DESY 93-069 ISSN 0418-9833 August 1993

HIGGS PHENOMENOLOGY AT ONE LOOP IN THE STANDARD MODEL^†

Bernd A. Kniehl

II. Institut für Theoretische Physik^‡ der Universität Hamburg Luruper Chaussee 149, 22761 Hamburg, Germany

ABSTRACT

We present a synopsis of Higgs-boson phenomenology at one loop in the standard model. Two-loop effects are reported on as far as present knowledge goes. The phenomena are classified according to the number of external particles participating in the interaction. The relevant classes correspond to two-, three-, four-, and five-point functions. Two-point functions are the source of indirect evidence for the Higgs boson; three-point functions control its two-body decays and its production through fusion processes at hadron and photon colliders; four-point functions trigger its three-body decays and its associated production with another particle that balances the quantum numbers or serves as a signal; five-point functions mediate Higgs-boson four-body decays and production from intermediate-boson fusion at hadron, ep, and e^+e^− colliders. Of course, the study of quantum corrections to these processes is interesting in its own right, since it provides a deeper insight into the completely untested Higgs sector of the electroweak theory. However, in some cases the effects are very significant and their neglect leads to rather inadequate predictions, e.g., in the case of the H → bb̄ decay or the gluon-fusion mechanism. The purpose of this article is to deliver a broad review of the quantum effects related to the Higgs boson, to highlight their phenomenological relevance, to list the most important formulae for quick reference, and to generate a rich bibliography, so that the interested reader can find the source of the results. We shall illustrate the effects in numerous figures and investigate various limiting cases, e.g., light or heavy virtual fermions, a heavy Higgs boson, etc. For the reader’s convenience, we shall collect the relevant two-, three-, and four-point loop integrals as well as the boson vacuum polarizations and fermion self-energies in a number of appendices.

† To appear in Physics Reports.

‡ Supported by the Bundesministerium für Forschung und Technologie under Contract 05 5HH 91P(8).

Table of Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 2. Two-point functions: oblique corrections . . . . . . . . . . . . . . . . . . 6 2.1 One-loop formalism . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 Higher-order corrections . . . . . . . . . . . . . . . . . . . . . . . 10 3. Three-point functions: fusion processes and two-body decays . . . . . . . . . 15 3.1 ZZH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 3.2 ZγH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.3 γγH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.4 ggH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.5 W^+W^−H coupling . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.6 ff̄ H coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 4. Four-point functions: associated production and three-body decays . . . . . . . 41 4.1 ff̄ ZH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . 41 4.2 ff̄ γH coupling: e^+e^− → γH . . . . . . . . . . . . . . . . . . . . 52 4.3 qq̄^′W^±H and qq̄ZH couplings: pp → W^±H + X and pp → ZH + X . . . 53 4.4 ggZH coupling . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.5 gggH and qq̄gH couplings: pp → jH + X . . . . . . . . . . . . . . . 57 5. Five-point functions: intermediate-boson fusion and e^+e^− → μ^+μ^−H . . . . . . 59 5.1 QCD corrections to intermediate-boson fusion in pp and ep collisions . . . 60 5.2 QED corrections to e^+e^− → μ^+μ^−H . . . . . . . . . . . . . . . . . 61 6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

1. Introduction

One of the great puzzles of contemporary elementary particle research is whether nature indeed makes use of the Higgs mechanism [1] in connection with spontaneous symmetry breaking to generate the observed particle masses. In the minimal standard model of electroweak interactions [2] this concept is implemented by means of one weak-isospin doublet of complex scalar fields with weak hypercharge Y = 1. During the spontaneous breakdown of the SU(2)_I ⊗U(1)_Y gauge symmetry, three of these four degrees of freedom are absorbed to create the longitudinal polarization states of the intermediate bosons, W^± and Z. At the same time, the quarks and charged leptons acquire masses through their Yukawa-type interaction with this complex scalar doublet. As an aftermath of this miracle, there remains one neutral scalar boson with positive parity and charge conjugation, the so-called physical Higgs boson, H.

Most of the Higgs-boson properties are fixed by the intrinsic structure of the standard model, e.g., the vacuum expectation value, v = 2^{−1/4}G^{−1/2}_F ≈ 246 GeV, and its couplings to the gauge bosons, g_{V V H} = 2^{5/4}G^{1/2}_F M^2_V (V = W, Z), and fermions, g_f¯_{fH} = 2^{1/4}G^{1/2}_F m_f . However, its mass, M_H, and its self-couplings, which depend on M_H, are essentially unspecified. The requirement that the amplitude of intermediate-boson scattering at high energies does not violate unitarity establishes an M_H upper bound at (8π √ 2/3G_F )^{1/2} ≈ 1 TeV [3].

A similar number follows from considerations concerning the practicability of perturbation theory [4, 5]. Lattice computations suggest a somewhat lower value, viz. M_H/M_W <∼ 9 [6].

The direct experimental discovery of the Higgs boson would deliver a crucial confirmation of the standard model and much effort and resources have been invested towards this goal, so far in vain. The search for the Higgs boson is primarily aggravated by the lack of knowledge of its mass and by the smallness of its couplings to stable matter and light. Search strategies depend largely on the suspected value of M_H. It has become customary call a Higgs boson with M_Z <∼ M_H <∼ 2M_W intermediate-mass, otherwise low-mass or high-mass. The branching fractions of the major decay modes of low- and intermediate-mass Higgs bosons are summarized in Fig. 1. High-mass Higgs bosons decay almost exclusively into W^+W^−, ZZ, and tt̄ pairs; in the very upper M_H range, however, tree-level three-body decays may reach branching fractions of a few percent [7].

At present, the Higgs boson is being searched at the CERN Large Electron Positron Collider (LEP) and SLAC Linear Collider (SLC) via the Bjorken process [8], e^+e^− → Z → ff̄ H. The absence of genuine Higgs-boson signals in the steadily growing sample of observed

Z bosons has been shifting the M_H lower bound upwards. Having observed zero signal events, it is possible to exclude at the 95% confidence level those M_H values which would lead to more than three predicted events. At this time, this is the case for M_H < 63.5 GeV [9]. The search potential of LEP 1 will be exhausted at 65 GeV or so [10].

At LEP 2, operating somewhere around √ s = 190 GeV, the M_H range up to 90 GeV will be covered using the bremsstrahlung process [11], e^+e^− → ZH, where the Z boson is tagged by its Z → μ^+μ^− decay. The optimum laboratory for discovering and studying the intermediate-mass Higgs boson would arguably be an e^+e^− linear collider with 300 GeV <∼ √ s <∼ 500 GeV [12]. Various locations and designs have been suggested for such a machine and the generic term Next Linear Collider (NLC) will be used in the following. The intermediatemass Higgs boson would show up as a spectacular peak in the distribution over the recoil mass of the bremsstrahung process, defined by ( p_e+ + p_e� − p_μ+ − p_μ�

)_2 [12]. The W^+W^−- fusion process [13, 14], e^+e^− → ν_eν̄_e(W^+)^∗(W^−)^∗ → ν_eν̄_eH, where the stars indicate virtual particles, gains significance as √ s increases. The cross section of ZZ fusion [13, 14], e^+e^− → e^+e^−Z^∗Z^∗ → e^+e^−H, is about one order of magnitude smaller due to weaker couplings. The process e^+e^− → tt̄H [15] has an even smaller cross section but is interesting because it can be used to measure the coupling of the intermediate-mass Higgs boson to the top quark. As for the high-mass Higgs boson, this coupling may be probed by observing e^+e^− → ZH^∗ → Ztt̄ [16]. W W H, ZZH, and ZγH associated production [17, 18] and the higherorder electroweak processes e^+e^− → νeW H, νν̄ZH, νν̄γH [17], where the photons carry high transverse momenta, are generally less suited for the Higgs-boson search; however, they include many electroweak couplings simultaneously and could thus provide tests of the theory, since gauge cancellations occur among the diagrams. With an integrated luminosity of 50 fb^{−1} at √ s = 500 GeV, the discovery limit of the NLC should be somewhere around M_H = 350 GeV in the νν̄W^+W^− and νν̄ZZ channels [19]. A 1-TeV collider with 200 fb^{−1} should be able to cover the M_H range way up to 700 GeV [20].

It is a well-known fact that the laser conversion method allows one to transform an electron beam into a photon beam with almost the same characteristics [21]. This renders it possible to operate the NLC as eγ and γγ colliders. The dominant Higgs-boson production mechanisms will then be eγ → νW H [22, 23], eγ → eZH [22], eγ → eγγ → eH [24], and γγ → H [25]. The process γγ → tt̄H [26] is sensitive to the tt̄H coupling but is greatly phase-space suppressed.

At future multi-TeV hadron colliders such as the CERN Large Hadron Collider (LHC) and the Superconducting Super Collider (SSC), gluon fusion [27], gg → H, which proceeds via massive-quark triangle graphs, will, in general, be the most copious source of Higgs bosons. However, W^+W^− and ZZ fusion, where the intermediate bosons are radiated off the quark lines [14, 28], may come to dominate the yield towards the upper end of the M_H range provided that m_t is moderate. The production of a Higgs boson in association with a tt̄ pair [29], gg → tt̄H, or an intermediate boson [30, 31], qq̄^′ → W^±H and qq̄ → ZH, have been found to be throughout less yielding than the other mechanisms. For M_H <∼ 140 GeV, it may be possible, under favourable experimental conditions, to discern the H → 2γ signal from the continuum γγ background [32, 33]. In the window 140 GeV <∼ M_H <∼ 2M_Z, the Higgs boson may be recognized, after selective cuts, by its H → (W^+)^∗(W^−)^∗ → ℓ^−ν̄_ℓ ℓ^{′+}ν_ℓ0 decay [34]. For 140 <∼ M_H <∼ 800 GeV, the legendary gold-plated H → Z^{(∗)}Z^{(∗)} → ℓ^+ℓ^−ℓ^{′+}ℓ^{′−} events, with ℓ, ℓ^′ = e, μ, appear as a prominent peak in the four-lepton invariant mass distribution above a small background [32].

At future ep colliders, intermediate-boson fusion will be the dominant source of Higgs bosons over the full M_H range [14, 35].

Numerous comprehensive—and in some cases even encyclopaedic—reviews of Higgs-boson phenomenology [36] have been published in the recent few years, including self-training guides for Higgs hunters [37]. The logistics of detecting the Higgs boson and of investigating its characteristics was on the agenda of many workshops and conferences [38], and even a flow chart for Higgs hunting has been elaborated [39]. In the present article we shall focus attention on an interesting aspect of this flourishing field of research, which has not yet been reviewed: namely on the loop effects connected with the Higgs boson in the standard model.

Prior to the direct experimental discovery of the Higgs boson, the only source of information on its mass is in the analysis of Higgs-boson-induced quantum corrections to precisely measured observables. Due to its weak couplings to stable particles, the Higgs boson can manifest itself only through the intermediate-boson self-energies. However, the sensitivity of such corrections to M_H is screened, so that meaningful constraints on M_H can be obtained only when at least the dominant effects beyond one loop are taken into account. These include two-loop corrections of the orders G^2_F M^2_W M^2_H , G^2_F m^4_t , and G_F α_sm^2_t as well as tt̄ threshold effects, which can be estimated from realistic assumptions on the e^+e^− → tt̄ excitation curve via properly subtracted dispersion relations. We shall utilize a generalized formulation of the popular S, T , and U parameters that correctly takes into account the physics at the weak scale and incorporates the dominant higher-order corrections enumerated above. This will provide a powerful tool to reliably estimate the m_t-M_H interdependence and to update the allowed ranges for both masses from a global analysis of high-precision data. After more accurate M_W measurements and the discovery of the top quark, this kind of analysis will eventually allow us to pin down the value of M_H in the standard model.

After the Higgs boson has been discovered and its mass is known, the study of its properties will receive a high priority. In order to distinguish the Higgs boson of the minimal standard model from the Higgs sectors of more extended theories, such as supersymmetry, technicolor, etc., it is necessary to have the radiative corrections to its production and decay processes well under control. One is thus led to consider the renormalization of three-, four-, and five-point functions with one external Higgs-boson line. Some of these Green functions are themselves loop-induced, so that their radiative corrections involve two-loop diagrams. The set of three-point vertices consists of ZZH, ZγH, γγH, ggH, W^+W^−H, and ff̄ H, where f represents a generic massive fermion. Large corrections arise from QCD, from the top quark, and in the high-M_H limit. Most notably, QCD corrections reduce the H → bb̄ width by 50–60%, while they enhance the H → gg width by more than 60%. Similarly, they amplify the cross section of pp → H + X by a factor of 1.5–1.7.

In order for a four-point function to be relevant for Higgs-boson production at high-energy colliders, two of its external lines must be e^+e^− or any pairing of e^−, γ, q, and g. The fourth line then represents a particle that is produced in association with the Higgs boson. When the electron and parton masses are neglected, the only possibilities at tree level are e^+e^−ZH, qq̄ZH, and qq̄^′W^±H. At future e^+e^− colliders, ZH associated production is the dominant source of Higgs bosons for centre-of-mass (CM) energy √ s <∼ 500 GeV and, depending on the value of M_H , the electroweak corrections may enhance the cross section by up to 25%. At future hadron supercolliders, high-transverse-momentum Higgs bosons can be produced from pp → ZH + X and pp → W^±H + X (via quark-antiquark annihilation) and QCD corrections are needed to reduce the scale dependence of the cross sections. Although these processes are not dominant, they are nevertheless relevant, since the leptonic decays of the intermediate bosons provide a spectacular signature for the Higgs-boson. Loop-induced four-vertices of interest are e^+e^−γH, ggZH, gggH, and qq̄gH. They mediate e^+e^− → γH, pp → ZH + X (via gluon fusion), and pp → jH + X, where the Higgs boson acquires a finite transverse momentum. Vice versa, all these four-point functions may trigger three-body decays of the Higgs boson provided the latter are kinematically allowed. Finally, if M_H < M_Z then the Higgs boson can be produced at LEP 1 and SLC through the Bjorken process, Z → ff̄ H, and radiative corrections induce a shift in the M_H lower bound.

The most important five-point functions in Higgs-boson phenomenology are those connected with intermediate-boson fusion, which is the dominant production mechanism in e^+e^− and pp collisions for high values of M_H and in ep collisions for all values of M_H , and those related to ℓ^+ℓ^−H associated production via a Z^∗H intermediate state. The leading QCD corrections to the pp and ep processes can be evaluated by means of the structure-function approach. The QED corrections to e^+e^− → μ^+μ^−H including the initial-final state interference, which involve genuine five-point loop integrals, are also available. Full electroweak corrections have not been calculated for any process of this category.

This article is organized as follows. Chapter n (n = 2, . . . , 5) is dedicated to loop effects connected with n-point processes involving the Higgs boson. The relevant two-, three-, and four-point one-loop integrals are collected in Appendix A. The boson and fermion self-energies are listed in Appendices B and C, respectively.

2. Two-point functions: oblique corrections

So far the Higgs boson has eluded direct experimental discovery and the only way to extract from data information on its characteristics, e.g., its mass, has been to analyze Higgsboson-induced quantum corrections to precisely measured processes. Since the Higgs boson couples only feebly to stable matter and, at tree level, does not interact with the photon, it dominantly manifests itself through quantum corrections to the propagators of the weak gauge bosons.

Radiative corrections to the gauge-boson propagators are customarily called oblique [40]. In electroweak physics oblique radiative corrections can be parameterized in terms of four independent quantities which have the property that they are automatically ultraviolet finite. Such quantities are sometimes called observable radiative corrections [41]. One of them resides in the purely electromagnetic part of the standard electroweak theory, so that there remain three variables to characterize the more exciting genuinely weak phenomena and, in particular, to probe the Higgs sector. In addition, they provide a convenient tool to systematically classify deviations due to new physics beyond the standard model. Such three-dimensional parameterizations have gained vogue some time ago and meanwhile there exits a variety of definitions and notations [42–47], which have been nicely catalogued in Ref. 48. Perhaps, the most popular language is the one by Peskin and Takeuchi [44], who coined the (S, T, U) terminology. However, these authors were mainly concerned with new physics at energy far above the weak scale and their original definitions of S and U lead to mass singularities when they are naïvely applied to the standard model itself. The same is true of the (ε_1, ε_2, ε_3) set introduced by Altarelli and Barbieri [47]. To properly accommodate the physics at the weak scale, one eliminates the derivatives, evaluated at zero momentum transfer, of the non-QED vacuum-polarization functions by suitably re-introducing the weak-boson masses [45, 46, 49].

2.1 One-loop formalism

As explained in Ref. 50, observable radiative corrections can be identified quite systematically in the on-mass-shell (OMS) scheme, which uses the fine-structure constant, α, and the physical particle masses as basic parameters. Toward this end, one considers the transverse gauge-boson vacuum-polarization functions in their renormalized forms,

Π̂_{W W} (q^2) = Π^{W W} (q^2) − Re Π^{W W} (w) + (q^2 − w) ( c^2_w s^2_w R − Π^{AA′}(0) ) , Π̂_{ZZ} (q^2) = Π^{ZZ} (q^2) − Re Π^{ZZ} (z) + (q^2 − z) [( c^2_w s^2_w − 1 ) R − Π^{AA′}(0) ] , Π̂_{ZA}(q^2) = Π^{ZA}(q^2) − Π^{ZA}(0) − q^2 c^w s_w R , Π̂_{AA}(q^2) = Π^{AA}(q^2) − q^2 Π^′_{AA}(0) , (2.1)

where q denotes the external four-momentum and

R = Re ( − Π^{W W} (w) w + Π^{ZZ} (z) z ) − 2 s_w c_w

Π^{ZA}(0) z . (2.2)

Here and in the following, we use the short-hand notation w = M^2_W , z = M^2_Z , h = M^2_H , and c^2_w = 1 − s^2_w = w/z. The standard-model expressions in O(α) for the unrenormalized Π functions may be found in Ref. 51; for completeness, they are listed also in Appendix B. Perturbative O(αα_s) corrections to these functions are available from Refs. 52, 53. As per construction, Eq. (2.1) satisfies the on-shell conditions,

Re Π̂_{W W} (w) = Re Π̂_{ZZ} (z) = Π̂_{ZA}(0) = Π̂_{AA}(0) = 0 . (2.3)

On the other hand, Π̂_{W W} (0), Π̂_{ZZ} (0), Re Π̂_{ZA}(z), and Re Π̂_{AA}(z) represent nontrivial and manifestly finite combinations of unrenormalized two-point functions, which are clearly renormalization-scheme independent. They bear the following physical meanings:

(i) Δr_{oblique} = Π̂_{W W} (0)/w embodies the propagator corrections to the muon lifetime [54]; (ii) Δρ = Π̂_{ZZ} (0)/z − Π̂_{W W} (0)/w measures the quantum corrections to the ratio, ρ = 1/(1 − Δρ), of the neutral- and charged-current amplitudes at low energy [55];

(iii) Δκ = −(c_w/s_w) Re Π̂_{ZA}(z)/z controls the effective weak mixing angle, s̄^2_w = s^2_w(1+Δκ), that occurs in the vector coupling of the Z → ff̄ decay rate [56];

(iv) Δα = − Re Π̂_{AA}(z)/z determines the running fine-structure constant at the Z-boson scale, ᾱ = α/(1 − Δα), where α is the corresponding value at the electron scale [57].

The term Δα receives significant contributions only from charged particles with masses below the Z-boson scale, while high-mass particles are known to decouple from it [58]. In particular, the standard-model Higgs boson does not contribute to Δα at one loop. Thus, Δα is well under control and we shall not be concerned with it in the remainder of this section. Furthermore, we subtract from Δr_{oblique} its pure QED portion by setting (1 − Δr_{oblique}) = (1 − Δα)(1 − Δr_w), so that Δr_w is devoid of mass singularities when charged-particle masses are sent to zero.

The conventional parameters S, T , and U—or, equivalently, ε_1, ε_2, and ε_3—may be recovered as linear combinations of Δr_w, Δρ, and Δκ, namely

αS = 4s^2_wε_3 = 4s^2_w [ c^2_w(Δr_w + Δρ) + (c^2_w − s^2_w)Δκ ] , αT = ε_1 = Δρ ,

αU = −4s^2_wε_2 = 4s^2_w [ s^2_w(Δr_w + 2Δκ) − c^2_wΔρ ] . (2.4)

Conversely,

Δr_w = α s^2_w [ S 2 − c^2_wT − 1 4 ( c^2_w s^2_w − 1 ) U ] = − c^2_w s^2_w ε_1 + ( c^2_w s^2_w − 1 ) ε_2 + 2ε_3 ,

Δκ = α s^2_w [ − S 4 + c^2_wT + c^2_w 4s^2_w U ] = c^2_w s^2_w

(ε_1 − ε_2) − ε_3 .

(2.5)

It is well known that T quantifies the violation of the custodial isospin symmetry [55], while S is an isospin-symmetric observable that measures the size of the Higgs sector and counts the total number of weak isodoublets [44]. In many new-physics scenarios, U plays a fairly unimportant rôle and it is explicitly fixed to zero by some authors. However, models with anomalous W -boson interactions provide a counter-example to this rule [47].

