗ Γ_{HZ} = 0 (A.8)

In the nonlinear parameterization, δ_{BRST}H = 0 implies there are no vertex functions involving H^∗ and one obtains for the self energies of the neutral sector ∂_ξΓ_{HΦ} = Γ_{χϕ}0∗_H Γ_ϕ0_Φ + Γ^μ_{χZ}∗_H Γ_{ZΦ,μ} + Γ_{χϕ}0∗_ΦΓ_ϕ0_H + Γ^μ_{χZ}∗_ΦΓ_{ZH,μ} (A.9)

with Φ ∈ {H, ϕ^0, Z}. For the Higgs self energy we obtain (4.5) with Λ_{ΦH} = Γ_{χΦ}∗_H . The important thing is the absence of terms involving the Higgs two point function on the right hand side, while the mixing of the Higgs is due only to CP violation. Therefore in the absence of CP violation one has ∂_ξΓ_{HH} = 0. In the 2HDM, a similar identity holds for all neutral Higgs bosons (including the CP odd) since they transform trivially. For the self energy of the charged Higgs boson one has instead

∂_ξΓ_H+_H− = Γ_{χH}+∗_H− Γ_H−_H+ + Γ_{χϕ}+∗_H− Γ_ϕ−_H+ + Γ_{χW} +∗_H− Γ_W −_{L H+} + (+ ↔ −) (A.10)

Here the self energy itself appears on the right hand side and it will in general be gauge parameter dependent.

The identity governing the gauge parameter dependence of Green’s functions can be derived from the extended Zinn-Justin Identity (A.6) by Legendre transformation [31] or directly from the path integral representation of Green’s functions. In operator language, it is given by ∂_ξ ⟨0 |T [Ψ_1 . . . Ψ_n]| 0⟩ = − ∑ Ψ_i ± ⟨ 0 | | | |T [( i ∫ d^4x ∂_ξΘ ) Ψ_1 . . . δ_{BRST}Ψ_i . . . Ψ_n ]| | | 0 ⟩

(A.11)

where the signs arise for fermionic fields anticommuting with the BRST transformation. Applying the LSZ formula to a given field in the Green’s function, the contribution from the BRST transformed fields factorizes and can be absorbed in the wave function renormalization so (A.11) is also valid if the external vacuum states are replaced by physical |in⟩ and |out⟩ states.

References

1. For a recent review see: M. Carena and H. E. Haber Prog.

Part. Nucl. Phys. 50 (2003) 63, [hep-ph/0208209] 2. M. S. Chanowitz and M. K. Gaillard Nucl. Phys. B261 (1985) 379; G. J. Gounaris, R. Kögerler, and H. Neufeld Phys. Rev. D34 (1986) 3257 3. Y.-P. Yao and C. P. Yuan Phys. Rev. D38 (1988) 2237;

J. Bagger and C. Schmidt Phys. Rev. D41 (1990) 264; H.- J. He, Y.-P. Kuang, and X.-y. Li Phys. Rev. Lett. 69 (1992) 2619 4. H. G. J. Veltman Phys. Rev. D41 (1990) 2294 5. A. Dobado and J. R. Pelaez Nucl. Phys. B425 (1994) 110, [hep-ph/9401202]; C. Grosse-Knetter, Z. Phys. C67 (1995) 261, [hep-ph/9405412];C. Grosse-Knetter and I. Kuss Z. Phys. C66 (1995) 95, [hep-ph/9403291]; H. J. He, Y. P. Kuang and C. P. Yuan, Phys. Rev.D51, 6463 (1995) [hep-ph/9410400] 6. W. J. Marciano and S. S. D. Willenbrock Phys. Rev. D37 (1988) 2509; S. Dawson and S. Willenbrock Phys. Rev. D40 (1989) 2880 7. P. N. Maher, L. Durand, and K. Riesselmann Phys.

Rev. D48 (1993) 1061, [hep-ph/9303233]; A. Ghinculov and J. J. van der Bij, Nucl. Phys. B436 (1995) 30, [hep-ph/9405418]; A. Ghinculov Nucl. Phys. B455 (1995) 21, [hep-ph/9507240] 8. E. N. Argyres et. al. Phys. Lett. B358 (1995) 339, [hep-ph/9507216]; W. Beenakker et. al. Nucl. Phys. B500 (1997) 255, [hep-ph/9612260] 9. L. F. Abbott Nucl. Phys. B185 (1981) 189; L. F. Abbott, M. T. Grisaru, and R. K. Schaefer Nucl. Phys. B229 (1983) 372; A. Denner, G. Weiglein, and S. Dittmaier Nucl. Phys. B440 (1995) 95, [hep-ph/9410338]; A. Denner and S. Dittmaier Phys. Rev. D54 (1996) 4499, [hep-ph/9603341] 10. J. M. Cornwall and J. Papavassiliou Phys. Rev. D40 (1989) 3474; J. Papavassiliou Phys. Rev. D41 (1990) 3179; D. Binosi and J. Papavassiliou Phys. Rev. D66 (2002) 111901, [hep-ph/0208189]; D. Binosi, J. Phys. G 30, 1021 (2004), [hep-ph/0401182].