We are now ready to analyze in (S, T, U) space one-loop oblique corrections due to the

Higgs boson. For a first orientation, we consider the leading high-M_H behaviour:

S = 1 12π ln h z + O(1) , T = − 3 16πc^2_w ln h z + O(1) , U = O ( z h ln h z ) . (2.6)

In compliance with the screening theorem [4, 59], the M_H dependence is at most logarithmic. Equation (2.6) can be obtained also directly from the high-energy asymptotic formalism of Refs. 44, 47. It allows to quickly estimate the variations with M_H of S, T , and U if their values are known at some high reference value of M_H. However, it is clear that, for realistic values of M_H, Eq. (2.6) poorly predicts the absolute sizes of S, T , and U mainly because it does not include the sizeable contributions due to the (t, b) doublet. Neglecting m_b, the latter read S = 1 3π [ − ( 1 + 11 4r ) √ 1 r − 1 arcsin √ r + ln ( 2 √ r ) + 11 4r ]

= − 1 6π ( ln m^2_t z + 1 6 − 7 20 z m^2_t + O ( z^2 m^4_t )) , T = 3m^2_t 16πs^2_ww , U = 1 π [( 1 + 1 2x ) ( 1 − 1 x )_2

ln(1 − x) + 1 4x + 1 2x^2 + ( −1 + 1 4r ) √ 1 r − 1 arcsin √ r − ln ( 2 √ r ) − 1 4r ]

= 1 2π [ ln m^2_t z + 1 2 + 3 4 ( −c^2_w + 1 5 ) z m^2_t + O ( z^2 m^4_t )] ,

(2.7)

where x = w/m^2_t and r = ( z/4m^2_t ) . Setting also m_t = 0 in Eq. (2.7), one obtains the contributions per light-quark doublet,

S = T = 0 , U = 1 π ln c^2_w .

(2.8)

The corresponding contributions per light-lepton doublet emerge from Eq. (2.8) through division by three. Note that Eqs. (2.7), (2.8) cannot be derived from the formulation of Refs. 44, 47.

The exact predictions of S, T , and U at one loop in the standard model are displayed in Fig. 2 as functions of M_H for m_t = 150 GeV. Throughout this report, we set M_Z = 91.187 GeV [60], adopt the parameterization of the hadronic contribution to the photon selfenergy and the light-quark masses from Ref. 61, and take the residual input parameters from Ref. 57, unless stated otherwise. The individual contributions due to bosons (dotted lines), leptons (dashed lines), and quarks (dot-dashed lines) as well as the combined results (solid lines) are shown. The m_t dependence can easily be estimated using the asymptotic expansions of Eq. (2.7). The abscissa being logarithmic, the dotted and solid lines are approximately straight in the upper M_H range in the case of S and T and their slopes can be gleaned from Eq. (2.6). On the other hand, U varies only feebly with M_H, which again follows from Eq. (2.6). The leptonic contributions are indeed very well described by Eq. (2.8) and, hence, so are the ones due to the (u, d) and (c, s) doublets. In the case of S and T the quarkonic contributions are essentially generated by the (t, b) doublet alone. Obviously, S is strongly sensitive to M_H, it even changes sign as M_H runs from 50 GeV to 1 TeV. It is interesting to observe that the absolute size of this change is almost twice as large as the one due to the variation of m_t between 91 and 250 GeV. Unfortunately, the absolute size of S is more than five times smaller than the one of T , so that the observable radiative corrections that are directly extracted from current experiments, namely Δr, Δρ, and Δκ, are much less sensitive to M_H. Moreover, it is evident from Eq. (2.6) that it is rather the logarithm of M_H than M_H itself that is extracted from data. On the other hand, the dominant quantity, T , depends in leading order quadratically on m_t, which explains why m_t can be pinned down through oblique corrections much more efficiently than M_H . It is, therefore, not surprising that the value of M_H determined by fine-tuning observable radiative corrections so as to fit best M_W , LEP, and other data depends delicately on whether radiative corrections beyond one loop are taken into account or not [62].

2.2 Higher-order corrections

A first step towards the considerable challenge of computing higher-order oblique corrections can be taken by concentrating on those two-loop diagrams which are expected to contribute dominantly. They involve virtual Higgs bosons, top quarks, and gluons. Bosonic two-loop diagrams involving ultraheavy Higgs bosons generate terms proportional to M^2_H in the gauge-boson vacuum polarizations [63]. In the language of S, T , and U these terms read S = G_F h 16π^3 √ 2 ( 14 9 ζ(2) − π 4 √ 3 − 35 36 )

≈ 3.224 · 10^{−4} G_F h , T = G_F h 64π^3 √ 2c^2_w ( −9 √ 3 Cl_2 (π 3 ) + 9 2 ζ(2) + 9 4 π √ 3 − 21 8 )

≈ 4.272 · 10^{−4} G_F h c^2_w , U = 0 .

(2.9)

We observe that the M_H dependence of S and T is formally reinforced as compared to Eq. (2.6), while U continues to be insensitive to M_H . However, due to the smallness of the numerical coefficients, Eq. (2.9) is insignificant phenomenologically for M_H <∼ 1 TeV. In fact, assuming M_H = 1 TeV, one finds S ≈ 3.8 · 10^{−3} and T ≈ 6.4 · 10^{−3}, which has to be compared with Fig. 2. We remark in passing that, in contrast to some of the vacuum-polarization contributions of Ref. 63, the terms of Eq. (2.9) have a simple, overall dependence on the weak mixing angle.

Recently, the M_H-dependent two-loop corrections to the leading heavy-top-quark term of T in Eq. (2.7) have been computed with the result that [64] αT = N_cx ( 1 + xρ^{(2)} ( h 4m^2_t )) , (2.10)

where N_c = 3, x = ( G_F m^2_t /8π^2 √ 2 ) , ρ^{(2)}(r) = −16r + 25 + 4(4r^2 − 12r − 3)γ − 3 ( 1 − 1 2r ) [ (4r − 1)^2 Li_2(1 − 4r) − ζ(2) ] − 16r(r − 1)A(r) − 12(8r^2 − 12r + 5)B(r) ,

A(r) = √ 1 r − 1 ( Φ − π 2 ) , if 0 < r ≤ 1 , √ 1 − 1 r ϕ , if r > 1 ,

B(r) = 1 √ 1/r − 1 Cl_2(2Φ) , if 0 < r < 1 ,

2 ln 2 , if r = 1 , 1 √ 1 − 1/r ( Li_2 ( −ρ^2_− ) + ζ(2) 2 + ϕ^2 ) , if r > 1 , (2.11) r = ( h/4m^2_t ) , Φ = arcsin √ r , ρ_± = √ r ± √ r − 1 , ϕ = ln ρ_+, and γ = ln(ρ_+ + ρ_−). A useful expansion of Clausen’s function, Cl_2 , in terms of the Bernoulli numbers may be found in

Ref. 65. In the limiting cases one has [64]

ρ^{(2)}(r) =

−12ζ(2) + 19 − 8π √ r + O(rγ) , if r ≪ 1 , 6γ^2 − 27γ + 6ζ(2) + 49 4 + O ( γ^2 r ) , if r ≫ 1 . (2.12)

For M_H = 0, one recovers the well-known result [66],

ρ^{(2)}(0) = 19 − 2π^2 . (2.13)

QCD corrections to gauge-boson propagators arise from virtual-gluon exchanges within quark-loop insertions. The results to O(αα_s) in perturbation theory may be found in Refs. 52, 53. It is straightforward to derive the corresponding contributions to S, T , and U. Neglecting all quark masses, except for m_t, one obtains

S = α_s(m_t) π^2 ( − 1 6 ln m^2_t z + 5 12 V_1(r) r − 1 4 A_1(r) − A_1(0) r )

= α_s(m_t) π^2 1 3 ( − 1 2 ln m^2_t z + 2ζ(3) + 1 + O ( z m^2_t )) , (2.14) T = α_s(m_t) π^2 m^2_t s^2_ww ( A_1(0) 4 − F_1(0) )

= − α_s(m_t) π^2 m^2_t 4s^2_ww ( ζ(2) + 1 2 ) , (2.15) U = α_s(M_Z ) π^2

2 ln c^2_w + α_s(m_t) π^2 ( 1 2 ln m^2_t z − 4 F_1(x) − F_1(0) x + 1 4 V_1(r) + A_1(r) − A_1(0) r )

= α_s(M_Z ) π^2

2 ln c^2_w + α_s(m_t) π^2 ( 1 2 ln m^2_t z − 2ζ(3) + 4 9 ζ(2) + 1 2 + O ( z m^2_t )) , (2.16)

where r = ( z/4m^2_t ) , x = w/m^2_t , and V_1(r), A_1(r), and F_1(x) are listed in Ref. 53. Here α_s(μ) is evaluated at renormalization scale μ = M_Z for contributions due to the (u, d) and (c, s) doublets and at μ = m_t for those due to the (t, b) doublet. This choice can be motivated independently by direct inspection of the relevant two-loop integrals [67], by arguments based on an effective field theory [68], and by considerations involving dispersion relations [41]. As for the light-quark contributions to S, T , and U, first-order QCD corrections emerge from the free-field-theory results of Eq. (2.8) through multiplication by the universal factor α_s(M_Z )/π [53]. At present, this factor is known to third order [69], [α_s(M_Z )/π + 1.4092(α_s(M_Z )/π)^2 − 12.7673(α_s(M_Z )/π)^3], where the modified minimal-subtraction (MS) scheme with five active quark flavours is assumed and numerically insignificant contributions due to certain singlettype diagrams with three-gluon intermediate states are omitted. The effect of Eqs. (2.14)– (2.16) is visualized, too, in Fig. 2 (dot-dot-dashed lines). The T parameter is affected most strongly by QCD corrections [52]. It is interesting to observe that in the case of S, T , and U the one-loop effects related to the top quark are always weakened by their higher-order corrections; see Eqs. (2.10)–(2.16). As a consequence, the familiar nondecoupling of the top quark is screened and the m_t upper bound is relaxed to higher values.

So far we have confined ourselves to strictly perturbative phenomena. Although loop amplitudes involving the top quark are mathematically well behaved, it is evident that interesting and possibly significant features associated with the tt̄ threshold cannot be accommodated when the perturbation series is truncated at finite order. In particular, perturbation theory up to O(αα_s) predicts a discontinuous steplike threshold behaviour for the cross section of e^+e^− → tt̄. To obtain a more realistic description, it is necessary to allow for the formation of toponium resonances [70], which for m_t >∼ 130 GeV are smeared out to a coherent threshold structure [71]. By Cutkosky’s rule [72], σ (e^+e^− → tt̄ ) corresponds to the absorptive parts of the photon and Z-boson vacuum polarizations and its enhancement at threshold induces additional contributions in the corresponding real parts, which can be computed via suitably subtracted dispersion relations [73]. These contributions in turn lead to shifts in observable radiative corrections. For a comprehensive discussion of these effects we refer to Ref. [41]; the cases m_t ≈ M_Z /2 and m_t ≈ M_W − m_b, which require a special treatment [74], are now excluded experimentally [75]. In the following, we shall briefly review the crucial points of the procedure. Decomposing the vacuum-polarization tensor generated by the insertion of a top-quark loop into a gauge-boson line as

Π^{V,A}_{μν} (q) = Π^{V,A}(q^2) g_{μν} + λ^{V,A}(q^2) q_μq_ν , (2.17)

where V and A label the vector and axial-vector components and q is the external fourmomentum, one can show [41] that close to the tt̄ threshold only Im Π^V (q^2) and Im λ^A(q^2) receive significant contributions and Im λ^A(q^2) ≈ − Im Π^V (q^2)/q^2, while Im Π^A(q^2) is strongly suppressed due to centrifugal barrier effects. Of course, λ^V (q^2) = −Π^V (q^2)/q^2 by the relevant Ward identity [73]. Using subtracted dispersion relations that manifestly comply with the underlying Ward identities [73], one finds that the corresponding shifts in S, T , and U can be written as [41] 3 5 S = U = ∫ dq^2 q^2

Im Π^V (q^2) q^2 − z , T = 1 4s^2_ww ∫ dq^2 Im λ^A(q^2) ≈ − 1 4s^2_ww ∫ dq^2 q^2

Im Π^V (q^2) ,

(2.18)

where the integration extends across the threshold region. Consequently, the threshold enhancement of Im Π^V (q^2) beyond the perturbative prediction to O(αα_s) induces a negative shift in T , i.e., it acts in the same direction as the perturbative QCD corrections of Eq. (2.15). On the other hand, since the length of the integration interval in Eq. (2.18) is small as compared to the scale m^2_t , one has (3/5)S = U ≈ −4s^2_wwT / ( 4m^2_t − z ) , which is positive and, for large m_t, suppressed by the factor s^2_ww/m^2_t relative to T .

To illustrate the interplay of the various contributions to S, T , and U discussed above and their relevance for the prediction of M_H prior to the direct experimental discovery of the Higgs boson itself, we study the radiative corrections to the muon decay embodied by Δr [54]. As is well known, the requirement that the theoretical prediction of the muon lifetime agrees with its precisely measured value establishes a mass relation among the particles of the standard model. In the literature this relation has often been employed to predict M_W for given M_H and m_t; see Ref. 76 and references therein. Conversely, inputting the current experimental value of M_W [57], M_H can be evaluated as a function of m_t. The results displayed in Fig. 3 are based on the on-shell formulation of Ref. 77. To disentangle the effects of the electroweak, perturbative-QCD, and tt̄-threshold corrections, we have included them one after another on top of the usual one-loop analysis for the M_W central value. It is clear that any prediction of M_H is essentially meaningless, unless all dominant corrections beyond one loop are properly taken into account. The (m_t, M_H ) points outside the strip marked by the contours for M_W = 79.96 GeV and 80.48 GeV are excluded at the 68% confidence level by the CDF and UA2 experiments, provided, of course, that the standard model is correct. At present, a prediction of M_H is out of reach. However, the detection of the top quark is believed to be impending and, in the long run, an experimental uncertainty of δM_W ≈ 50 GeV is envisaged. Then this type of analysis will provide a powerful tool for pinning down M_H and, thus, for facilitating the direct search for the Higgs boson.

In general, the calculation of a physical observable to finite order in perturbation theory depends to a certain extent on the adopted renormalization scheme. In Ref. 77 the on-shell and MS calculations of Δr including the dominant higher-order corrections are compared and found to be in excellent agreement over the wide ranges 60 GeV < M_H < 1 TeV and M_Z < m_t < 250 GeV. This indicates that the above results should be rather reliable, i.e., insensitive to residual unknown higher-order corrections. Of course, the m_t-M_H interdependence can be further constrained by extending the set of measurables to be analyzed. For a global analysis of the latest low-energy, M_W , and LEP data we refer to Ref. 62.

Besides oblique corrections, there are other tools to probe the Higgs sector prior to observing the Higgs-boson resonance. In fact, the Higgs boson can contribute in higher orders also through direct corrections, i.e., process-specific vertex- and box-diagram contributions. The two-loop vertex corrections to the Z → bb̄ decay width involving virtual top quarks and Higgs bosons [64] provide an example for that.

Finally, we should address potential limitations of the above procedure. Very recently, it has been pointed out that the existence of a triviality bound for the Higgs sector of the standard model may influence the M_H dependence of radiative corrections [78]. It has been argued that the lowering of the Landau pole with increasing M_H implies that the sensitivity to M_H values beyond 500 GeV or so is lost due to the sizeable cutoff dependence of the theory [78]. In other words, in that regime oblique radiative corrections should receive significant contributions from unknown physics and calculations performed within the standard model may be totally unreliable [78].

3. Three-point functions: fusion processes and two-body decays

So far we have considered virtual Higgs bosons circulating in loop diagrams. At present, this is the only window to gain information on the characteristics of the Higgs boson. At future high-energy colliders the Higgs boson is expected to occur as a resonance in some inclusive channel, i.e., phase-space configurations where the Higgs boson is close to its mass shell will be greatly favoured. In the following, we shall, therefore, treat the Higgs boson as a real particle whenever we calculate quantum corrections to its production cross sections and partial decay widths—or deal with loop-induced production and decay processes. It is clear, however, that this picture becomes gradually doubtful for increasing M_H and is bound to break down for M_H <∼ 1 TeV, where the particle property of the Higgs boson fades. Furthermore, in the upper M_H range special care must be exercised not to violate Smatrix unitarity. This problem was tackled by Willenbrock and Valencia [79], who advocated to apply the complex-pole definition of mass and width to the Higgs-boson propagator. A complementary strategy is to absorb typical high-M_H corrections to the W^+W^−H and ZZH couplings into an effective mass parameter [80].

In this chapter we shall be concerned with one-loop three-point functions involving the Higgs boson as an external line. This includes both the loop-induced ZγH, γγH, and ggH couplings and radiative corrections to the tree-level W^+W^−H, ZZH, and ff̄ H vertices, where f represents a massive fermion. Note that, due to helicity conservation, the νν̄H coupling vanishes for massless neutrinos to all orders of perturbation theory. In the case of the W^+W^−H and ff̄ H vertices virtual-photon exchanges lead to infrared singularities when the charged particles are on-mass-shell. To obtain a finite result, one then needs to take soft-photon bremsstrahlung into account. A similar statement applies to gluonic corrections to the qq̄H vertex.

3.1 ZZH coupling

A comprehensive discussion of the one-loop renormalization of the ZZH vertex may be found in Refs. 51, 81. Since this vertex constitutes a central ingredient for the radiative corrections to the ff̄ ZH four-point function, to be discussed in Chapter 4, and since the ZγH, γγH, and ggH couplings may be derived from subsets of the ZZH loop diagrams simply by adjusting some coupling constants and the counterterm, we collect the central results below.

Let (μ, p) and (ν, k) denote the Lorentz indices and incoming four-momenta of the two Z bosons and a = p^2 , b = k^2 , c = (p + k)^2 . (3.1)

For the time being, we allow for all external particles to be off their mass shells. In the Born approximation the ZZH vertex is represented by (Fig. 4a)

V^{μν}_0 = ρ g^{μν} , ρ = eM_Z c_ws_w

. (3.2)

In first order it receives contributions from fermion loops (Fig. 4b), W -boson loops (Fig. 4c), and diagrams involving virtual Z and/or Higgs bosons including tadpoles (Fig. 4d). The one-loop corrected ZZH vertex may be written in the form

V^{μν} = ρ(g^{μν} + T^{μν}) , (3.3) where T^{μν} exhibits the following tensorial structure:

T^{μν} = A p^μp^ν + B k^μk^ν + C p^μk^ν + D k^μp^ν + Ê g^{μν} . (3.4)

The caret indicates that the respective quantity has been rendered finite by including its OMS

counterterm (Fig. 4e). Note that, due to charge-conjugation invariance, a term proportional

to ϵ^{μνρσ}p_ρk_σ does not occur. By Bose symmetry, one has A ↔ B and {C; D; E} ↔ {C; D; E}

under a ↔ b reflection.

In all cases of interest in this article the Z bosons are real or coupled to conserved currents,

so that only D and E in Eq. (3.4) are relevant. One finds [51]

D = α 4π 4 z ∑ f N_f m^2_f ( v^2_f A^v_f + a^2_f A^a_f ) + 1 s^2_w

A_W + 1 c^2_ws^2_w A_{ZH} ,

Ê = α 4π 4 z ∑ f N_f m^2_f ( v^2_f B^v_f + a^2_f B^a_f ) + 1 s^2_w

B_W + 1 c^2_ws^2_w B_{ZH} + B_{CT} , (3.5)

where v_f = ( I_f − 2s^2_wQ_f ) /(2c_ws_w), a_f = I_f /(2c_ws_w), N_f = 1(3) for lepton (quark) flavours,

f, and

A^v_f = (C_0 + 4C_2) ( a, b, c, m^2_f , m^2_f , m^2_f ) , A^a_f = (C_0 + 2C_1 + 4C_2) ( a, b, c, m^2_f , m^2_f , m^2_f ) , B^v_f = ( a + b − c 2 C_0 − 4C_3 ) ( a, b, c, m^2_f , m^2_f , m^2_f ) , B^a_f = B_0 ( a, m^2_f , m^2_f ) + B_0 ( b, m^2_f , m^2_f ) + [( a + b + c 2 − 4m^2_f ) C_0 − 4C_3 ] ( a, b, c, m^2_f , m^2_f , m^2_f ) , A_W = { 2 ( −8c^4_w + 4c^2_w − 1 ) C_0 − 2C_1 − [ 24c^4_w − 8c^2_w + 2 + ( 2c^2_w − 1

)_2 h w ] C_2 } (a, b, c, w, w, w) , B_W = ( 2c^2_w − 1 ) ( B_0(a, w, w) + B_0(b, w, w) ) + 1 2 B_0(c, w, w) + { [ c^4_w(−5a − 5b + 7c) + c^2_w(a + b − 2c − 6w) + 2w + s^4_wh ] C_0 + [ 24c^4_w − 8c^2_w + 2 + ( 2c^2_w − 1

)_2 h w ] C_3 } (a, b, c, w, w, w) ,

A_{ZH} = − [ C_0 + C_1 + ( 1 + h 2z ) C_2 ] (a, b, c, z, h, z) − 3h 2z C_2(a, b, c, h, z, h) , B_{ZH} = − 1 2 ( B_0(a, z, h) + B_0(b, z, h) ) + 1 4 B_0(c, z, z) + [ zC_0 + ( 1 + h 2z ) C_3 ] (a, b, c, z, h, z) + 3h 2z (zC_0 + C_3) (a, b, c, h, z, h) . (3.6) Here C_1(a, b, c, α, β, α) = C_{11}(a, b, c, α, β, α) − C_{12}(a, b, c, α, β, α) , C_2(a, b, c, α, β, α) = C_{12}(a, b, c, α, β, α) + C_{23}(a, b, c, α, β, α) , C_3(a, b, c, α, β, α) = C_{24}(a, b, c, α, β, α) − 1 4 B_0(c, α, α) (3.7)

are ultraviolet finite and a ↔ b symmetrical combinations of the standard two- and three-point functions defined in Appendix A. Notice that also C_0(a, b, c, α, β, α) possesses these properties. The counterterm can be expressed in terms of the unrenormalized vacuum-polarization functions listed in Appendix B, viz. [51] α 4π B_{CT} = 1 2 Re [ − ( c^2_w s^2_w − 1 ) Π^{W W} (w) w + c^2_w s^2_w

Π^{ZZ} (z) z − Π^{HH′}(h) ]

− 3c^2_w − 1 c_ws_w

Π^{ZA}(0) z − 1 2 Π^{AA′}(0) .

(3.8)

It should be reminded that the above results refer to the ’t Hooft-Feynman gauge and are gauge invariant only if all external lines are on their mass shells, i.e., if a = b = z and c = h. When they are to be utilized as a building block in the context of some more extensive calculation, one has to make sure that the residual loop diagrams are evaluated in the ’t Hooft- Feynman gauge, too. Furthermore, it is important to note that the renormalization of the external vector-boson lines has not been included yet. H → ZZ decay We are now ready to write down the one-loop corrected H → ZZ decay width. Including the wave-function renormalization for the outgoing Z bosons, it takes the form

Γ(H → ZZ) = Γ_0(H → ZZ)(1 + δ) , (3.9)

where

Γ_0(H → ZZ) =

G_F M^3_H 16π √ 2 √ 1 − 1 r ( 1 − 1 r + 3 4r^2 ) (3.10) is the tree-level result,

δ = −Δr + 2 Re ( Ê − Π̂^′_{ZZ} (z) ) + (1 − 1/r) [ 1 − (1/2r) ] 1 − 1/r + (3/4r^2) h Re D (3.11)

is the one-loop correction, and r = (h/4z). The renormalized gauge-boson vacuum-polariza-tion functions have been introduced in Eq. (2.1). Equation (3.9) is formulated in the so-called modified on-mass-shell (MOMS) scheme, i.e., the relation [54]

G_F = πα √ 2s^2_ww 1 1 − Δr , (3.12)

where

Δr =

Π̂_{W W} (0) w + α 4π 1 s^2_w [( 7 2s^2_w − 2 ) ln c^2_w + 6 ] , (3.13)

has been employed to parameterize the lowest-order result terms of G_F rather than α. In turn, the term −Δr appears in Eq. (3.11). The advantage of this procedure is that large logarithmic terms associated with light charged fermions are removed from the radiative corrections. In principle, their masses could now be sent to zero. In fact, this limit yields [51]

δ_{(u,d)} = G_F z 3π^2 √ 2 N_{(u,d)} ( 1 − 2c^2_ws^2_w + 2s^4_wY^2_{(u,d)} ) , (3.14)

where (u, d) represents a generic light-fermion doublet with weak hypercharge Y_{(u,d)}. Note that the diagrams of Fig. 4b do not contribute in this limit, since they are proportional to the square of the loop-fermion mass—one power stems from the Yukawa coupling constant and another one from the trace connected with the fermion loop. Equation (3.14) gives rise to a small positive correction independent of M_H .

At the other extreme, an ultraheavy-fermion doublet, (U, D), with masses m_U , m_D ≫ M_Z , contributes [51]

δ_{(U,D)} = Δρ_{(U,D)} + G_F 2π^2 √ 2 N_{(U,D)} ∑ i=U,D m^2_i Re F ( h 4m^2_i ) , (3.15)

where

Δρ_{(U,D)} = G_F 8π^2 √ 2 N_{(U,D)} ( m^2_U + m^2_D −

2m^2_U m^2_D m^2_U − m^2_D ln m^2_U m^2_D ) (3.16) is the corresponding contribution to the ρ parameter [55] and

F (r) = 3 2 − 1 2r − ( 1 − 1 2r ) f(r) + g(r) r = − 2 3 − r 15 + O(r^2) .

(3.17)

Here and in the following,

f(r) =

√ 1 − 1 r arsinh √ −r , if r < 0 , √ 1 r − 1 arcsin √ r , if 0 < r < 1 , √ 1 − 1 r ( arcosh √ r − i π 2 ) , if r > 1 ,

g(r) = arsinh^2 √ −r , if r < 0 , − arcsin^2 √ r , if 0 < r < 1 , ( arcosh √ r − i π 2 )_2 , if r > 1 .

(3.18)

It is interesting to observe that the terms involving the Zff̄ vector coupling vanish in the ultraheavy-fermion limit. For m_U , m_D ≫ M_H, Eq. (3.15) simplifies to [82] δ_{(U,D)} = − G_F 8π^2 √ 2 N_{(U,D)} [ 5 3 ( m^2_U + m^2_D ) + 2m^2_U m^2_D m^2_U − m^2_D ln m^2_U m^2_D ] . (3.19)

Obviously, the presence of an additional fermion generation would manifest itself in a strong reduction of the H → ZZ decay width, even if the doublets were mass degenerate. An alternative method of deriving the ultraheavy-fermion contributions to the ZZH coupling is provided by the Goldstone-boson equivalence theorem [83]. This theorem states that at high energies ( s ≫ M^2_W ) , S-matrix amplitudes involving external longitudinal components of the W^± and Z bosons, W^±_L and Z_L, are equivalent, up to O(M_W / √ s ), to the corresponding amplitudes in the Higgs-Goldstone scalar theory with the respective Goldstone bosons replacing W^±_L and Z_L. This avenue was taken by Dawson and Willenbrock [84] and, by modifying the renormalization scheme, their result may be transformed into Eq. (3.15) [51, 82].

The leading term of the high-M_H expansion of the bosonic contribution is quadratic in M_H with a positive sign, viz. [51]

δ_{bos} = G_F h 8π^2 √ 2 ( 5ζ(2) − 3π √ 3 + 19 2 ) . (3.20)

Incidentally, a strong numerical cancellation takes place among the terms contained within the parentheses of Eq. (3.20); their sum is of order unity. It is worth mentioning that Eq. (3.20) can be traced to those loops in which only the physical Higgs boson, H, or the unphysical Goldstone modes, ϕ^± and ϕ_Z, circulate. Also this contribution can be derived [85] by means of the Goldstone-boson equivalence theorem [83].

Figure 5 visualizes the one-loop radiative corrections to the H → ZZ decay width as a function of M_H ; see Eq. (3.11). Figure 5a disentangles the contributions due to bosons, leptons, and quarks for m_t = 150 GeV. The bosonic contribution is throughout positive and grows quadratically with M_H at large M_H ; see Eq. (3.20). The lepton loops give rise to an M_H -independent increase by about 0.5%; see Eq. (3.14). The quarkonic correction oscillates around zero. It exhibits a striking spike located at M_H = 2m_t. This is due to the fact that by crossing the tt̄ open-flavour threshold a new imaginary part is switched on in the top-quark triangle amplitude, which is accompanied by a sharp bend in the real part. This is not associated with any kind of singularity. The combined effect is always positive and has a global minimum at M_H = 2m_t. In Fig. 5b, the full correction is shown for m_t = 100, 150, and 200 GeV. It does not exceed 7% for M_H <∼ 500 GeV, while it may become as large as 15% at M_H = 1 TeV.

3.2 ZγH coupling

The ZγH coupling is mediated by massive-fermion and W -boson loop diagrams similar to those of Figs. 4b and c, respectively. Assigning (μ, p) to the Z boson and (ν, k) to the photon, the amplitude may be written as

V^{μν} = ρT^{μν} , (3.21)

where ρ is defined in Eq. (3.2) and T^{μν} has a decomposition similar to Eq. (3.4). For the coefficients of practical interest one finds [86]

D = α 4π −4 z ∑ f N_f m^2_f v_f Q_f A^v_f + c_w s_w A_W ,

Ê = α 4π −4 z ∑ f N_f m^2_f v_f Q_f B^v_f + c_w s_w B_W + B_{CT} , (3.22) where A_f and B_f are listed in Eq. (3.6) and

A_W = { 4 ( 4c^2_w − 1 ) C_0 + 2 [ 12c^2_w − 2 + ( 2c^2_w − 1 ) h w ] C_2 } (a, b, c, w, w, w) , B_W = −2B_0(b, w, w) + { [ c^2_w(5a + 5b − 7c) − 2a + b + c + 3w + s^2_wh ] C_0 − 2 [ 12c^2_w − 2 + ( 2c^2_w − 1 ) h w ] C_3 } (a, b, c, w, w, w) , B_{CT} = 4π α Π^{ZA}(0) z = 2 c_w s_w B_0(0, w, w) .

(3.23)

The renormalization of the external Z-boson line does not yet enter at the one-loop level. The ZγH vertex is another ingredient for the radiative corrections to the ff̄ ZH four-point function, to be discussed in Chapter 4. H → Zγ decay Similarly to the case of the ZZH coupling, the above results are gauge invariant only if the mass-shell conditions, a = z, b = 0, and c = h, are imposed [87]. Only then (a − c)D/2 = Ê holds, which is a necessary condition for T^{μν}k_ν = 0. In fact, one easily verifies that [32, 87, 88] z − h 2 A^v_f = B^v_f

= −1 + 2ζ_f ζ_f − η_f ( f(ζ_f ) − f(η_f ) ) − ( 1 + 1 ζ_f − η_f ) ( g(ζ_f ) − g(η_f ) ) , z − h 2 A_W = B_W + s_w c_w B_{CT} = [ 1 − 6c^2_w + 2 ( 1 − 2c^2_w ) η ] [ 1 − 2 1 − 4c^2_wη ( f ( 1 4c^2_w ) − f(η) )]

+ 2 ( 1 − 6c^2_w +

1 − 12c^4_w 1 − 4c^2_wη ) ( g ( 1 4c^4_w ) − g(η) ) ,

(3.24)

where ζ_f = ( z/4m^2_f ) , η_f = ( h/4m^2_f ) , η = (h/4w), and the functions f and g are defined in Eq. (3.18). Equipped with these expressions, one calculates the H → Zγ decay width from

Γ(H → Zγ) = G_F z^2 π √ 2M_H ( 1 − z h ) | |Ê | | |^2 . (3.25)

It is instructive to consider some limiting cases. Clearly, a massless fermion does not participate in the ZγH coupling. On the other hand, an ultraheavy fermion, with mass m_f ≫ M_Z , contributes

B^v_f = −1 + ( 1 − 1 η_f ) g(η_f ) = − 2 3 η_f − 7 45 η^2_f + O ( η^3_f ) . (3.26)

In other words, the ZγH amplitude counts the number of such fermions according to the prescription Ê = α 6π h z ∑ f N_f v_f Q_f ( 1 + O ( h m^2_f )) . (3.27)

Finally, for M_H ≫ M_Z the bosonic correction becomes Ê = − α 4π c^2_w − s^2_w 2c_ws_w ( h z + O ( ln^2 h z )) . (3.28)

Comparison of Eqs. (3.27), (3.28) reveals that the top-quark and W -boson amplitudes interfere destructively. The H → Zγ decay rate increases with the third power of M_H .

Figure 6a displays the H → Zγ decay width to lowest order as a function of M_H for m_t = 91 and 200 GeV. For M_H < 2m_t, the result increases monotonically with m_t, approaching asymptotically its large-m_t limit. However, the sensitivity to m_t is rather weak. For comparison, the W -boson contribution is shown separately. As anticipated above, the bosonic and fermionic amplitudes interfere destructively. However, the influence of the fermion loops is rather insignificant, which is partly due to the smallness of the ff̄ Z vector coupling. Z → γH decay The Z → γH decay width emerges from Eq. (3.25) through crossing,

Γ(Z → γH) = − 1 3 M^3_H M^3_Z Γ(H → Zγ) , (3.29)

where the minus sign is due to the fact that, formally, Eq. (3.25) becomes negative for M_H < M_Z , the factor of 1/3 stems from the spin average, and the factor M^3_H /M^3_Z adjusts the flux and the phase space.

The Z → γH decay width is shown in Fig. 6b and comments similar to those concerning Fig. 6a apply. This decay is too rare to be of practical relevance for Higgs hunting at LEP and SLC [10].

QCD corrections to the ZγH coupling are well under control [89]. Depending on the values of M_H and m_t, they may lead to both positive and negative shifts of Γ(H → Zγ) and Γ(Z → γH). However, the effect is below 0.3% in the case of intermediate-mass Higgs-boson decay and below 0.5% in the case of Z-boson decay.

3.3 γγH coupling

The γγH coupling is generated by massive-fermion and W -boson loops similar to those of Figs. 4b and c, respectively. The situation is quite analogous to the ZγH case and we merely list the results. The relevant off-shell form factors to be inserted in Eqs. (3.4), (3.21) read D = α 4π 4 z ∑ f N_f m^2_f Q^2_f A^v_f + c^2_wA_W ,

E = α 4π 4 z ∑ f N_f m^2_f Q^2_f B^v_f + c^2_wB_W , (3.30)

where A_f and B_f are defined in Eq. (3.6) and

A_W = −4 [ 4C_0 + ( 6 + h w ) C_2 ] (a, b, c, w, w, w) , B_W = [ (−5a − 5b + 7c + h)C_0 + 4 ( 6 + h w ) C_3 ] (a, b, c, w, w, w) . (3.31)

The C_2 and C_3 functions are listed in Eq. (3.7). There is no γγH counterterm at one loop. H → γγ decay In the on-shell case, a = b = 0 and c = h, gauge invariance implies −hD/2 = E, the fermionic contribution is given by Eq. (3.26) and the bosonic one by − h 2 A_W = B_W = 6 + 4η + 6 ( −2 + 1 η ) g(η) , (3.32)

where η = (h/4w) and the function g is defined in Eq. (3.18). The H → γγ decay width is then evaluated as Γ(H → γγ) = G_F z^2 2π √ 2M_H |E|^2 . (3.33)

This process was originally considered in Ref. 11 assuming M_H ≪ M_W ; the general result was obtained in Ref. 90. QCD corrections for the two-photon decay of an intermediate-mass

Higgs boson were computed in Ref. 91 and found to be small, well below 3%, confirming previous expectations [90].

Analogously to the ZγH case, light fermions decouple, while ultraheavy fermions contribute E = − α 6π h z ∑ f N_f Q^2_f ( 1 + O ( h m^2_f )) . (3.34)

In the high-M_H limit, the boson loops yield

E = α 4π ( h z + O ( ln^2 h z )) . (3.35)

Again, fermion and boson amplitudes interfere destructively [11] and the H → γγ decay rate grows like M^3_H.

Figure 7 displays the H → γγ decay width to lowest order as a function of M_H for m_t = 91 and 200 GeV. The situation is quite similar to the case of H → Zγ (see Fig. 6a), except that now the fermionic contribution is more significant.

γγ → H fusion

At future Compton colliders the Higgs boson will be copiously produced via the inverse process, photon fusion [25]. Such experiments will make use of extremely focussed beams of very energetic photons produced through backscattering of laser light from high-energy electron beams [21]. Allowing for polarized photons, the cross section of γγ → H is related to the H → γγ decay width via

σ_{γγ→H} (ŝ) = σ^0_{γγ→H} δ(ŝ − h) , (3.36)

where σ^0_{γγ→H} = 8π^2 M_H Γ(H → γγ)(1 + λ_1λ_2) (3.37)

and λ_1, λ_2 = ±1 label the photon helicities. Note that the delta function in Eq. (3.36) is an artifact of treating the Higgs boson as a stable particle. By convolution with the γγ differential luminosity of the Compton collider, dL_{γγ}(τ )/dτ , one obtains the effective cross section as

σ(e^+e^− → H + X) = 1∫ h/s dτ dL_{γγ}(τ ) dτ σ_{γγ→H} (τ s)

= 1 s σ^0_{γγ→H} dL_{γγ}(τ ) dτ | | |_{τ=h/s} , (3.38)

where s is the primary e^+e^− invariant mass squared. An analytic expression of dL_{γγ} (τ )/dτ for arbitrary helicities may be found in Ref. 92.

3.4 ggH coupling

The ggH coupling is realized by massive-quark triangle diagrams similar to the one depicted in Fig. 4b. The relevant off-shell form factors emerge from Eq. (3.30) by replacing αN_f Q^2_f → α_sδ^{ab}/2, where a, b = 1, 8 denote the colour indices of the gluons. H → gg decay Mutatis mutandis, one finds the H → gg partial width to be

Γ(H → gg) = N_cC_F α^2_sG_F M^3_H 64π^3 √ 2 | | | | | ∑ q B^v_q η_q | | | | | 2 , (3.39)

where C_F = ( N^2_c − 1 ) /(2N_c), η_q = ( h/4m^2_q ) , and B^v_q is given by Eq. (3.26). Note that the summation in Eq. (3.39) extends over flavour but not colour. As before, the light-quark contributions are strongly suppressed. The H → gg decay channel has a phenomenologically interesting branching fraction only for M_H ≪ 2m_t. Recalling Eq. (3.26), Eq. (3.39) may in this limit be approximated by [93]

Γ(H → gg) = α^2_sG_F M^3_H 36π^3 √ 2 ( 1 + 7 60 h m^2_t + O ( h^2 m^4_t )) . (3.40)

The gg final states will be observed as dijet events. Such events are also produced via the H → qq̄ channels. Thus, these processes must be added up unless it is possible to discriminate experimentally gluon jets from quark jets. For example, bottom quarks can possibly be tagged with the help of mini-vertex detectors. QCD corrections to H → gg have been computed in the high-m_t limit with neglect of the other quark masses [94]. They involve virtual-gluon exchanges as well as the three-parton decays H → ggg and H → gg^∗ → gqq̄, where g^∗ represents a virtual gluon. The gqq̄ final states are also generated through gluon bremsstrahlung in H → qq̄ decays. However, the latter processes are suppressed by lightquark masses, which are neglected in Ref. 94 altogether. Thus, the H → gg^∗ → gqq̄ and H → qq̄ → gqq̄ amplitudes do not interfere in that approximation and the QCD-corrected rates of H → gg and H → qq̄ are still to be added incoherently. The latter will be reviewed in Sec. 3.6, the former has been found to be [94] Γ ( H → gg(g), gqq̄ ) = Γ(H → gg) [ 1 + α_s π ( 95 4 − 7 6 N_F )] , (3.41)

where N_F = 5 denotes the number of active quark flavours and Γ(H → gg) is given by Eq. (3.40). Assuming α_s(M_H ) ≈ 0.11, this amounts to an increase of the lowest-order result by 63% [94].

Figure 8 shows the H → gg decay width as a function of M_H for m_t = 100, 150, and 200 GeV with and without the QCD corrections of Eq. (3.41). In contrast to the H → Zγ and H → γγ channels considered in Figs. 6 and 7, respectively, it decreases with increasing m_t. The sensitivity to m_t is appreciable only in the lower range of the currently favoured values.

Notice that the H → gg decay rate is extremely sensitive to novel high-mass quarks. In fact, it would be approximately (1 + 2N)^2 times as large should the standard model be extended by N additional fermion generations with similar interactions and quantum numbers as the first three. We thus recover the notion that the ggH coupling counts the number of heavy quarks [95]. In contrast to the ρ parameter, this effect is does not depend on the isospin breaking in the quark doublets as long as the pair-production thresholds are located sufficiently far above the Higgs-boson mass.

gg → H fusion

At future multi-TeV hadron colliders such as the LHC and the SSC, due to the overwhelming gluon luminosity, gluon fusion [27], gg → H, will be the dominant source of Higgs bosons with M_H <∼ 700 TeV [29]. The parton-level cross section is proportional to Eq. (3.39), viz. σ_{gg→H} (ŝ) = σ^0_{gg→H} δ(ŝ − h) , (3.42) with σ^0_{gg→H} = 8π^2 N^2_AM_H Γ(H → gg) . (3.43)

Here N_A = N^2_c − 1 = 8 is the number of gluons. Similarly to Eq. (3.36), the delta function in Eq. (3.42) is a pathological consequence of ignoring subsequent Higgs-boson decays. The total cross section of inclusive Higgs-boson production via gluon fusion in collisions of hadrons, h_1 and h_2, is then given by

σ(h_1h_2 → H + X) = 1∫ h/s dτ dL_{gg} (τ ) dτ σ_{gg→H} (τ s)

= 1 s σ^0_{gg→H} dL_{gg} (τ ) dτ | | | |_{τ=h/s} , (3.44)

where s is the h_1h_2 invariant mass squared and

dL_{gg} (τ ) dτ = 1∫ τ dx x F_{g/h1} (x)F_{g/h2} (τ x ) (3.45)

is the gg differential luminosity of the h_1h_2 collider. Here F_{g/h}(x) is the distribution of the gluons inside the hadron h with respect to their longitudinal-momentum fractions, x. Obviously, the Higgs boson cannot acquire a nonvanishing transverse momentum in this lowest-order approximation.