11. R. G. Stuart, Phys. Lett. B262 (1991) 113; A. Aeppli, G. J.

van Oldenborgh, and D. Wyler, Nucl. Phys. B428 (1994) 126, [hep-ph/9312212]; H. G. J. Veltman, Z. Phys. C62 (1994) 35.

12. W. Beenakker, F. A. Berends, and A. P. Chapovsky, Nucl.

Phys. B573 (2000) 503, [hep-ph/9909472]; W. Beenakker, A. P. Chapovsky, A. Kanaki, C. G. Papadopoulos, and R. Pittau, Nucl. Phys. B667 (2003) 359–393, [hep-ph/0303105].

13. M. Beneke, A. P. Chapovsky, A. Signer, and G. Zanderighi, Phys. Rev. Lett. 93 (2004) 011602, [hep-ph/0312331] and Nucl. Phys. B686 (2004) 205, [hep-ph/0401002] 14. G. Valencia and S. Willenbrock Phys. Rev. D42 (1990) 853 15. M. H. Seymour Phys. Lett. B354 (1995) 409, [hep-ph/9505211]

16. A. Denner, S. Dittmaier, and T. Hahn, Phys. Rev. D56 (1997) 117, [hep-ph/9612390].

17. J. Papavassiliou and A. Pilaftsis Phys. Rev. D58 (1998) 053002, [hep-ph/9710426] 18. W. Kilian and K. Riesselmann Phys. Rev. D58 (1998) 053004, [hep-ph/9801265] 19. T. Appelquist and C. W. Bernard Phys. Rev. D22 (1980) 200; M. S. Chanowitz, M. Golden, and H. Georgi Phys. Rev. D36 (1987) 1490; F. Feruglio Int. J. Mod. Phys. A8 (1993) 4937, [hep-ph/9301281] 20. R. S. Chivukula and V. Koulovassilopoulos Phys. Lett.

B309 (1993) 371, [hep-ph/9304293]; R. S. Chivukula, M. J. Dugan, and M. Golden Phys. Lett. B336 (1994) 62, [hep-ph/9406281]; H.-J. He, Y.-P. Kuang, C. P. Yuan, and B. Zhang Phys. Lett. B554 (2003) 64, [hep-ph/0211229] 21. T. Han, Y. J. Kim, A. Likhoded, and G. Valencia Nucl.

Phys. B593 (2001) 415, [hep-ph/0005306] 22. E. Boos and T. Ohl Phys. Rev. Lett. 83 (1999) 480, [hep-ph/9903357] 23. T. Ohl and C. Schwinn Eur. Phys. J. C30 (2003) 567, [hep-ph/0305334]; see also C. Schwinn, PhD thesis TU- Darmstadt (2003), hep-ph/0307057 24. D. Ondreka, PhD thesis TU Darmstadt (2004), in preparation 25. T. Ohl, D. Ondreka, and C. Schwinn, work in preparation 26. C. H. Llewellyn Smith, Phys. Lett. B46 233 (1973); J. M.

Cornwall, D. N. Levin, and G. Tiktopoulos, Phys. Rev. Lett. 30 1268 (1973); Erratum ibid. 31 233; Phys. Rev. D10 1145 (1974).

27. J. Alcaraz and E. Ruiz Morales, Phys. Rev. Lett. 86 (2001) 3726, [hep-ph/0012109].

28. P. Ciafaloni and D. Espriu Phys. Rev. D56 (1997) 1752, [hep-ph/9612383] 29. U. Baur and D. Zeppenfeld Phys. Rev. Lett. 75 (1995) 1002, [hep-ph/9503344] 30. A. Pilaftsis Nucl. Phys. B504 (1997) 61, [hep-ph/9702393] 31. O. Piguet and K. Sibold Nucl. Phys. B253 (1985) 517;

O. M. Del Cima, D. H. T. Franco, and O. Piguet Nucl. Phys. B551 (1999) 813, [hep-th/9902084] 32. P. Gambino and P. A. Grassi Phys. Rev. D62 (2000) 076002, [hep-ph/9907254]