The production of high-transverse-momentum Higgs bosons at hadron colliders proceeds in O ( α^3_s ) via the subprocesses gg → gH, qq̄ → gH, and qg → qH [96]. Non-negligible contributions originate also from the gg → ggH subprocess in O ( α^4_s ) [97]. At the lower end of the p_T spectrum, the leading logarithms due to multiple-gluon emission must be resummed to obtain a finite result [98–101]. The QCD corrections to the total cross section of pp → H + X have been found in Refs. 94, 102, 103 by including also the virtual contributions. Their effect is to increase the lowest-order prediction by a factor which is roughly approximated by a constant [102], 1 + α_s π ( π^2 + 11 2 ) ≈ 1.5 . (3.46)

The large π^2 term is generated by analytic continuation.

The exact K factor (K_{tot}), i.e., the ratio of the next-to-leading-order cross section to the leading-order one, is shown in Fig. 9 for the SSC as a function of M_H for m_t = 140 GeV [103]. Here the parton densities by Diemoz et al. [104] are used in the MS scheme with Λ = 207 MeV for five quark flavours and the factorization and renormalization scales are set equal to M_H .

Also shown are the regularized virtual corrections (K_{virt}) and the real corrections connected with the gg, gq, and qq hard-scattering processes (K_{gg} , K_{gq}, and K_{qq}) relative to the lowestorder cross section. Notice that K_{tot} −K_{virt} −K_{gg} −K_{gq} −K_{qq} differs from one because in the numerator of the K factor the lowest-order parton-level cross section is dressed with nextto-leading coupling and parton distribution functions, while the denominator is evaluated strictly to lowest order. At the LHC, the K factor will be slightly larger, at about 1.7 [103].

The logistics of discriminating the jH signal with subsequent H → V V → 4f decays from the V V j and V + 3j backgrounds under realistic LHC and SLC conditions has been carefully assessed in Ref. 105.

Higgs bosons will be produced so copiously at future hadron supercolliders that it might be possible to study their self-interactions. The candidate subprocess would be gg → HH, which is mediated by massive-quark triangles and box diagrams [106]. The triangle diagrams involve the Higgs-boson cubic self-coupling. Unfortunately, their contribution is hidden beneath the one of the box diagrams, so that moderate deviations of the triple Higgs-boson coupling from its standard-model value will not entail a large increase in the cross section [106].

3.5 W^+W^−H coupling

The renormalization of the W^+W^−H vertex proceeds in analogy to the ZZH case discussed in Sec. 3.1 and we need not dwell on technicalities here. First numerical data on the one-loop corrected H → W^+W^− decay width were presented in Ref. 81. Full analytic results may be found in Ref. 107.

The Feynman diagrams pertinent to the W^+W^−H vertex in the one-loop approximation are depicted in Fig. 10. They include the Born diagram (Fig. 10a), tadpoles (Fig. 10b), loops involving bosons and ghosts (Fig. 10c), and fermion loops (Fig. 10d). Denoting the Lorentz indices and incoming four-momenta of the W^+ and W^− bosons by (μ, p) and (ν, k), respectively, and taking all external legs to be off-shell, the one-loop corrected W^+W^−H vertex exhibits a structure similar to Eq. (3.3) with ρ = eM_W /s_w and

T^{μν} = A p^μp^ν + B k^μk^ν + C p^μk^ν + D k^μp^ν + Ê g^{μν} + iF ϵ^{μνρσ}p_ρk_σ . (3.47)

As before, Ê includes the counterterm in the OMS scheme; see Fig. 10e. Notice that the last term of Eq. (3.47) is absent in the ZZH case; see Eq. (3.4). It originates in the diagrams of Fig. 10d due to the fact that there are two different fermion flavours in each loop. A mass-degenerate fermion doublet does not contribute to F . The coefficients A, . . . , E possess the same p^2 ↔ k^2 reflection properties as in the ZZH case, while F ↔ −F . Thus F vanishes if p^2 = k^2 and, in particular, if the W bosons are on-shell. The photon-exchange diagrams of Fig. 10c are plagued by infrared singularities when both W bosons are on-shell. To obtain an infrared-finite answer, one has to include also the W -boson wave-function renormalizations and the contributions due to soft-photon bremsstrahlung. Photon bremsstrahlung proceeds through the diagrams of Fig. 10f.

H → W^+W^− decay

The complete one-loop result for the H → W^+W^− decay width in the MOMS scheme is found to be [107] Γ ( H → W^+W^−(γ) ) = Γ_0(H → W^+W^−)(1 + δ_{ew} + δ_{brem}) , (3.48)

where

Γ_0(H → W^+W^−) =

G_F M^3_H 8π √ 2 √ 1 − 1 r ( 1 − 1 r + 3 4r^2 ) (3.49)

is the Born result,

δ_{ew} = −Δr + 2 Re ( Ê − Π̂^′_{W W} (w) ) + (1 − 1/r) [ 1 − (1/2r) ] 1 − 1/r + (3/4r^2) h Re D (3.50) is the electroweak loop correction,

δ_{brem} = α π {( 2 − 1/r √ 1 − 1/r ϕ − 1 ) ln w μ^2 − 2γ − 4χ + 14 3 + 2ϕ √ 1 − 1/r + 2 − 1/r √ 1 − 1/r [ Li_2 ( ρ^2_− ) + Li_2 ( ρ^4_− ) − 2ζ(2) + ϕ(5ϕ − 2γ − 2χ) − 2ϕ 4r^2 − 4r + 3 ]}

(3.51) is the bremsstrahlung correction, r = (h/4w), ρ_± = √ r ± √ r − 1 , ϕ = ln ρ_+, γ = ln(ρ_+ +ρ_−), and χ = ln(ρ_+ − ρ_−). Π̂_{W W} (s) and Δr are defined in Eqs. (2.1) and (3.13), respectively. The W^+W^−H form factors D and Ê are listed in Eqs. (2.7) and (2.8) of Ref. 107, respectively. Here the infrared singularities have been regularized by assigning an infinitesimal mass, μ, to the photon. The combination 2 Re ( Ê − Π̂′_{W W} (w) ) + δ_{brem} is finite for μ → 0. Notice that the photonic loop diagrams do not form an ultraviolet finite subset. Thus the separation of electromagnetic and weak corrections is not meaningful. The case is quite the reverse for the H → ff̄ decay, to be discussed in Sec. 3.6.

By virtue of the MOMS scheme, δ_{ew} is free of mass singularities associated with light charged fermions. In fact, a doublet, (u, d), of zero-mass fermions contributes δ_{(u,d)} = G_F w 3π^2 √ 2 N_{(u,d)} . (3.52)

At the other extreme, the contribution due to a doublet, (U, D), with masses m_U , m_D ≫ M_Z , reads δ_{(U,D)} = −Δρ_{(U,D)} + G_F 2π^2 √ 2 N_{(U,D)} { m^2_U [ 3 2 − 1 η_U + 1 2η_D + ( −1 + 3 2η_U − 1 η_D ) f(η_U ) − 1 2 ( 1 η_D + 1 4 ( 1 η_U − 1 η_D )_2) hC_0 ( 0, 0, h, m^2_U , m^2_D, m^2_U ) ] + (m_U ↔ m_D) } , (3.53) where Δρ_{(U,D)} is defined by Eq. (3.16), η_i = ( h/4m^2_i ) (i = U, D), the function f is listed in Eq. (3.18), and [107]

C_0 ( 0, 0, h, m^2_U , m^2_D, m^2_U ) = 1 h [ Li_2 ( m^2_U − m^2_D − h m^2_U − m^2_D − hu_+ ) − Li_2 ( m^2_U − m^2_D m^2_U − m^2_D − hu_+ ) + (u_+ ↔ u_−)

+ Li_2 ( ( m^2_U − m^2_D

)_2

(m^2_U − m^2_D)^2 + h (m^2_D − iϵ) ) − Li_2 (( m^2_U − m^2_D ) ( m^2_U − m^2_D − h ) (m^2_U − m^2_D)^2 + h (m^2_D − iϵ) )] , (3.54) with

u_± = 1 2 ( 1 ± √ 1 − 4 h (m^2_U − iϵ) ) . (3.55)

Equation (3.53) was originally obtained in Ref. 84 by means of the Goldstone-boson equivalence theorem [83]. For m_U , m_D ≫ M_H, Eq. (3.53) coincides with the corresponding correction to the H → ZZ decay rate given by Eq. (3.19) and similar comments apply. Since a high-mass Higgs boson decays preferably into W^+W^− and ZZ pairs, its lifetime would be appreciably prolonged by the existence of a new generation of fermions which are too heavy to be pair-produced in Higgs-boson decays.

On the other hand, the bosonic correction to the H → W^+W^− decay rate is throughout positive. It is interesting to observe that the enhancement factor in the high-M_H limit is the same as in the case of the H → ZZ decay; see Eq. (3.20). This may be understood by recalling that the leading term of the bosonic loop-contribution is controlled by the Higgs- Goldstone scalar theory, which is invariant under SO(3) rotations of the Goldstone bosons corresponding to W^±_L and Z_L [85].

Figure 11 shows the one-loop radiative corrections to the H → W^+W^− decay width in the MOMS scheme as a function of M_H . Figure 11a itemizes the contributions due to bosons, leptons, and quarks for m_t = 150 GeV. Photon bremsstrahlung is reckoned among the bosonic contribution, which is represented by the dotted curve. The drastic incision in this curve at M_H = 2m_Z is due to a threshold singularity of the Higgs-boson wave-function renormalization in the one-loop approximation. In fact, Π^{HH′}(h) ∝ 1/ √ 4z − h as M_H → 2M_Z from below [107]. The fact that Π^{HH′}(h) is singular at M_H = 2M_Z while it is regular at M_H = 2m_t may be related by means of dispersive methods to the different threshold behaviours of the bosonic and fermionic decay rates of the Higgs boson at tree level [107]; the former corresponds to an S wave, the latter to a P wave. This defect originates in the underlying approximation of treating an unstable particle such as the Higgs boson as an asymptotic state. For an illuminative discussion of particles at threshold we refer to Ref. 108. On the other hand, the bosonic correction strongly enhances the probability of the H → W^+W^− decay at its threshold, M_H = 2M_W . This is similar to the H → ff̄ decay, to be discussed in Sec. 3.6. At large M_H , the bosonic contribution grows quadratically with M_H; see Eq. (3.20). The lepton loops give rise to an M_H-independent enhancement by some 0.5%; see Eq. (3.52). The quarkonic correction may be of either sign and exhibits a finite spike at M_H = 2m_t, which is familiar from Fig. 5a. Leaving aside the pathological scenario at M_H = 2M_Z , the total correction is always positive and has a global minimum at M_H = 2m_t. In Fig. 11b, the full correction is shown for m_t = 100, 150, and 200 GeV.

The W^+W^−H and ZZH couplings can be tested also by Higgs-boson production via W^+W^− and ZZ fusion, which is the most copious source of very heavy Higgs bosons in highenergy e^+e^− [13, 14], e^−p [14, 35], and pp collisions [14, 28]. Since longitudinal vector bosons make the dominant contribution to these fusion processes, the leading bosonic correction of Eq. (3.20) applies also here and leads to an increase of the cross sections.

3.6 ff̄ H coupling

One-loop radiative corrections to the H → τ^+τ^− decay width were originally presented in Ref. 81 in numerical form. The electroweak radiative corrections to the H → ff̄ decay width, where f represents a generic fermion, are listed in Refs. 109, 110. QCD corrections to the H → qq̄ decay width were calculated to leading order for massive fermions in Ref. 111 and to next-to-leading order up to terms of O ( m^2_f /M^2_H ) in Ref. 112. To start with, we shall review the electroweak corrections. In contrast to the H → W^+W^− decay, there is a natural decomposition into a weak and an electromagnetic part, either of which is finite and gauge-invariant.

First-order QCD corrections emerge from the QED corrections by adjusting the coupling constant and the colour factor. The QCD corrections are then refined by resummation of the leading logarithms and by inclusion of the next-to-leading-order corrections.

The Feynman diagrams relevant for the ff̄ H coupling in electroweak perturbation theory to one loop are shown in Fig. 12. They include the Born diagram (Fig. 12a), the photonexchange diagram (Fig. 12b), and the diagrams involving virtual W , Z, and Higgs bosons (Fig. 12c). In the following, N, Q, v, a, and m are the colour multiplicity, electric charge, vector coupling, axial-vector coupling, and mass of f, respectively, m^′ is the mass of its isopartner, and p and k are the outgoing four-momenta of f and f̄ , respectively. The oneloop corrected transition-matrix element of H → ff̄ is found to be [110]

T = T_0 [ 1 + α 4π ( δ̂_{weak} + Q^2δ̂_{em} )] , (3.56)

where

T_0 = − em 2s_wM_W ū(p)v(k) , (3.57)

is the Born result and δ̂_{weak} and δ̂_{em} are the weak and electromagnetic corrections, respectively, including their OMS counterterms. To be specific,

δ̂_{weak} = δ_{weak} + δ_{CT} , (3.58)

where δ_{weak} is the sum of the diagrams in Fig. 12c given by Eq. (2.6) of Ref. 110 and

α 4π δ_{CT} = 1 2 Re [( c^2_w s^2_w − 1 ) Π^{W W} (w) w − c^2_w s^2_w

Π^{ZZ} (z) z − Π^{HH′}(h) ] − s_w c_w

Π^{ZA}(0) z + 1 2 Π^{AA′}(0) + [ Σ_S (m^2) − 2m^2 ( Σ^′_V (m^2) + Σ^′_S (m^2) )] weak

(3.59) is the weak part of the counterterm; see Fig. 12d. Here the Π functions are the unrenormalized boson vacuum-polarizations listed in Appendix B, Σ_{V,S} are the vector and scalar parts of the unrenormalized fermion self-energy defined in Appendix C, and the subscript weak indicates that the photonic contributions, which can be recognized in Eq. (C.2) by the prefactor Q^2, are to be removed explicitly. These photonic contributions are combined with the diagram of Fig. 12b to give

δ̂_{em} = 2 ( − 2 − 1/r √ 1 − 1/r f + 1 ) ln m^2 μ^2 − 2 + 1 √ 1 − 1/r {( 2 − 1 r ) [ 2 Li_2 ( −r^2_− ) + ζ(2) + 2f ( f − 2h̃ )] + 4 r f } , (3.60)

where r = (h + iε)/(4m^2), r_± = √ 1 − r ± √ −r , f = ln r_+, and h̃ = ln(r_+ + r_−). A table of handy transformation rules for the analytic continuation in r may be found in Ref. 65. As before, the fictitious photon mass, μ, regulates the infrared divergence. This divergence will be cancelled when the contribution due to soft-photon bremsstrahlung is added.

H → ff̄ decay

Adopting the MOMS scheme, the one-loop corrected H → ff̄ decay width takes the form [110] Γ ( H → ff̄ (γ) ) = Γ_0 ( H → ff̄ ) ( 1 + Δ_{weak} + α π Q^2Δ_{em} ) , (3.61)

where [113]

Γ_0 ( H → ff̄ ) = NG_F M_Hm^2 4π √ 2 ( 1 − 4m^2 h )_{3/2} , (3.62)

is the tree-level result,

Δ_{weak} = −Δr + α 2π Re δ̂_{weak} , (3.63)

is the weak correction and

Δ_{em} = 1 2 Re δ̂_{em} + δ_{brem} , (3.64)

the electromagnetic one. Here Δr, δ̂_{weak}, and δ̂_{em} are given by Eqs. (3.13), (3.58), and (3.60), respectively, and

δ_{brem} = ( 2 − 1/r √ 1 − 1/r ϕ − 1 ) ln m^2 μ^2 − 2γ − 4χ + 26r − 29 8(r − 1) + 3(8r^2 − 8r + 1) 8r(r − 1) ϕ √ 1 − 1/r + 2 − 1/r √ 1 − 1/r [ Li_2 ( ρ^2_− ) + Li_2 ( ρ^4_− ) − 2ζ(2) + ϕ(5ϕ − 2γ − 2χ) ] , (3.65) where the notation of Eq. (3.51) is used along with r = (h/4m^2). It is plain to see that Δ_{em} is indeed μ independent.

In the discussion of Δ_{weak} it suggests itself to distinguish between universal and flavourdependent effects. Universal effects arise from the Higgs-boson wave-function renormalization and the gauge-boson vacuum polarizations contained in the counterterm. The residual contributions depend explicitly on the masses and quantum numbers of f and its isopartner. In the standard model, the flavour-dependent effects come in three classes, depending on the values of m and m^′: (i) m, m^′ ≪ M_W , (ii) m ≪ M_W < m^′, and (iii) m^′ ≪ M_W < m. Classes (ii) and (iii) apply to the bb̄ and tt̄ modes, respectively, while class (i) refers to the residual quarkonic modes and to the ℓ^+ℓ^− modes, where ℓ denotes a charged lepton flavour.

Let us first consider the universal effects. A light-fermion doublet completely decouples from the radiative corrections to the H → ff̄ partial width. In this case, adopting the MOMS scheme not only removes the would-be mass singularities but also the finite terms altogether.

On the other hand, an ultraheavy-fermion doublet, (U, D), with masses m_U , m_D ≫ M_Z , contributes [110]

Δ_{(U,D)} = Δρ_{(U,D)} + G_F 2π^2 √ 2 N_{(U,D)} ∑ i=U,D m^2_i Re G ( h 4m^2_i ) , (3.66)

where Δρ_{(U,D)} is given by Eq. (3.16) and G(r) = − 1 2 ( 1 + 1 r ) + ( 1 + 1 2r ) f(r) = 1 3 − 2 5 r + O(r^2) .

(3.67)

The function f is listed in Eq. (3.18). In the limit m_U , m_D ≫ M_H , Eq. (3.66) becomes [82]

Δ_{(U,D)} = G_F 8π^2 √ 2 N_{(U,D)} [ 7 3 ( m^2_U + m^2_D ) − 2m^2_U m^2_D m^2_U − m^2_D ln m^2_U m^2_D ] . (3.68)

Obviously, the presence of a fourth generation would entail an enhancement of the fermionic decay widths. We recall that this is in contrary to the W^+W^− and ZZ channels; see Eq. (3.19).

Similarly to the W^+W^− and ZZ modes, the leading bosonic correction for M_H ≫ 2M_W is positive and increases quadratically with M_H [4],

Δ_{bos} = G_F h 8π^2 √ 2 ( −π √ 3 + 13 2 ) . (3.69)

Notice that this enhancement factor is somewhat smaller than Eq. (3.20). Again, a strong numerical cancellation is at work. Also Eq. (3.69) can be derived conveniently [85] with the help of the Goldstone-boson equivalence theorem [83]. Sizeable M_H -dependent terms arise also from the flavour-specific corrections in the case of H → tt̄. However, for M_H ≫ 2m_t these terms are subleading, of O ( G_F m^2_t ln^2 ( M^2_H /m^2_t )) [110].

We now turn to the flavour-specific effects. Classes (i) and (ii), defined above, are phenomenologically interesting only sufficiently far below the W^+W^− production threshold. In that regime, the total weak correction is well approximated by

Δ_{weak} = G_F 8π^2 √ 2 { K_f m^2_t + w ( −5 + 3 s^2_w ln c^2_w ) + z [ −3 ( 1 − 4s^2_w|Q|

)_2 + 1 2 ]} , (3.70)

where K_b = 1 and K_f = 7 for all other light flavours f. Equation (3.70) has been obtained by putting M_H = m_f = 0 for f ≠ t. Note that for f = b, Δ_{weak} depends seven times more feebly on m_t than in the other cases. This is due to a strong cancellation between the triangle diagrams involving virtual top quarks in Fig. 12c and the m_t-dependent part of the counterterm, which emerges from Eq. (3.66) for U = t and D = b. For f ≠ b, t, the top quark does not participate in any triangles and the m_t dependence is determined entirely by Eq. (3.66). A similar situation has been encountered in the context of the Z → ff̄ decays [114].

The H → tt̄ decay, corresponding to class (iii), is particularly interesting, since it combines the two missing links of the standard model. In particular, chances are that the Higgs boson is roughly mass degenerate with a spin-zero tt̄ bound state, in which case there should be mixing. It turns out that the weak corrections to the H → tt̄ decay width are finite and small at the threshold, M_H = 2m_t [110]. We shall see below that the case is quite the reverse for the electromagnetic and the QCD corrections. On the other hand, as anticipated above, Eq. (3.69) gives the asymptotic result for M_H ≫ 2m_t. In the interjacent mass range, Δ_{weak} has a complicated dependence on M_H and m_t. For m_t ≫ M_W , the expression can be simplified by setting M_W = M_Z = 0. Then it can be expanded around threshold and for high M_H . The following analytic fit smoothly interpolates between these two expansions [110]:

Δ_{weak} =

G_F m^2_t 2π^2 √ 2 [( 1 + 5 2r ) γ(γ − 2) + 4∑ n=0 a_nr^{1−n} ] (3.71) where γ = ln (2 √ r ), r = ( h/4m^2_t ) , and

a_0 = −π √ 3 + 13 2 ≈ 1.059 , a_1 = 15 4 ζ(2) − π √ 3 + 11 4 ≈ 3.477 , a_2 = 37 8 ζ(2) − 11 8 π √ 3 + 7 48 ≈ 0.272 , a_3 = − 41 2 ζ(2) + 171 20 π √ 3 − 8 ln^2 2 + 847 30 ln 2 −

1193 40 ≈ −1.296 , a_4 = 97 8 ζ(2) − 207 40 π √ 3 + 9 2 ln^2 2 − 677 30 ln 2 +

1721 80 ≈ −0.182 .

(3.72)

This reproduces the full result within an error of one percent or so.

Numerical results for the weak corrections to the partial widths of the most relevant fermionic Higgs-boson decays are presented in Fig. 13 for m_t = 100, 150, and 200 GeV; see Eq. (3.63). In the case of H → τ^+τ^− (Fig. 13a) the effect is almost independent of M_H for M_H <∼ 140 GeV and Eq. (3.70) provides an excellent approximation; see dotted lines. The spikes at M_H = 2M_V , with V = W, Z, are attributed to the threshold singularities of the Higgs-boson wave-function renormalization at one loop; see the discussion of Fig. 11a. As explained above, the weak corrections to the H → bb̄ width (Fig. 13b) are almost insensitive to m_t. The weak corrections to the H → tt̄ width (Fig. 13c) range from small negative values at threshold to some 15% at M_H = 1 TeV. The approximation by Eq. (3.71) is visualized for m_t = 200 GeV by the dotted line.

Next we examine the limiting behaviours of Δ_{em}. For M_H → 2m, Δ_{em} exhibits a threshold singularity with a positive sign,

Δ_{em} =

3ζ(2) β − 1 + 3ζ(2)β + O ( β^2 ln β ) , (3.73)

where β = √ 1 − 1/r , with r = (h/4m^2), is the velocity of either fermion in the CM frame.

Although this divergence is tamed by the overall threshold factor β^3 of Eq. (3.62), it, nevertheless, indicates the breakdown of naïve perturbation theory in the proximate vicinity of the threshold. The reliability of the prediction may be improved by resumming terms of the form (α/β)^n (n = 1, 2, . . .) as elucidated in Eq. (5–4.135) of Ref. 115. This is equivalent to using a non-relativistic Coulomb potential to describe the electromagnetic interactions between the decay products. Δ_{em} changes sign at r ≈ 4.590. For M_H ≫ 2m, Δ_{em} turns into a monomial in the characteristic logarithm γ = ln(M_H /m),

Δ_{em} = −3γ + 9 4 + 1 2r ( 9γ + 15 4 ) + O ( γ r^2 ) , (3.74)

which is in compliance with Sudakov’s theorem [116]. Notice that the factor m^2 of Eq. (3.62) prevents Eq. (3.61) from being divergent for m → 0.

QCD corrections to the H → qq̄ decay width

In addition to the electroweak corrections discussed so far, there are strong-interaction effects in the case of H → qq̄. They may be taken into account to first order by including in Eq. (3.61) the term α_s(M_H )C_F Δ_{em}/π. For quarks with m ≪ M_H/2 the leading logarithm of Eq. (3.74) may eventually render Γ ( H → qq̄(g) ) negative. The obvious preventive measure is to resum the leading logarithms to all orders according to the underlying renormalization group equation [111].

The two-loop QCD corrections to the H → qq̄ decay width are known for M_H ≫ 2m [112]. In the MS the result is [112, 117]

Γ (H → qq̄ ) =

3G_F M_H m^2(M_H ) 4π √ 2 ( 1 − 4m^2(M_H ) h )_{3/2}

× [ 1 + K_1 α_s(M_H ) π + K_2 ( α_s(M_H ) π )_2 + O ( α_s(M_H ) π m^2(M_H ) h )] , (3.75) where

K_1 = 17 3 ≈ 5.6667 ,

K_2 = − 39 2 ζ(3) − 19 2 ζ(2) +

10801 144 + ( 2 3 ζ(3) + ζ(2) 3 − 65 24 ) N_F ≈ 35.9399 − 1.3586N_F , (3.76) N_F = 5 is the number of active quark flavours, and m(μ) is the gauge-invariant quark mass of the MS scheme, the so-called current mass, renormalized at a scale μ. For heavy flavours, such as charm and bottom, the non-relativistic bound-state picture is expected to be valid and the relevant mass to be used, for instance in the Balmer formula, is the pole mass, M, which is manifestly gauge-invariant, infrared-finite, and renormalization-scheme-independent [118]. Despite of the confinement of colour, M lends itself to a physically meaningful parameter, as long as the heavy quark is not exactly on-shell. It may be estimated by using QCD sum rules; for a review see Ref. 119. Typical values of these so-called constituent masses are M_c ≈ 1.46 GeV and M_b ≈ 4.7 GeV [120]. To obtain m(M_H ), which enters Eq. (3.75), from the empirical value M, one proceeds in two steps. Firstly, one evaluates m(M) via [121] M m(M) = 1 + 4 3 α_s(M) π + K ( α_s(M) π )_2 + O (( α_s(M) π )_3) , (3.77)

with

K ≈ 16.11 − 1.04 NF −1∑

i=1 ( 1 − M_i M ) , (3.78)

appropriate for N_F − 1 quarks with masses M_i < M (i = 1, N_F − 1). Specifically, K_c = 13.3 and K_b = 12.4 [121]. Secondly, one relates m(M_H ) to m(M) by means of the scaling law [112, 121] m(M_H ) m(M) = c ( α_s(M_H )/π ) c ( α_s(M)/π ) , (3.79)

where

c(x) = (2β_0x)^{γ0/β0} { 1 + ( γ_1 β_0 − β_1γ_0 β^2_0 ) x

+ 1 2 [( γ_1 β_0 − β_1γ_0 β^2_0

)_2 + ( γ_2 β_0 + β^2_1 γ_0 β^3_0 − β_1γ_1 β^2_0 − β_2γ_0 β^2_0 )] x^2 + O(x^3) } . (3.80)

Here β_i (i = 0, 1, . . .) are the coefficients of the Gell-Mann-Low function of QCD [122],

β_0 = 1 4 ( 11 − 2 3 N_F ) , β_1 = 1 16 ( 102 − 38 3 N_F ) , β_2 = 1 64 ( 2857 2 − 5033 18 N_F + 325 54 N^2_F ) , (3.81)

and γ_i (i = 0, 1, . . .) are the coefficients of the quark-mass anomalous dimension [123],

γ_0 = 1 ,

γ_1 = 1 16 ( 202 3 − 20 9 N_F ) , γ_2 = 1 64 [ 1249 − ( 2216 27 + 160 3 ζ(3) ) N_F − 140 81 N^2_F ] . (3.82)

For strange, charm, and bottom Eq. (3.80) becomes

c_s(x) = ( 9 2 x )_{4/9} (1 + 0.895x + 1.371x^2) ,

c_c(x) = ( 25 6 x )_{12/25} (1 + 1.014x + 1.389x^2) ,

c_b(x) = ( 23 6 x )_{12/23} (1 + 1.175x + 1.501x^2) ,

(3.83)

respectively.

Figure 14 illustrates the significance of higher-order QCD corrections to the H → qq̄ decay widths for q = c (Fig. 14a) and q = b (Fig. 14b). The dashed lines correspond to the naïve evaluation of Eq. (3.62) using the pole mass, m = M. The dot-dashed lines are obtained from this by multiplication with the next-to-leading-order QCD correction factor, ( 1+α_s(M_H )C_F Δ_{em}/π ) , where Δ_{em} is given by Eq. (3.64) with m = M. The solid lines represent the next-to-next-to-leading-order result given by Eq. (3.75), where m(M_H) is determined from M according to the two-step procedure described above. The values M_c = 1.49 GeV and M_b = 4.7 GeV [120] have been used as input. For M_H = (60, 120, 180) GeV the QCD corrections reduce the naïve Born result by (77,80,81)% in the case of the cc̄ mode and by (50,58,61)% in the case of the bb̄ mode.

The two-loop result of Ref. 112 is valid for M_H ≫ 2m only, while the one-loop formula (3.64) holds in general, except for 2m <∼ M_H; see Eq. (3.73). The 1/β singularity encountered in the context of the QED corrections is, of course, much more severe in case of QCD. Here it can be understood as coming from colour Coulomb interactions between the quark and antiquark. A realistic treatment of the heavy-quark threshold requires the inclusion of the mixing of the Higgs boson with zero-spin quarkonium states both below and above the open-flavour threshold. A comprehensive discussion of the bb̄ threshold may be found in Ref. 124, which has, however, become obsolete due to the LEP 1 bound on M_H [9]. Toponium still comes into question for a similar scenario. However, for m_t >∼ 130 GeV the lifetime a tt̄ bound state becomes shorter than its revolution period [125] and alternative approaches are in demand [71].

4. Four-point functions: associated production and three-body decays

In this chapter we shall consider four-point functions with one external Higgs-boson line at the quantum level. This includes radiative corrections to the tree-level e^+e^−ZH, qq̄ZH, and qq̄^′W^±H vertices as well as the loop-induced e^+e^−γH, ggZH, gggH, and qq̄gH vertices. Specifically, we shall discuss electroweak corrections to e^+e^− → ZH [86, 126–128] and QCD corrections to pp → ZH + X (via quark-antiquark annihilation) and pp → W^±H + X [129– 131]. The loop-induced vertices mediate e^+e^− → γH [87], pp → ZH + X (via gluon fusion) [132, 133], and pp → jH +X, where the Higgs boson carries finite transverse momentum [96]. On the contrary, all these four-point functions may trigger three-body decays of the Higgs boson if these are allowed by kinematics. Finally, a Higgs bosons with M_H < M_Z can be produced at LEP 1 and SLC via Bjorken’s Z → ff̄ H process [8] and Z → ggH [134, 135]. In principle, radiative corrections to the Bjorken process induce a shift in the M_H lower bound; however, the effect turns out to be of the order of 100 MeV only [136]. The Z → ggH decay was found to be truly rare [134, 135].

4.1 ff̄ ZH coupling

Numerical results on the soft-photonic and weak corrections to the cross section of e^+e^− → ZH were originally presented in Ref. 126. In Ref. 127, it was shown that the first-order QED corrections to the initial state of e^+e^− → μ^+μ^−H factorize and a Monte Carlo event generator was developed. The electroweak corrections to the ff̄ ZH vertex were first listed in Ref. 86. The weak corrections to the helicity amplitudes of e^+e^− → ZH were found in Ref. 128 with the help of a computer-algebraic manipulation program. The results of Refs. 86, 128 were found to agree with each other to within computer precision and with those of Ref. 126 up to a constant term of 1.2 × 10^{−3}% [137].

We shall now review the radiative corrections to the ff̄ ZH vertex in the one-loop approximation assuming all four legs to be on their mass shells and the fermion f to be light. To obtain compact expressions, we consider the transition-matrix element in its squared form. Our results are fully analytic so that they apply to all possible transitions between the external particles. To start with, we introduce our notation. We denote the incoming four-momenta of f, f̄ , Z, and H by p_−, p_+, p, and k, respectively. In the massless-fermion approximation the mass-shell conditions read p^2_− = p^2_+ = 0, p^2 = z, and k^2 = h. Momentum conservation leads to s + t + u = z + h, where s = (p + k)^2, t = (p + p_−)^2, and u = (p + p_+)^2 are the usual

Mandelstam variables. It is convenient to introduce n = tu − zh and λ = λ(s, z, h), where λ(a, b, c) = a^2 +b^2 +c^2 −2(ab+bc+ca). N, I, Q, and m stand for the colour multiplicity, weak isospin, electric charge, and mass^# of f. The isopartner of f is called f^′ and its quantum numbers are indicated by a prime. The infrared divergences are regularized by assigning a small mass, μ, to the photon (gluon).

In the following, we shall focus attention on electroweak phenomena. There are additional corrections due to strong-interaction effects when f represents a quark. To first order they simply follow from the electromagnetic corrections through multiplication by α_s(s)C_F /(αQ^2).

We write the perturbation expansion of the renormalized T -matrix element under consideration as

T = T_0 + T_{em} + T_{weak} + O(α^2) , (4.1)

where T_0 is the Born amplitude and T_{em} and T_{weak} represent the electromagnetic and weak loops; see Figs. 86a–l. Squaring and summing over all polarization, spin, and colour states yields

|T |^2 = |T_0|^2 [ 1 + 2 Re(δ_{weak} + δ_{em}) + O(α^2) ] , (4.2)

with δ_{weak} = T^∗_0 T_{weak}/|T_0|^2 and δ_{em} = T^∗_0 T_{em}/|T_0|^2. In the MOMS scheme we find

|T_0|^2 = 2G^2_F z^3N [( 1 − 4s^2_w|Q|

)_2 + 1 ] c_1 (s − z)^2 , δ_{weak} = −Δr − 1 2 Re Π̂^′_{ZZ} (z) + Ê_{ZZH} (z, s, h) + c_2 c_1 D_{ZZH} (z, s, h) − Π̂_{ZZ} (s) s − z + 1 v^2 + a^2 [ −vQ s − z s ( Ê_{ZAH} (z, s, h) + c^2 c_1 D_{ZAH} (z, s, h) − Π̂_{ZA}(s) s − z )

+ vV̂_{Zf}¯_f (s) + aÂ_{Zf}¯_f (s) + (s − z) ( T + B c_1 )] , δ_{em} = α 4π Q^2F_1 ( s + iε m^2 ) ,

(4.3)

with c_1 = 2(2s + n/z) and c_2 = n(−s − z + h)/z being kinematical factors. Here the hatted quantities have been renormalized by including their OMS counterterms. This is true also for F_1. The residual terms were ultraviolet finite from the outset.

# Note that a finite value of m is needed to regulate the collinear divergences associated with the photonic and gluonic corrections.

We shall now explain the various pieces of Eq. (4.3) one by one. The renormalized Z-boson self-energy, Π̂_{ZZ} , and Z-photon mixing amplitude, Π̂_{ZA}, are defined in Eq. (2.1). The term −(1/2) Re Π̂^′_{ZZ} (z) is due to the renormalization of the Z-boson wave function. The ZZH form factors, D_{ZZH} (a, b, c) and Ê_{ZZH} (a, b, c), are listed in Eq. (3.5) for arbitrary invariant masses of the two Z bosons and the Higgs boson, a, b, and c, respectively. The general ZAH form factors, D_{ZAH} (a, b, c) and Ê_{ZAH} (a, b, c), where b is the photon invariant mass, are specified in Eq. (3.22). The renormalized vector and axial-vector Zff̄ form factors, V̂_{Zf}¯_f and Â_{Zf}¯_f , are given by V̂_{Zff̄} (s) = α 4π [ v(v^2 + 3a^2)F_2 ( s + iε z ) + v^′ + a^′ 4s^2_w

F_2 ( s + iε w ) + c^2_w s^2_w aF_3 ( s + iε 4w )] , Â_{Zff̄} (s) = α 4π [ a(3v^2 + a^2)F_2 ( s + iε z ) + v^′ + a^′ 4s^2_w

F_2 ( s + iε w ) + c^2_w s^2_w aF_3 ( s + iε 4w )] , (4.4)

where s is the Z-boson invariant mass. In each line of Eq. (4.4), the first (second) term arises from Z-boson (W -boson) exchange between the fermions, while the third term is due to the configuration where the Z boson is linked to the the fermion line by two virtual W bosons involving a triple-gauge-boson coupling. The functions F_i (i = 1, 2, 3) are defined by

F_1(x) = 2 ( − ln(−x) + 1 ) ln m^2 μ^2

− ln^2(−x) + 3 ln(−x) + 2ζ(2) − 4 ,

F_2(x) = 2 ( 1 + 1 x )_2 ( Li_2(1 + x) − ζ(2) ) + ( 3 + 2 x ) ln(−x) − 7 2 − 2 x , F_3(r) = 1 r ( 4 + 1 2r ) arsinh^2 √ −r + ( 2 + 1 r ) √ 1 − 1 r arsinh √ −r + 5 2 − 1 2r . (4.5)

The photonic form factor, F_1, is plagued by an infrared singularity, which will cancel against the one produced by the soft-photon bremsstrahlung. Radiative corrections to the ff̄ H vertex have been discussed in Sec. 3.6 assuming all three legs to be on their mass shells. In that case, due to helicity conservation, the Higgs boson is bound to decouple from the fermionic current in the massless-fermion limit. However, this argument fails if at least one fermion is taken off its mass shell. In fact, the set of diagrams represented by Figs. 15e and f contribute the term T = α 4π [ c^2_w s^2_w

(v + a)^2T_1(t, h, w) + 4(v^4 + 6v^2a^2 + a^4)T_1(t, h, z) + (t ↔ u) ] , (4.6)

where T_1(t, h, w) = 1 2(t − h) [ B_0(t, w, 0) − B_0(h, w, w) − wC_0(0, t, h, w, 0, w) ] . (4.7)

The B_0 and C_0 functions are listed in Appendix A. Finally, the ff̄ ZH box diagrams yield

B = α 4π { c^2_w s^2_w

(v + a)(v^′ + a^′)B_1(t, u, z, h, w) + 4(v^4 + 6v^2a^2 + a^4)B_1(t, u, z, h, z)

+ c^2_wa(v + a) [ c^2_w s^2_w B_2(t, u, z, h, w) + B_3(t, u, z, h, w) + (t ↔ u) ]} , (4.8)

where B_1(t, u, z, h, w) = −2 ( B_0(z, 0, 0) − B_0(h, w, w) ) + [ 2 − n z(t − h) ] ( B_0(t, w, 0) − B_0(h, w, w) )

+ [ 2 − n z(u − h) ] ( B_0(u, w, 0) − B_0(h, w, w) ) + 2(−t + z + w)C_0(0, t, z, 0, w, 0) + 2(−u + z + w)C_0(0, u, z, 0, w, 0) + [ 2(u − z − w) + wn z(t − h) ] C_0(0, t, h, w, 0, w) + [ 2(t − z − w) + wn z(u − h) ] C_0(0, u, h, w, 0, w) + 2 [ −tu + (z + w)(−s + h − w) ] D_0(0, z, 0, h, t, u, w, 0, 0, w) , B_2(t, u, z, h, w) = 4 [ 2 − n z(u − h) ] ( B_0(u, w, 0) − B_0(h, w, w) ) + 8s λ (−t + u) ( B_0(s, w, w) − B_0(h, w, w) )

+ 8 λ [ −2n + (t − u)(−t + z) ]( B_0(z, w, w) − B_0(h, w, w) ) + [ 2(−2s + h) − u z (s + 2t) ] C_0(0, 0, s, w, 0, w) + [ 8(t − z − w) + u z (−u + h) + 4wn z(u − h) ] C_0(0, u, h, w, 0, w) + { 2(−2t + 4z − h + 4w) + u z (−3t + u) + 8s λ [ −2n + t(−t + u) ]} C_0(s, z, h, w, w, w) + ( 5u − 4z − 8w − u^2 z ) C_0(0, u, z, w, 0, w) + { 2u(−2s + h) + w(7s − 5t + 9z − 5h + 8w) + u z [ −u(s + 2t) + w(−s + h) ]} × D_0(0, 0, z, h, s, u, w, 0, w, w) , B_3(t, u, z, h, w) = [ 2(−s + h) − u z (s + 2t) ] C_0(0, 0, s, w, 0, w) + (u − h) ( 2 − u z ) C_0(0, u, h, w, 0, w) + ( −2z + h + u^2 z ) C_0(s, z, h, w, w, w) + ( −u + 2z − u^2 z ) C_0(0, u, z, w, 0, w) + { 2u(−s + h) + w(2s + u − 2z) + u z [ −u(s + 2t) + w(−s + h) ]}

× D_0(0, 0, z, h, s, u, w, 0, w, w) . (4.9) The relevant D_0 functions are given in Appendix A. In Eq. (4.8), the terms proportional to B_1 refer to Figs. 15k and l, the B_2 terms to Figs. 15g and i, and the B_3 terms to Figs. 15h and j. Note that B_1(t, u, z, h, w) = B_1(u, t, z, h, w), so that Eq. (4.2) is symmetrical in t and u as required by charge-conjugation invariance.

It is instructive to elaborate on the fermionic contributions to δ_{weak}. In the MOMS scheme, the contribution due to a light-fermion doublet, (u, d), is devoid of mass singularities,

δ_{(u,d)} = G_F z 6π^2 √ 2 N_{(u,d)} {[ c^4_w + s^4_w ( 1 + 2Y^2_{(u,d)} )] ( s s − z ln −s − iϵ z + 1 2 )

+ c_ws_w vQ v^2 + a^2 [( c^2_w − s^2_w ( 1 + 2Y^2_{(u,d)} )) ln −s − iϵ z − c^2_w s^2_w ln c^2_w ]} . (4.10)

This is independent of M_H and feebly varies with s.

At the other extreme, a doublet, (U, D), of fermions which are heavy as compared to the largest energy scale associated with the ff̄ ZH interaction contributes

δ_{(U,D)} = ( 1 − c_w s_w vQ v^2 + a^2 ) Δρ_{(U,D)} − G_F 6π^2 √ 2 N_{(U,D)} ( m^2_U + m^2_D ) , (4.11)

where Δρ_{(U,D)} is defined by Eq. (3.16). The OMS-scheme version of Eq. (4.11) was found in Ref. 138. Obviously, ultraheavy fermions generate negative corrections proportional to the squares of their masses, no matter if weak isospin is conserved or badly broken. A similar trend was observed in Secs. 3.1 and 3.5 for the radiatively corrected ZZH and W^+W^−H couplings, respectively. Contrariwise, the ff̄ H coupling is enhanced in the presence of ultraheavy fermions; see Sec. 3.6.

e^+e^− → ZH bremsstrahlung process

Perhaps, the most important application of Eq. (4.2) is to calculate the electroweak corrections to the cross section of e^+e^− → ZH. To obtain an infrared-finite result, one needs to include the contribution due to real-photon radiation off the initial state; see Figs. 15m and n. It is technically convenient to introduce a cutoff parameter, Δ, with μ ≪ Δ ≪ ( s − (M_Z + M_H )^2 ) /(2 √ s ) such that for ZH invariant masses, s^′, with √ s ( √ s − 2Δ) < s^′ < s the kinematics can be considered as practically unaffected by the emission of the extra photon. Those events are conventionally called soft, while events with (M_Z + M_H )^2 < s^′ < √ s ( √ s −

2Δ) are called hard. In the CM system, Δ bears the meaning of a photon-energy cutoff. Soft photons give rise to a universal factor which multiplies the uncorrected cross section,

δ_{soft} = α π Q^2 [ (L − 1) ln

4Δ^2 μ^2 − L^2 2 + L − 2ζ(2) ] , (4.12)

where L = ln(s/m^2) and terms of order (m^2/s)L have been neglected.

Collecting the above results, we can now write the differential cross section of e^+e^− → ZH including the weak and soft-photonic corrections as dσ dt = dσ_0 dt [ 1 + 2 Re(δ_{weak} + δ_{em}) + δ_{soft} + O(α^2) ] , (4.13)

where dσ_0 dt = G^2_F z^3 32πs^2 [( 1 − 4s^2_w

)_2 + 1 ] c_1 (s − z)^2

(4.14)

is the Born result. Usually, e^+e^− colliders are operated in such a way that the CM system coincides with the laboratory frame. In terms of the cosine, c, of the angle between the flight directions of the incoming electron and the outgoing Z boson, then one has t = − ( s − z − h − √ λ c ) /2. The combined electromagnetic correction in Eq. (4.13),

2 Re δ_{em} + δ_{soft} = α π Q^2 [ (−L + 1) ln s 4Δ^2 + 3 2 L + 2ζ(2) − 2 ] , (4.15)

is μ independent. However, there remains a strong dependence on Δ, which is now to be related to the energy resolution of the photon detector. The effect of hard-photon events on the differential cross section is most conveniently included by means of Monte Carlo event generators [127].

We now turn to the total cross section and define

C_1 = −(s−z−h−^√λ)/2 ∫ −(s−z−h+^√λ)/2 dt c_1 = √ λ ( 4s + λ 3z ) ,

C_2 = −(s−z−h−^√λ)/2 ∫ −(s−z−h+^√λ)/2 dt c_2 = λ^{3/2} 6z (−s − z + h) . (4.16)

Integration of Eq. (4.14) yields

σ_0 =

G^2_F z^3 32πs^2 [( 1 − 4s^2_w

)_2 + 1 ] C_1 (s − z)^2

. (4.17)

The hard-photon contribution can be obtained by convoluting Eq. (4.17) with a photon radiator,

σ_{hard} = α π Q^2(L − 1) 1−2Δ/ √ s ∫ (MZ +MH)2/s dx 1 + x^2 1 − x σ_0(xs) , (4.18)

which can be solved analytically [86]. Putting everything together, the radiatively corrected total cross section is found to be

σ = σ_0 ( 1 + 2 Re Δ_{weak} + δ_{QED} + O(α^2) ) , (4.19)

where σ_0 is given by Eq. (4.17),

Δ_{weak} = −Δr − 1 2 Re Π̂^′_{ZZ} (z) + Ê_{ZZH} (z, s, h) + C_2 C_1 D_{ZZH} (z, s, h) − Π̂_{ZZ} (s) s − z + 1 v^2 + a^2 −vQ s − z s ( Ê_{ZAH} (z, s, h) + C^2 C_1 D_{ZAH} (z, s, h) − Π̂_{ZA}(s) s − z )

+ vV̂_{Zf}¯_f (s) + aÂ_{Zf}¯_f (s) + s − z C_1 −(s−z−h−^√λ)/2 ∫ −(s−z−h+^√λ)/2 dt (c_1T + B) ,

(4.20)

and δ_{QED} = α π Q^2 [ (L − 1) ( ln λ^2 s^2zh + z^2 C_1 F ( z s , h s )) + 3 2 L + 2ζ(2) − 2 ] . (4.21)

is the full QED correction to first order. The function F reads

F (a, b) = G(a, b) + (a − b)(1 − a)^2

3a^6 [ −a^2(11 + a) + ab(7 + 2a) − b^2(2 + a) ]

× ( ln 1 + a − b + √ λ 1 − a + b + √ λ − 1 2 ln a b ) + (1 − a)^2 3a^3

(−1 − 11a + 3b) ln 1 − a − b + √ λ 2 √ ab + 2 √ λ 3a^5 [ a^2(−7 + 2a − 7a^2) + ab(3 − 2a + 3a^2) + b^2(−1 + a − a^2) ] , (4.22) where λ = λ(1, a, b), Λ = λ(a, a, b), and G(a, b) = 1 a^3 { − √ −Λ 3a^3 [ 12a^2(1 − 2a − a^2) + ab(−5 + 9a + 3a^2 + a^3) + b^2(2 − 3a − a^3) ]

+ 4b √ −Λ (1 − a)(1 + a^2) } 2 arctan √ −Λ 1 − a + √ λ − arccos ( 1 2 √ b a ) , 4a > b ,

= 4(1 − a)(1 + a^2) a^3 ( 8a 1 − a + √ (1 − a)(1 − 9a) − 1 ) , 4a = b ,

= 1 a^3 {√ Λ 3a^3 [ 12a^2(1 − 2a − a^2) + ab(−5 + 9a + 3a^2 + a^3) + b^2(2 − 3a − a^3) ]

+ 4b √ Λ (1 − a)(1 + a^2) } ( ln 1 − a + √ λ + √ Λ 1 − a + √ λ − √ Λ − ln b + √ Λ 2 √ ab ) , 4a < b . (4.23)

Notice that Eq. (4.21) is linear in L as demanded by Sudakov’s theorem [116].

Initial-state corrections for e^+e^− annihilation are available up to O(α^2) in QED. This includes contributions due to photons [139], charged-lepton pairs [140], and hadronic matter [141]. The purely photonic part is known to constitute the bulk of these corrections. The well-known technique of exponentiating the infrared-sensitive parts [142] provides a further refinement. Higher-order initial-state corrections are known to be indispensible when cross sections strongly vary with √ s, e.g., in the case of the Z-boson line shape. However, they are expected to be less significant in the case of ZH associated production in the continuum.

Figure 16 shows versus M_H the one-loop weak correction, 2 Re Δ_{weak}, to the total cross section of e^+e^− → ZH; see Eq. (4.20). Figure 16a disentangles the contributions due to bosons, leptons, and quarks at √ s = 500 GeV for m_t = 150 GeV. The bosonic contribution is throughout negative and is plagued by the well-understood threshold singularities at M_H = 2M_V , with V = W, Z; see the discussion of Fig. 11a. The lepton loops give rise to an M_H -independent increase by about 2%; see Eq. (4.10). The quarkonic correction is somewhat larger and exhibits the familiar spike at M_H = 2m_t; see the discussion of Fig. 5a. Leaving aside pathological points, the combined effect ranges between −5% and 3% for the considered choice of parameters. In Fig. 16b, the sensitivity to m_t of the total weak correction investigated. Note that for m_t = 90 GeV the dent at M_H = 2m_t is overwhelmed beneath the incision at M_H = 2M_Z , while it does not show up for m_t = 210 GeV. The present lack of knowledge of the precise value of m_t induces a considerable uncertainty in the prediction at the quantum level. However, this source of incertitude is likely to be removed before the

NLC goes into operation. In Fig. 16c, the M_H dependence of the weak correction is studied at √ s = 200, 500, 1000, and 1500 GeV assuming m_t = 150 GeV. For M_H < 2m_t, there is an almost M_H independent reduction of the production rate, which is more dramatic at higher energies. For M_H > 2m_t, the corrections increase monotonically with M_H and may take sizeable positive values, of the order of 25%.

Figure 17 shows the photonic corrections to second order for the total cross section of e^+e^− → ZH as a function of M_H at √ s = 200, 500, 1000, and 1500 GeV. The infraredsensitive parts are exponentiated, so that the probability for the emission of a photon with energy ω goes to zero for ω → 0. Consequently, the correction equals −100% at √ s = M_Z + M_H . Initial-state radiation may considerably enhance the cross section in the continuum. This may be understood by observing that the energy available for the hard-scattering process is reduced by the emitted quanta and that the undressed cross section is a decreasing function of √ s. For comparison, first-order QED corrections without exponentiation as given by Eq. (4.21) are shown also. As expected, the agreement is fairly good, except for √ s ≫ M_Z + M_H . At LEP 2, the QED effect will be throughout negative. At the NLC, there may be an enormous enhancement should M_H be settled close to the lower end of the currently favoured mass range.

The so-called beamstrahlung phenomenon [143] is a novel feature to be faced at the NLC, as an unavoidable consequence of the quest for luminosities that exceed current achievements by three orders of magnitude. It is evoked when particles in one bunch undergo bremsstrahlung upon entering the the electromagnetic field of the other bunch, so that sizeable parts of the opposite bunches interact coherently with each other. In contrast to usual bremsstrahlung, beamstrahlung can be controlled by adjusting the machine design and operation. A comprehensive discussion of the impact of beamstrahlung on Higgs-boson production at the NLC may be found in Refs. 19, 144. Z → ff̄ H decay Current Higgs searches at LEP 1 and SLC rely on the Bjorken process [8], Z → ff̄ H.

The Higgs bosons would decay almost exclusively into hadrons or τ^+τ^− pairs (see Fig. 1) and the channels where f represents a neutrino or a charged lepton would yield the clearest signatures [10]. For increasing M_H, the available phase space is quenched and the expected rate drops. As yet, the mass range M_H < 63.5 GeV has been excluded at the 95% CL level [9]. Further progress will be made much more slowly. In the next few years, with two or three million events collected per LEP 1 experiment, one may estimate that this procedure will come to a grinding halt at 65 GeV or so [10]. The relative increments of the M_H lower bound will be comparable to usual quantum corrections in electroweak perturbation theory. It is, therefore, obvious that such a procedure makes sense only if loop effects are properly taken into account. The point is that the inclusion of radiative corrections to the Z → Hff̄ partial width induces an equivalent shift of the M_H lower bound.

Neglecting external-fermion masses, the Z → ff̄ H decay width, differential with respect to the ff̄ invariant mass, s, is in the Born approximation given by

dΓ_0 ds = G^2_F M^3_Z 384π^3 N [( 1 − 4s^2_w|Q|

)_2 + 1 ] C_1 (s − z)^2

, 0 ≤ s ≤ (M_Z − M_H )^2 , (4.24)

where C_1 is defined in Eq. (4.16). Note that the internal Z boson is far away from its mass shell, so that it would be incorrect to include the total width in its propagator; the appropriate Z-boson self-energy will enter at the one-loop level. The integrated result reads [135]

Γ_0 =

G^2_F M^5_Z 384π^3 N [( 1 − 4s^2_w|Q|

)_2 + 1 ] F ( h z ) , (4.25)

where

F (x) = 1 − x 3 ( − 47 2 + 13 2 x − x^2 ) + ( −2 + 3x − x^2 2 ) ln x + ( 10 − 4x + x^2 2 ) √ x 4 − x ( π − 6 arcsin √ x 2 ) . (4.26)

Complete first-order electroweak corrections can be accommodated in Eq. (4.24) by multiplication with ( 1 + α π 3 4 Q^2 + 2 Re Δ_{weak} ) , (4.27)

where Δ_{weak} emerges by analytic continuation of Eq. (4.20). Consequently, the correction factor for Eq. (4.25) reads

1 + α π 3 4 Q^2 + 1 zF (h/z) (MZ−MH)2 ∫ 0 ds C_1 (s − z)^2

2 Re Δ_{weak} . (4.28)

Note that the term proportional to Q^2, which represents the electromagnetic correction, is not enhanced by large logarithms of the form ln(s/m^2). This is a manifestation of the Kinoshita- Lee-Nauenberg theorem [145], which guarantees that such logarithms cancel when all ff̄ (γ) configurations with invariant mass s are summed up. There are additional corrections due to strong-interaction effects if f represents a quark. They are similar as in the case of Z → qq̄. To first order they can be taken into account by including within the parentheses of Eqs. (4.27), (4.28) the term ( 3C_F α_s(s)/4π ) . We remark that the relevant QCD corrections are fully known in second order [65, 146] and partly in third order [69].

A heavy top quark is the only potential source of large corrections to the Z → ff̄ H decay width in the standard model. The leading high-m_t term may be gleaned from Eq. (4.11),

Δ_{weak} = −

3G_F m^2_t 8π^2 √ 2 ( 1 3 + c_w s_w vQ v^2 + a^2 ) , (4.29)

which is negative for all flavours f. Equation (4.11) gives the contribution to Δ_{weak} due to a doublet, (U, D), of fermions with m_U , m_D ≫ M_Z . Obviously, the existence of such fermions would lead to an abnormal suppression of all Z → Hff̄ modes and could, in fact, entail the non-observation of the Higgs boson in spite of its production being kinematically possible. In other words, the current lower bound on M_H can be relaxed to lower values if one assumes that the minimal standard model is extended by an additional family of high-mass fermions. Note that, in contrast to the departure of the ρ parameter from one, isospin breaking is not necessary for this mechanism to work. In fact, for given m, with m ≫ M_Z , the effect would be more dramatic in the case m_U = m_D = m than in the cases m_D ≪ m_U = m or m_U ≪ m_D = m, irrespective of the final-state flavour f.

Figure 18a shows for the Z → νν̄H mode the one-loop radiative corrections given by Eq. (4.28) as a function of M_H for several values of m_t. The effect is at the 1% level. The value of m_t being increased by constant steps, the distance from one curve to the next is proportional to the current value of m_t, which illustrates the dominant influence of the G_F m^2_t term of Eq. (4.29). However, using just that term would lead to a poor description, since it is throughout negative and M_H independent. Figure 18b visualizes first-order radiative corrections to the Z → ℓ^+ℓ^−H decay rate, where ℓ = e, μ, or τ . The strong enhancement towards the upper end of the kinematically allowed M_H range can be traced to those diagrams where the ℓ^+ℓ^− pair is created from a virtual photon. These diagrams are not affected by the small-s behaviour of the Z-boson propagator, which leads to a suppression of the Born graph. This class of diagrams is, of course, absent in the case of νν̄H final states.

H → ff̄ Z decay

In Sec. 3.1, we discussed the radiative corrections to the H → ZZ decay width for real Z bosons. This mode will have a significant branching fraction also below threshold, where one Z boson will be forced to be off-shell. By analogy to Eq. (3.29), the tree-level result for the H → ff̄ Z decay rate [147] emerges from Eq. (4.25) through multiplication by −3M^3_Z/M^3_H . The relative correction factor is given by Eq. (4.28) with the sign of the last term changed.

In Fig. 19, the full one-loop corrections to the H → ff̄ Z decay widths, where f = ν, ℓ, are shown as a function of M_H for m_t = 150 GeV. The spikes at M_H = 2M_W are due to the usual threshold singularity in the Higgs-boson wave-function renormalization at one loop; see the discussion of Fig. 13a. Apart from the vicinity of this point, the corrections increase monotonically with M_H. In the f = ℓ case, the corrections take large negative values for M_H → M_Z . Similarly to Fig. 19b, this is related to the s-channel pole of the photon propagator in the amplitude involving the ZγH coupling, which is absent in the f = ν case. However, due to a sign flip of Ê_{ZAH} (z, s, h), the overall effect acts in the opposite direction.

4.2 ff̄ γH coupling: e^+e^− → γH

In Sec. 3.2.2, we discussed the Z → γH decay taking the Z boson to be on-shell. When M_H is sufficiently close to M_Z , the rate of this process exceeds the one of the Bjorken process, since the latter is more strongly affected by phase-space limitation. On top of the Z-boson resonance, the γH production cross section can be approximated by

σ(e^+e^− → γH) = 12π M^2_Z

Γ(Z → e^+e^−)Γ(Z → γH) Γ^2_Z ≈ [ Γ(Z → γH) in keV ] × 23.9 fb ,

(4.30)

where Γ_Z = 2.487 GeV and Γ(Z → e^+e^−)/Γ_Z = 3.345% [57] have been used and Γ(Z → γH) may be read off from Fig. 6b for given M_H. Note that the tree-level amplitude for this process is suppressed by a factor of m_e/M_Z and can be safely neglected [87].

Equation (4.30) corresponds to the square of the Z-boson exchange diagram of Fig. 15d with the external Z boson replaced by a photon. Also the photon-exchange diagram of Fig. 15d and the diagrams of Figs. 15e–l contribute to the one-loop amplitude. However, at √ s = M_Z , their effect is expected to be suppressed by a factor of Γ_Z /M_Z . In fact, explicit calculation [87] reveals that the resonant term is about 500 times greater than the largest of the other terms. However, it is important to notice that, for √ s ≠ M_Z, the full set of diagrams must be included to obtain a gauge-invariant result [87].

Figure 20 shows the total cross section of e^+e^− → γH in the one-loop approximation assuming s^2_w = 0.21, M_W = 80.8 GeV, and m_t = 40 GeV [87]. As expected, the cross section rises sharply when √ s approaches M_Z . At M_H = 60 GeV, the peak cross section is about 20 fb, which nicely agrees with the estimate by Eq. (4.30) in connection with Fig. 6b. It is clear that, a few GeV away from the peak, the cross section becomes too small for the reaction to be observed. ¿From Fig. 7 of Ref. 87 it may be seen that, for m_t >∼ 80 GeV, the peak cross section is practically m_t independent and that its value at m_t = 40 GeV, which is assumed in Fig. 20, almost coincides with its asymptotic value.

4.3 qq̄^′W^±H and qq̄ZH couplings: pp → W^±H + X and pp → ZH + X

The intermediate-mass Higgs boson will be difficult to detect at future hadron supercolliders. In the window 140 GeV <∼ M_H <∼ 2M_Z , it may be recognized by its H → (W^+)^∗(W^−)^∗ → ℓ^−ν̄_ℓ ℓ^{′+}ν_ℓ0 [34] and H → Z^∗Z^∗ → ℓ^+ℓ^−ℓ^{′+}ℓ^{′−} [32] decays. For M_H <∼ 140 GeV, the H → 2γ decay may yield an observable signal if excellent photon energy resolution and photon/jet discrimination are achieved [32, 33]. In contrast to gluon fusion, W^±H associated production with subsequent photonic Higgs-boson and leptonic W -boson decays provides a nearly background-free signal even with modest photon energy resolution and photon/jet discrimination [117]. The same is true of ZH associated production, which, however, has a five-times smaller cross section and will be experimentally relevant only if very high luminosities can be achieved. W^±H and ZH associated production proceed at tree-level through quark-antiquark annihilation [30, 31], qq̄^′ → W^±H and qq̄ → ZH.

An alternative mechanism of ZH associated production is provided by gluon fusion, gg → ZH [132, 133], to be discussed in the next subsection. Although this process is loopinduced, it nevertheless competes with the tree-level reaction, due to the absence of the s-channel suppression and the enhancement by the large gluon luminosity.

Due to the modest number of W^±H and ZH signal events, it is mandatory to calculate the production cross sections as accurately as possible. The bulk of the radiative corrections is expected to be attributed to QCD effects in the initial state. Moreover, the lowest-order prediction suffers from the usual normalization uncertainty connected with the choice of the factorization and renormalization scales, which, as a rule, is reduced in the next-to-leading-order formalism.

For fixed V H invariant mass, the QCD corrections to the subprocesses qq̄^′ → V^∗ → V H, where V = W^±, Z, are essentially the same as those to the Drell-Yan process [148], which are known even in next-to-next-to-leading order [149]. In fact, the QCD-corrected cross section of pp → V H + X, differential with respect to the V H invariant mass, q^2, factorizes as [129] dσ dq^2 (pp → V H + X) = G_F M^4_V 2π^2 √ 2 √ λ q^2 (q^2 − M^2_V )^2 ( 1 + λ 12M^2_V q^2 ) σ(pp → V^∗ + X) , (4.31)

where λ = λ ( q^2, M^2_V , M^2_H ) and it is understood that σ(pp → V^∗ +X) includes its well-known QCD corrections [148, 149]. The total cross section is obtained by integrating Eq. (4.31) over (M_V + M_H)^2 ≤ q^2 ≤ s, where √ s is the pp CM energy.

The cross section depends on the factorization scale, μ, both in the parton distribution functions and explicitly in the matrix element at O(α_s). Since the explicit dependence is proportional to ln(μ^2/q^2), the choice μ = √ q^2 is natural to avoid large logarithms. The cross section also depends weakly on the renormalization scale in the running coupling α_s. In the following, the factorization and renormalization scale will be identified. In Fig. 21, the μ dependence of the total cross section of pp → W^±H +X at the SSC is analyzed in leading and next-to-leading order in the deep-inelastic-scattering (DIS) scheme, assuming M_H = 100 GeV [129]. Set B1 of the Morfin-Tung [150] parton distribution functions in the DIS scheme is used. The results in the MS scheme are very similar. As expected, the scale dependence of the prediction is considerably reduced by the inclusion of QCD corrections. The residual variation is usually interpreted as the theoretical uncertainty due to higher-order corrections. For μ = √ q^2 , the corrections amount to a 15% increase of the cross section. At the LHC, the effect is slightly larger, 17%.

Figure 22 shows versus M_H the total cross sections of W^±H and ZH associated production at the SSC in next-to-leading order for three different sets of parton distribution functions and the choice μ = √ q^2 [129]. The contribution due to the gg → ZH subprocess is not included. Comparison of Figs. 21, 22 reveals that, at present, the uncertainty in the prediction due to the parton distribution functions is larger than the one due to higher orders. It turns out that the size of the corrections, relative to the lowest-order cross section, depend only weakly on the parton distribution functions and the value of M_H [129].

The above structure-function approach cannot be applied when transverse-momentum and rapidity distributions are to be evaluated. In particular, it does not allow one to impose acceptance cuts on the decay products of the V and Higgs bosons. In Refs. 130, 131, the completely differential cross section of pp → W H → ℓνγγ + X has been computed using Monte Carlo methods.

Figure 23 shows the transverse-momentum distribution of the Higgs boson in leading and next-to-leading order for pp → W^±H + X at the SSC assuming M_H = 100 GeV [130]. It is summed over W^+, W^− and the W → eν and W → μν decays are included. We see that the overall correction is small and increases slowly with increasing p_T .

4.4 ggZH coupling

The ggZH coupling is generated in lowest order via the quark triangle and box diagrams depicted in Fig. 24. An analytic expression may be found in Ref. 135.

By charge-conjugation invariance, the Z boson couples only axially to the internal quarks, so that the contribution due to a mass-degenerate quark doublet vanishes. The contribution due to a light quark circulating in the box diagrams is suppressed by two powers of its mass: one power stems from its Yukawa coupling to the Higgs field and another one from the trace. There is no such suppression in the case of the triangle diagram. At the other extreme, there is a conspiracy between the triangle and box diagrams in the limit that the quark mass, m, is much larger than any other energy scale associated with the ggZH interaction: the leading terms of both amplitudes are proportional to 1/m^2 but they cancel each other leaving behind terms proportional to 1/m^4. Consequently, the ggZH interaction of the standard model is dominated by the bottom-quark triangle diagram whenever its characteristic energy is small against m_t.

gg → ZH subprocess

As anticipated in Sec. 4.3, the gg → ZH subprocess contributes appreciably to ZH associated production at hadron colliders. Formally, this subprocess is suppressed by a factor of (α_s/π)^2 relative to the tree-level qq̄ → ZH subprocess. However, this suppression will be partly compensated by the overwhelming gluon luminosity of future supercolliders. Furthermore, for increasing qq̄ invariant mass, ŝ, the cross section of qq̄ → ZH falls off like 1/ŝ, due to the s-channel Z-boson exchange. As a consequence of the Landau-Yang theorem [151], which prohibits that two massless vector bosons constitute a spin-one state, this feature is absent in the ggZH triangle amplitude; the box graphs do not involve virtual Z bosons anyway. It is well known that the triangle contribution to ZH associated production can, in fact, substantially exceed that from the usual light-quark sources, if the top quark is very heavy [152]. At first hand, one would expect the triangle and box diagrams to be essentially incoherent, since the former contributes only to the S wave, while the latter can contribute to all partial waves. However, explicit calculation reveals that the interference between the triangle and box amplitudes is chiefly destructive [133].

Figure 25a disentangles the transverse-momentum distributions of a Higgs boson with M_H = 100 GeV for pp → ZH + X at the SSC arising from qq̄ → ZH at tree level and from gg → ZH with m_t = 80, 140, and 200 GeV. Set 1 of the Duke-Owens [153] parton distribution functions with Λ = 200 GeV is used. Taking into account just the triangle diagrams greatly overestimates the gg-fusion component, especially at high p_T , which nicely illustrates the destructive triangle-box interference. While qq̄ annihilation is insensitive to m_t, gg fusion attains relative importance as m_t increases. However, qq̄ annihilation is clearly dominant in the high-p_T range, p_T >∼ 400 GeV, independently of M_H . The only chance for gg fusion to be competitive is in the window 200 GeV <∼ p_T <∼ 400 GeV if m_t is close to 200 GeV and M_H <∼ 300 GeV. The spikes in the p_T spectra of gg fusion are located at p_T = √ λ (4m^2_t , M^2_Z , M^2_H )/(4m_t), where ŝ is just even sufficiently large to create a tt̄ pair provided that no energy is deposited in the longitudinal motion of the ZH system. Figure 25b shows versus M_H the contributions due to qq̄ annihilation and gg fusion to the total cross section of pp → ZH + X at the SSC. The m_t values are chosen as in Fig. 25. Roughly speaking, the corresponding predictions for the LHC may be obtained by scaling down the cross sections of Fig. 25b by an order of magnitude. The triangle contribution by itself leads to a poor description as to both size and line shape. The full gg-fusion contribution drops rapidly for increasing M_H until it enters a plateau at the threshold M_H = 2m_t. In conclusion, the support from gg fusion is comparable to that of qq̄ annihilation only for very large m_t and for M_H around 200 GeV or beyond 800 GeV. In general, however, it exceeds the next-to-leading-order corrections to qq̄ annihilation, discussed in Sec. 4.3.

H → ggZ decay

At first sight, H → ggZ is a potentially interesting decay mode of the intermediate-mass Higgs boson. After fragmentation, it has the same signature as the H → qq̄Z decay: one leptonically or hadronically decaying Z boson accompanied by two jets, the common invariant mass of which is below M_Z .

The H → ggZ decay rate can be computed straightforwardly from the results of Ref. 135 after appropriate analytic continuation [154]. In the approximation that the top quark is infinitely heavy while the other quarks are massless, the three-body phase-space integration can be performed analytically and yields [154] Γ(H → ggZ) = (α_s π )_2 G2_F M 5_H 1024π^3

(1 − 8r + 8r^3 − r^4 − 12r^2 ln r) , (4.32)

where r = M^2_Z /M^2_H .

It turns out that the branching fraction of H → ggZ is below 2 × 10^{−6}, i.e., more than one order of magnitude smaller than the one of H → μ^+μ^−. Z → ggH decay The mechanism Z → ggH contributes to the Z → H + 2j signal and can, in principle, be used to look for a low-mass Higgs boson at LEP 1 and SLC [134]. However, it has been proven [135] that the Z → ggH decay has a branching fraction of less than 2 × 10^{−10} for M_H > 60 GeV and is, therefore, far to rare to be of practical relevance for Higgs hunting at existing Z factories. An approximation formula for the Z → ggH decay width follows from Eq. (4.32) by multiplication with − ( M^2_H/3M^2_Z ) ; see Eq. (3.29). 4.5 gggH and qq̄gH couplings: pp → jH + X Higgs bosons created in hadron collisions via the gg → H subprocess, discussed in Sec. 3.4.2, will have almost zero transverse momentum. To obtain finite p_T , the Higgs boson must be produced in association with another particle or a jet. It has been argued that the production of an intermediate-mass Higgs boson together with a large-p_T jet may aid in reconstructing M_H [96].

In leading order, pp → jH + X receives contributions from the subprocesses gg → gH, qg → qH, and qq̄ → gH which proceed via massive-quark triangles; see Fig. 26. The cross sections of these subprocesses may be found in Ref. 96. They simplify considerably in the limit where the internal quark becomes very large. For one single flavour of very heavy quark, they read [96] dσ dt (gg → gH) = 1 16πs^2 1 4N^2_A 4 √ 2 9π G_F α^3_sN_cN_A s^4 + t^4 + u^4 + h^4 stu , dσ dt (qg → qH) = 1 16πs^2 1 4N_cN_A 2 √ 2 9π G_F α^3_sN_A s^2 + u^2 −t , dσ dt (qq̄ → gH) = 1 16πs^2 1 4N^2_c 2 √ 2 9π G_F α^3_sN_A t^2 + u^2 s , (4.33)

where N_c = 3, N_A = N^2_c − 1 = 8, and the Mandelstam variables, s, t, and u, are defined canonically. The fact that Eq. (4.33) does not depend on the mass, m, of the loop quark may be understood as follows: There is one power of m from the Yukawa coupling and a second from the trace over the internal quark loop. These are cancelled by a factor of 1/m^2 from the loop integral. The latter is absent in the case of light quarks, with m ≪ M_H , so that their contribution is suppressed by m^2/M^2_H . Consequently, only the top-quark contribution is relevant for jH associated production at hadron colliders.

Figure 27 shows the d^2σ/dy dp_T distributions of Higgs bosons with M_H = 110 and 160 GeV from pp → jH + X at the SSC as a function of p_T at y = 0 for m_t = 160 GeV [96]. Set 2 of the parton distribution functions of Eichten et al. [31] is used with Λ = 290 MeV and the factorization and renormalization scales are identified with the Higgs-boson transverse mass, √ M^2_H + p^2_T . The pointlike approximation by Eq. (4.33) is also visualized. It is satisfactory at intermediate values of p_T but seriously overestimates the true rate at large p_T . For smaller values of m_t, the p_T spectrum looks similar in the low-p_T range but falls off more steeply at high p_T [96]. At the LHC, the cross sections will be generally smaller by a factor of 3–5, depending on the value of p_T [96].

The gg → ggH subprocess contributes in O ( α^4_s ) to Higgs-boson-plus-two-jet production and has been investigated in the infinite-m_t approximation by means of an effective Lagrangian [97].

As is evident from Fig. 27, the lowest-order evaluation of the pp → jH + X differential cross section diverges as p_T tends to zero. This can already be verified on the basis of the ultraheavy-quark approximation by Eq. (4.33). In fact, using p^2_T = tu/s and s+t+u = h, one sees that the cross sections of gg → gH and qg → qH diverge in this limit. To obtain a reliable prediction in the low-p_T region, it is necessary to take into account multiple-gluon emission, which generates terms of the orders α^n_s ln^m ( M^2_H /p^2_T ) /p^2_T , with m ≤ 2n − 3. The largest of these terms, those in the double leading-logarithmic approximation, with m = 2n − 3, can be resummed to all orders. This was originally done in the m_t → ∞ limit normalizing the p_T spectrum to the lowest-order cross section of pp → H + X [98]. Subsequently, this analysis was generalized to arbitrary m_t values [99]. Knowing the total cross section of pp → H + X to next-to-leading order in the m_t → ∞ limit [94, 102], one can adjust the normalization of the p_T spectrum perturbatively [100]. Similar results can be obtained by means of a rigorous renormalization-group-invariant approach [101]. The resulting predictions for the SSC are shown in Fig. 28 for y = 0, M_H = 100, 150, and 200 GeV [100]. The parton distribution functions by Harriman et al. [155] are used with Λ = 190 MeV for five quark flavours and the factorization and renormalization scales are set equal to M_H.

The Feynman diagrams of Fig. 26 also contribute in next-to-leading order to the total cross section of pp → H +X and to the hadronic decay width of the Higgs boson; see Sec. 3.4.

5. Five-point functions: intermediate-boson fusion and e^+e^− ! μ^+μ^−H

This chapter is devoted to loop effects in connection with five-point functions with one external Higgs-boson line. Perhaps, the couplings of the Higgs boson to four fermions via two intermediate bosons play the most important rôle in this context. They mediate, for example, intermediate-boson fusion, which is the dominant Higgs-boson production mechanism at e^+e^− [13, 14] and hadron [14, 28] colliders for high M_H and at ep [14, 35] colliders for all values of M_H . Furthermore, the production of a Higgs boson with M_H > M_Z via the bremsstrahlung process in e^+e^− annihilation below the ZH threshold, i.e., when M_Z < M_H < √ s < M_Z + M_H , makes use of a kinematically irreducible five-point vertex. Also four-fermion decays of low-mass Higgs bosons proceed through such vertices [154, 156].

The computation of electroweak corrections to genuine five-point processes is rather involved and has not been tackled yet. As for QCD corrections, the problem is considerably facilitated by the fact that the coloured part of the process consist at most of two isolated quark lines. The diagrams where one gluon is exchanged between these lines do not interfere with the tree diagram after colour summation. Thus, one just needs to renormalize each quark-intermediate-boson vertex separately. The use of the structure-function approach provides a further simplification in the case of inclusive cross sections [157]. This strategy was adopted in Refs. 157, 158 for W^+W^− and ZZ fusion at pp colliders and in Ref. 159 for W^+W^− fusion at ep colliders. In the latter reference also a Monte Carlo technique was elaborated, which allows one to include selection cuts. In the case of four-fermion decays of the Higgs boson, QCD corrections may be accommodated by simply including a factor ( 1 + α_s(s)/π ) for each quark pair, where √ s is the respective quark-pair invariant mass.

The mechanism that prohibits one-gluon exchanges between the two fermion lines is not in effect in the case of photons. Interference effects between the photon radiation off the initial and final states of e^+e^− → μ^+μ^−H have been computed in Ref. 160.

5.1 QCD corrections to intermediate-boson fusion in pp and ep collisions

The canonical method of calculating the inelastic contribution to intermediate-boson scattering in hadron or ep collisions is to convolute the parton-level cross sections with the usual quark distribution functions [14, 28, 35]. An alternative formulation [157] makes use of the hadronic tensor, W_{μν}, that characterizes the emission of an intermediate boson off the proton. W_{μν} may be expressed in terms of three Lorentz scalars. The standard decomposition reads

MW_{μν} (x, Q^2) = F_1(x, Q^2) ( −g_{μν} + q_μq_ν q^2 ) + F_2(x, Q^2) P · q ( P_μ − P · q q^2 q_μ ) ( P_ν − P · q q^2 q_ν )

− i F_3(x, Q^2) 2P · q ϵ_{μνρσ}P^ρq^σ , (5.1) where M is the proton mass, P is the proton four-momentum, q is the intermediate-boson four-momentum, Q^2 = −q^2, x = (Q^2/2P · q), and F_i(x, Q^2) (i = 1, 2, 3) are the so-called hadronic structure functions. The canonical results are recovered as the quark-parton-model limit of this structure-function approach. However, this approach offers the advantages that it readily carries over to both elastic-scattering configurations and next-to-leading order.

The elastic-scattering contribution is concentrated at very low Q^2 and can be eliminated by imposing a lower cut on the Higgs-boson transverse momentum. In principle, though, it enters the total cross section. In order to evaluate it, one just needs to substitute F_i(x, Q^2) in Eq. (5.1) by the analogous expressions in terms of the three elastic form factors, G_e(Q^2), G_m(Q^2), and G_a(Q^2), of the proton-intermediate-boson vertex [157]. Since these form factors effectively cut off the phase-space integral at Q^2 ≈ M^2, the contribution per elastic vertex is suppressed by a factor of M^2/M^2_V ≈ 10^{−4} relative to the inelastic case. This estimate has been verified numerically for the single- and double-elastic components of W^+W^− fusion in pp collisions [157].

As explained at the outset of this chapter, the factorization implicit in the structurefunction approach continues to work for intermediate-boson fusion at hadron and ep colliders in next-to-leading order of QCD. The full O(α_s) corrections may be incorporated in the cross sections by simply employing the expressions for the F_i(x, Q^2) functions corrected up to that order [148].

Figure 29 shows versus M_H the total cross sections of pp → H + X via W^+W^− and ZZ fusion at the SSC through O(α_s) [158]. Sets SL and S1-DIS of the Morfin-Tung [150] parton distribution functions are used in leading and next-to-leading order, respectively, with Q^2 = M^2_V (V = W, Z). Inclusion of the QCD corrections leads to an increase by (12, 6)% at M_H = (100, 800) GeV. The corresponding numbers for the LHC are (8, 6)% [158]. Most of the increase is due to the parton distribution functions and not the explicit O(α_s) corrections to the structure functions, since the total cross section is dominated by F_2(x, Q^2) [157], which receives no QCD corrections in the DIS scheme.

First-order QCD corrections to the total cross section of e^−p → ν_eH + X via W^+W^− fusion at LEP⊗LHC, operating at √ s = 1360 GeV, were found to be smaller than 1% in the range 80 GeV < M_H < 150 GeV [159].

5.2 QED corrections to e^+e^− → μ^+μ^−H

Analogously to e^+e^− → μ^+μ^− [161, 162], first-order QED corrections to the cross section of e^+e^− → μ^+μ^−H may be decomposed into three groups, which are separately finite and gauge invariant: initial-state radiation, final-state radiation, and their interference. While the initial- and final-state corrections are similar for both processes, the evaluation of the interference radiation is rather involved in the latter case due to the occurrence of genuine five-point loop integrals.

The virtual and soft parts of this problem have been computed recently [160]. The effect due to photons whose energy does not exceed 10% of the minimal dimuon energy was found to be smaller than one tenth of a percent for M_Z + M_H < √ s ≤ 250 GeV and M_H <∼ M_W .

The smallness of this effect could be traced to an accidental cancellation which is maximal when the ℓ^+ℓ^−Z vector coupling vanishes.

6. Conclusions

In the previous chapters, we have tried to compile the presently available information on quantum effects related to the Higgs boson in the standard model. At this point, we should take a look back and assess the significance of these effects.

As a rule, the size of radiative corrections to a given process is determined by the discrepancy between the various energy and mass scales involved in that process. As for weak corrections, the central scale is connected with the intermediate bosons. In general, weak corrections are minimized when the Born formulae are expressed in terms of the Fermi constant. Then large logarithms due to loops with light charged fermions are automatically resummed and ambiguities in the definition of the light-quark masses and low-q^2 hadronic effects are inconsequential. However, there remain large corrections of O ( G_F m^2_t ) due to virtual top quarks. The effect of a heavy Higgs boson on oblique corrections is screened. Its tree-level production and decay processes receive corrections of O ( G_F M^2_H ) with positive but incidentally small coefficients. It is interesting to observe that the high-m_t and high-M_H effects tend to compensate each other in all cases considered, except for the fermionic Higgs-boson decays.

Higgs-boson production in e^+e^− collisions is unavoidably accompanied by electromagnetic radiation, mainly off the initial state. Initial-state corrections are less interesting but usually much larger than weak loop effects and it is important to have them well under control. In the case of e^+e^− annihilation, initial-state corrections are known to second order in QED and it is well understood how the infrared-sensitive parts are to be exponentiated. The pattern in which the leading logarithms arrange themselves is universal for all reactions with an e^+e^− initial state. In addition, there will be beamstrahlung at the NLC. However, this unwelcome effect can be reduced to an almost unnoticeable level by optimizing machine design and operation.

There are substantial QCD effects in the case of the hadronic decays of the Higgs boson and its production by gluon fusion in hadron collisions. In the case of the quarkonic decays, the bulk of the corrections is related to the running of the final-state quark mass and can be resummed. Most importantly, the rate of H → bb̄, which is the preferred decay mode for M_H <∼ 135 GeV, is reduced by 50–60% as compared to the tree-level result evaluated with the pole mass. In turn, the branching fractions of the non-quarkonic decay modes are enhanced correspondingly in that window. As for the H → gg decay, there is an additional enhancement by more than 60% by specific QCD corrections. At the same time, the rate of the crossed process, gluon fusion, which will be the main source of Higgs bosons with M_H <∼ 700 GeV at future hadron supercolliders, is increased by a factor of 1.5–1.7. Furthermore, the dependence of the production cross section on the factorization and renormalization scales is considerably reduced by the inclusion of the QCD corrections, which renders the prediction more reliable.

The program of computing radiative corrections in Higgs-boson physics is not yet completed. So far, only little is known about electroweak corrections to five-point processes such as intermediate-boson fusion. Also, one should be alarmed by the size of the leading QCD corrections to gluon fusion and proceed to next-to-leading order.

It is almost unavoidable that some relevant references have not been cited. The reader should be reassured that this has happened unintentionally and is entirely due to the author’s ignorance.

ACKNOWLEDGEMENTS

It is a great pleasure to thank Vernon Barger, Gour Bhattacharya, Kingman Cheung, Abdel Djouadi, Sergio Fanchiotti, Francis Halzen, Tao Han, Ralf Hempfling, Bodo Lampe, Roger Phillips, Alberto Sirlin, Mary Louise Stong, and Peter Zerwas for their collaboration on problems related to Higgs-boson phenomenology. I benefitted from instructive conversations and communications with Ulrich Baur, Nigel Glover, Jack Gunion, Howard Haber, Kaoru Hagiwara, Wolfgang Hollik, Fred Jegerlehner, Hans Kühn, Zoltan Kunszt, Duncan Morris, Michael Peskin, Michael Spira, Scott Willenbrock, and Chien-Peng Yuan. In addition, I am grateful to Howard Haber, Scott Willenbrock, and Peter Zerwas for very useful comments that helped to render this review more complete. Last but not least, I thank Gustav Kramer for encouraging me to complete this work.

APPENDIX A: One-loop Integrals

In this paper we adopt the conventions of Refs. 161, 163 on dimensional regularization, except that we use the Minkowskian metric, g^{μν} = diag(1, −1, . . . , −1). We define the oneloop integrals of interest by

A(m^2) = − ∫ d^nq iπ^2 1 q^2 − m^2 + iϵ , {B_0; B_μ; B_{μν}} ( p^2, m^2_1, m^2 ) = ∫ d^nq iπ^2 {1; q_μ; q_μq_ν } (q^2 − m^2_1 + iϵ) [(q + p)^2 − m^2 + iϵ] , {C_0; C_μ; C_{μν} } ( p^2, k^2, (p + k)^2, m^2_1, m^2, m^2_3 ) = − ∫ d^nq iπ^2 {1; q_μ; q_μq_ν} (q^2 − m^2_1 + iϵ) [(q + p)^2 − m^2 + iϵ] [(q + p + k)^2 − m^2_3 + iϵ] , D_0(p^2, k^2, l^2, (p + k + l)^2, (p + k)^2, (k + l)^2, m^2_1, m^2, m^2_3, m^2_4) = ∫ d^nq iπ^2 {( q^2 − m^2_1 + iϵ ) [ (q + p)^2 − m^2 + iϵ ] [ (q + p + k)^2 − m^2_3 + iϵ ] × [ (q + p + k + l)^2 − m^2_4 + iϵ ]}_{−1} ,

(A.1)

in conjunction with the decompositions

B_μ = p_μB_1 ,

B_{μν} = p_μp_ν B_{21} − g_{μν}B_{22} ,

C_μ = p_μC_{11} + k_μC_{12} ,

C_{μν} = p_μp_ν C_{21} + k_μk_νC_{22} + (p_μk_ν + k_μp_ν)C_{23} − g_{μν}C_{24} .

(A.2)

Here n represents the dimensionality of space time. Note that we set the ’t Hooft mass equal to unity.

In the following, we send n → 4 and neglect terms proportional to (n − 4). In this limit the tadpole function can be written as A(α) = −α ( B_0(0, α, α) + 1 ) . (A.3)

The scalar two-point function is ultraviolet divergent and reads [51] B_0(a, α, β) = Δ − 1 2 ln(αβ) + 2 + 1 a ( − α − β 2 ln α β + √ λ(a + iϵ, α, β) arcosh α + β − a − iϵ 2 √ αβ ) , (A.4)

where Δ = 2/(4 − n) − C − ln π, with C being the Euler-Mascheroni constant, regulates the divergence. Note that nΔ = Δ−2. When Eq. (A.4) is inserted in expressions for renormalized quantities, Δ drops out and the mass arguments of the logarithms accompanying Δ form dimensionless combinations. Here and in the following, λ(x, y, z) = x^2 + y^2 + z^2 − 2(xy + yz + zx). For positive λ = λ(a, b, c), the scalar three-point function is given by [51]

C_0(a, b, c, α, β, γ) = 1 √ λ 3∑ i=1 ∑ σ=± ( Li_2 ( x_i x_i − z^σ_i ) − Li_2 ( x_i − 1 x_i − z^σ_i )) , (A.5)

where Li_2 denotes the dilogarithm [164] and

x_1 = 1 2 ( 1 + a − b − c √ λ ) + 1 2a [ −α ( 1 + a + b − c √ λ ) + β ( 1 − a − b + c √ λ )] + γ √ λ ,

z^±_1 = 1 2 1 − α − β a ± √( 1 − α − β a )_2 − 4 a (β − iϵ) , et cycl.

(A.6)

The solution for negative λ may be obtained by substituting √ λ → i √ −λ. The coefficients of Eq. (A.2) can be expressed in terms of the B_0 and C_0 functions by means of the reduction algorithm of Ref. 163. In the case of the two-point function one obtains B_1(a, α, β) = 1 2a [ −(a + α − β)B_0(a, α, β) + αB_0(0, α, α) − βB_0(0, β, β) + α − β ] , B_{21}(a, α, β) = 1 3a^2 [ ( 3aα + λ(a, α, β) ) B_0(a, α, β) − α(a + α − β)B_0(0, α, α) + β(2a + α − β)B_0(0, β, β) + a^2 6 − 3 2 a(α − β) − (α − β)^2 ] , B_{22}(a, α, β) = 1 12a [ λ(a, α, β)B_0(a, α, β) − α(a + α − β)B_0(0, α, α) − β(a − α + β)B_0(0, β, β) + 2 3 a^2 − 3a(α + β) − (α − β)^2 ] .

(A.7)

The three-point form factors with argument (a, b, c, α, β, γ) are found to be

C_{11} = 1 λ [ (a + b − c)Δ_1 − 2bΔ_2 + (Y − λ)C_0 ] , C_{12} = 1 λ [ 2aΔ_1 − (a + b − c)Δ_2 − XC_0 ] , C_{21} = 1 λ { −b − 1 2a (a + b − c)(α − β)δ_1 + 1 2c (a − b − c)(α − γ)δ_3

+ [ β − γ − 1 2 (3a + b − 3c) − 3 λ bX ] Δ_1 + b ( 4 − 3 λ Y ) Δ_2 + [ (β − γ − a + c)^2 − 4αb + 6 λ bZ ] C_0 } , C_{22} = 1 λ { −a + 1 2b (a + b − c)(β − γ)δ_2 + 1 2c (a − b + c)(α − γ)δ_3 − 3 λ aXΔ_1 + [ −α + β + 1 2 (3a + b − c) − 3 λ aY ] Δ_2 + ( λ(α, β, a) + 6 λ aZ ) C_0 } , C_{23} = 1 λ { − 1 2 (a + b − c) − (α − β)δ_1 + 1 2c (a − b + c)(α − γ)δ_3 + [ 1 2 (3α − 3β − 5a) + 3 λ aY ] Δ_1 + [ − 1 2 (β − γ − b) + a − c + 3 λ bX ] Δ_2 + [ (a + b − c) ( 3 λ Z − α − β + a ) − (α − β + a)(β − γ + b) ] C_0 } , C_{24} = 1 4 [ 1 + B_0(c, α, γ) + 1 λ (XΔ_1 + Y Δ_2 − 2ZC_0) ] , (A.8)

where λ = λ(a, b, c) , X = α(−a − b + c) + β(−a + b − c) + 2γa + a(a − b − c) , Y = 2αb + β(a − b − c) + γ(−a − b + c) + b(−a + b − c) , Z = α^2b + β^2c + γ^2a + (αβ + γa)(a − b − c) + (βγ + αb)(−a + b − c) + (αγ + βc)(−a − b + c) + abc , δ_1 = B_0(a, α, β) − B_0(0, α, β) ,

δ_2 = B_0(b, β, γ) − B_0(0, β, γ) ,

δ_3 = B_0(c, α, γ) − B_0(0, α, γ) ,

Δ_1 = B_0(a, α, β) − B_0(c, α, γ) ,

Δ_2 = B_0(b, β, γ) − B_0(c, α, γ) , C_0 = C_0(a, b, c, α, β, γ) .

(A.9)

The four-point functions occurring in Eq. (4.9) are given by

D_0(0, z, 0, h, t, u, w, 0, 0, w) = 1 r [ ln(−z − iε) ln ( 1 − 1 x_+ ) − I(u, w, x_+) + I(t, w, 1 − x_+) + J(h, w, x_+) − (x_+ ↔ x_−) ] , (A.10) with r = √ n^2 + 2wn(s + z − h) + w^2λ − iε4sn , x_± = 1 2 ( 1 + w(t − u) ± r n ) , (A.11)

and further D_0(0, 0, z, h, s, u, w, 0, w, w) = 1 r { ln w ln ( 1 − 1 x_+ ) − J(s, w, x_+) + I ( u, w, (1 − α)(1 − x_+) ) − J ( z, w, (1 − α)(1 − x_+) )

− I ( u, w, ( 1 − 1 α ) x_+ ) + J ( h, w, ( 1 − 1 α ) x_+ )

+ iπθ(u − w) [ ln ( 1 − (1 − α)(1 − x_+) ) − ln ( 1 − ( 1 − 1 α ) x_+ )] − (x_+ ↔ x_−) } , (A.12) with r = √ s^2u^2 + 2wsu(t − u) + w^2λ + iε4su^2 ,

x_± = 1 2 ( 1 + w √ λ ± r su ) ,

α = −s + z + h − √ λ 2z . (A.13)

Here we have employed two auxiliary integrals, viz.

I(a, b, c ± iε) = 1∫ 0 dx x − (c ± iε) ln(−ax + b − iε) (A.14)

= ln(−ac + b − iε) ln ( 1 − 1 c ± iε ) + Li_2 ( −ac −ac + b − iε )

− Li_2 ( a(1 − c) −ac + b − iε ) ,

J(a, b, c ± iε) = 1∫ 0 dx x − (c ± iε) ln [ −ax(1 − x) + b − iε ] (A.15)

= ln [−ac(1 − c) + b − iε] ln ( 1 − 1 c ± iε ) + Li_2 ( c c − a_+ ) − Li_2 ( c − 1 c − a_+ )

− Li_2 ( 1 − c 1 − c − a_+ ) + Li_2 ( −c 1 − c − a_+ ) , where

a_+ = 1 2 ( 1 + √ 1 − 4 a (b − iε) ) . (A.16) Note that D_0(0, z, 0, h, t, u, w, 0, 0, w) = D_0(0, z, 0, h, u, t, w, 0, 0, w). APPENDIX B: Boson Self-energies

In the one-loop approximation, the boson vacuum polarization functions each decompose into a fermionic and a bosonic part,

Π^i(s) = Π^i_{fer}(s) + Π^i_{bos}(s) (i = W W, ZZ, ZA, AA, HH) . (B.1)

Referring to the nomenclature introduced in Secs. 2 and 3.1, these read in detail

Π^{W W}_{fer} (s) = α 4π 1 3s^2_w ∑ doublets N_f {[ s − m^2_+ + m^2_− 2 − ( m^2_+ − m^2_−

)_2 2s ] B_0 ( s, m^2_+, m^2_− )

+ m^2_+ ( −1 + m^2_+ − m^2_− 2s ) B_0 ( 0, m^2_+, m^2_+ )

+ m^2_− ( −1 + m^2_− − m^2_+ 2s ) B_0 ( 0, m^2_−, m^2_− ) − s 3 + ( m^2_+ − m^2_−

)_2 2s } , Π^{W W}_{bos} (s) = α 4π 1 3s^2_w {[( −10c^2_w + 1 4 ) s + ( −4c^2_w − 27 2 + 5 2c^2_w ) w + s^4_w ( 2c^2_w + 1 4 ) z^2 s ]

× B_0(s, w, z) + 2s^2_w ( −5s − 2w + w^2 s ) B_0(s, w, 0) + ( 3w + λ(s, w, h) 4s ) B_0(s, w, h) + w ( 5 − 2w − z − h 4s ) B_0(0, w, w) + ( 4c^2_w + 1 2 ) z ( 1 − s^2_wz 2s ) B_0(0, z, z) + h 2 ( 1 + w − h 2s ) B_0(0, h, h) − s 3 − s^2_w ( 7c^2_w + 1 ) z^2 + (w − h)^2 4s } , Π^{ZZ}_{fer} (s) = α 4π 4 3 ∑ f N_f {[ v^2_f ( s + 2m^2_f ) + a^2_f ( s − 4m^2_f )] B_0 ( s, m^2_f , m^2_f )

− (v^2_f + a^2_f ) ( 2m^2_f B_0 ( 0, m^2_f , m^2_f ) + s 3 )} , Π^{ZZ}_{bos}(s) = α 4π 1 3c^2_ws^2_w {[( −9c^4_w − c^2_w + 1 4 ) s + ( −12c^4_w − 8c^2_w + 5 ) w ] B_0(s, w, w) + ( 3z + λ(s, z, h) 4s ) B_0(s, z, h) + ( 12c^4_w − 4c^2_w + 1 ) wB_0(0, w, w)

+ z 2 ( 1 − z − h 2s ) B_0(0, z, z) + h 2 ( 1 + z − h 2s ) B_0(0, h, h) − 2c^2_w − 1 3 s − (z − h)^2 4s } , Π^{ZA}_{fer} (s) = α 4π 4 3 ∑ f N_f v_f Q_f [ − ( s + 2m^2_f ) B_0 ( s, m^2_f , m^2_f ) + 2m^2_f B_0 ( 0, m^2_f , m^2_f ) + s 3 ] ,

Π^{ZA}_{bos}(s) = α 4π 1 3c_ws_w {[( 9c^2_w + 1 2 ) s + 4 ( 3c^2_w + 1 ) w ] B_0(s, w, w) − 2 ( 6c^2_w − 1 ) wB_0(0, w, w) + s 3 } , Π^{AA}_{fer} (s) = α 4π 4 3 ∑ f N_f Q^2_f [( s + 2m^2_f ) B_0 ( s, m^2_f , m^2_f ) − 2m^2_f B_0 ( 0, m^2_f , m^2_f ) − s 3 ] , Π^{AA}_{bos}(s) = α 4π [ −(3s + 4w)B_0(s, w, w) + 4wB_0(0, w, w) ] , Π^{HH}_{fer} (s) = α 4π 1 s^2_ww ∑ f N_f m^2_f [(s 2 − 2m^2_f ) B_0 ( s, m^2_f , m^2_f ) − m^2_f ( B_0 ( 0, m^2_f , m^2_f ) + 1 )] ,

Π^{HH}_{bos} (s) = α 4π 1 s^2_ww [( −ws + 3w^2 + h^2 4 ) B_0(s, w, w) + 1 2 ( −zs + 3z^2 + h^2 4 ) B_0(s, z, z) + 9 8 h^2B_0(s, h, h) + w 2 ( 3w + h 2 ) B_0(0, w, w) + z 4 ( 3z + h 2 ) B_0(0, z, z) + 3 8 h^2B_0(0, h, h) + w 2 ( −3w + h 2 ) + z 4 ( −3z + h 2 ) + 3 8 h^2 ] . (B.2)

Here we have dropped the tadpole contributions, since they cancel among themselves when physical observables are calculated.

APPENDIX C: Fermion Self-energy

The fermion self-energy at momentum transfer q, Σ(q), has the following decomposition:

Σ(q) = q ( Σ_V(q^2) + γ_5Σ_A(q^2) ) + mΣ_S(q^2) . (C.1)

In the one-loop approximation, the coefficient functions read

Σ_V (s) = α 4π { − 1 4s^2_w [( 2 + m^2 + m^{′2} w ) B_1 ( s, m^{′2}, w ) + 1 ] − ( v^2 + a^2 ) ( 2B_1(s, m^2, z) + 1 )

− Q^2 ( 2B_1(s, m^2, μ^2) + 1 ) − m^2 4s^2_ww ( B_1(s, m^2, z) + B_1(s, m^2, h) ) } ,

Σ_A(s) = α 4π { 1 4s^2_w [( 2 − m^2 − m^{′2} w ) B_1 ( s, m^{′2}, w ) + 1 ] + 2va ( 2B_1(s, m^2, z) + 1 ) } ,

Σ_S (s) = α 4π { − m^{′2} 2s^2_ww

B_0 ( s, m^{′2}, w ) − 2(v^2 − a^2) ( 2B_0(s, m^2, z) − 1 )

− 2Q^2 ( 2B_0(s, m^2, μ^2) − 1 ) + m^2 4s^2_ww ( −B_0(s, m^2, z) + B_0(s, m^2, h) ) } , (C.2)

where Q, v, a, and m are the charge, vector coupling, axial-vector coupling, and mass of the considered fermion, respectively, and m^′ is the mass of its isopartner.

REFERENCES

1. F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321; P.W. Higgs, Phys. Lett. 12 (1964) 132; Phys. Rev. Lett. 13 (1964) 508; Phys. Rev. 145 (1966) 1156; G.S. Guralnik, C.R. Hagen, and T.W.B. Kibble, Phys. Rev. Lett. 13 (1964) 585; T.W.B. Kibble, Phys. Rev. 155 (1967) 1554.

2. S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264; A. Salam, in Elementary Particle Theory, ed. by N. Svartholm (Almqvist and Wiksell, Stockholm, 1968) p. 367; S.L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2 (1970) 1285.

3. D.A. Dicus and V.S. Mathur, Phys. Rev. D7 (1973) 3111; B.W. Lee, C. Quigg, and H.B. Thacker, Phys. Rev. Lett. 38 (1977) 883; Phys. Rev. D16 (1977) 1519.

4. M. Veltman, Acta Phys. Pol. B8 (1977) 475.

5. M. Veltman, Phys. Lett. 70B (1977) 253.

6. A. Hasenfratz and T. Neuhaus, Nucl. Phys. B297 (1988) 205; W. Langguth and I. Montvay, Z. Phys. C36 (1987) 725; A. Hasenfratz, T. Neuhaus, K. Jansen, H. Yoneyama, and C.B. Lang, Phys. Lett. B199 (1987) 531; K. Jansen, Nucl. Phys. B (Proc. Suppl.) 4 (1988) 422; P. Hasenfratz and J. Nager, Z. Phys. C37 (1988) 477; M. Lüscher and P. Weisz, Phys. Lett. B212 (1988) 472; J. Jersák, in Proceedings of the Workshop on Physics at HLRZ, May 21–23, 1990, Jülich, Germany, HLRZ 1990, p. 85; U.M. Heller, H. Neuberger, and P. Vranas, Nucl. Phys. B399 (1993) 271.

7. R. Decker, M. Nowakowski, and A. Pilaftsis, Z. Phys. C57 (1993) 339; H. Pois, T.J.

Weiler, and T.C. Yuan, Phys. Rev. D47 (1993) 3886.

8. J.D. Bjorken, in Weak Interactions at High Energy and the Production of New Particles:

Proceedings of Summer Institute on Particle Physics, August 2–13, 1976, ed. by M.C. Zipf, SLAC Report No. 198 (1976) p. 1.

9. J. Schwindling, in Proceedings of the International Europhysics Conference on High Energy Physics, Marseille, France, July 22–28, 1993, ed. by J. Carr and M. Perrottet (Editions Frontières, Gif-sur-Yvette, 1993) to appear.

10. E. Gross and P. Yepes, Int. J. Mod. Phys. A8 (1993) 407.

11. J. Ellis, M.K. Gaillard, and D.V. Nanopoulos, Nucl. Phys. B106 (1976) 292.

12. Z. Kunszt and W.J. Stirling, Phys. Lett. B242 (1990) 507; V. Barger, K. Cheung, A. Djouadi, B.A. Kniehl, and P.M. Zerwas, DESY Report No. 93-064, MAD/PH/749, UdeM-LPN-TH-93-143, and NUHEP-TH-93-12 (June 1993).

13. D.R.T. Jones and S.T. Petkov, Phys. Lett. 84B (1979) 440; S. Dawson and J.L. Rosner, Phys. Lett. 148B (1984) 497.

14. D.A. Dicus and S.S.D. Willenbrock, Phys. Rev. D32 (1985) 1642; G. Altarelli, B. Mele, and F. Pitolli, Nucl. Phys. B287 (1987) 205; S. Cortese and R. Petronzio, Phys. Lett. B276 (1992) 203; A. Dobrovolskaia and V. Novikov, LPTHE Report No. 93/14 (April 1993).

15. A. Djouadi, J. Kalinowski, and P.M. Zerwas, Z. Phys. C54 (1992) 255. 16. K. Hagiwara, H. Murayama, and I. Watanabe, Nucl. Phys. B367 (1991) 257. 17. V. Barger, T. Han, and A. Stange, Phys. Rev. D42 (1990) 777. 18. M. Baillargeon, F. Boudjema, F. Cuypers, E. Gabrielli, and B. Mele, CERN Report No. CERN-TH.6932/93, ENSLAPP-A-425/93, and LMU-10/93 (June 1993).

19. V. Barger, K. Cheung, B.A. Kniehl, and R.J.N. Phillips, Phys. Rev. D46 (1992) 3725. 20. Y. Kurihara and R. Najiama, Phys. Lett. B301 (1993) 292.

21. I.F. Ginzburg, G.L. Kotkin, V.G. Serbo, and V.I. Telnov, Pis’ma JETP Zh. Eksp. Teor.

Fiz. 34 (1981) 514; Nucl. Instr. and Meth. 205 (1983) 47; I.F. Ginzburg, G.L. Kotkin, S.L. Panfil, V.G. Serbo, and V.I. Telnov, Nucl. Instr. and Meth. 219 (1984) 5.

22. E. Boos, M. Dubinin, V. Ilyin, A. Pukhov, G. Jikia, and S. Sultanov, Phys. Lett. B273 (1991) 173.

23. K. Hagiwara, I. Watanabe, and P.M. Zerwas, Phys. Lett. B278 (1992) 187; K. Cheung, Northwestern University Report No. NUHEP-TH-93-3, Phys. Rev. D (to appear).

24. O.J.P. Éboli, M.C. Gonzales-Garcia, and S.F. Novaes, UW-Madison Report No.

MAD/PH/753, IFT-P.017/93, and IFUSP-P 1046 (April 1993).

25. V. Telnov, in Physics and Experiments with Linear Colliders, Saariselkä, Finland, 9–14 September 1991, ed. by R. Orava, P. Eerola, and M. Nordberg (World Scientific, Singapore, 1992) Vol. II, p. 739; D. Bowser-Chao and K. Cheung, Phys. Rev. D48 (1993) 89.

26. E. Boos, I. Ginzburg, K. Melnikov, T. Sack, and S. Shichanin, Z. Phys. C56 (1992) 487; K. Cheung, Phys. Rev. D47 (1993) 3750.

27. H.M. Georgi, S.L. Glashow, M.E. Machacek, and D.V. Nanopoulos, Phys. Rev. Lett.

40 (1978) 692.

28. R.N. Cahn and S. Dawson, Phys. Lett. 136B (1984) 196; (E) 138B (1984) 464; M.S.

Chanowitz and M.K. Gaillard, Phys. Lett. 142B (1984) 85; G.L. Kane, W.W. Repko, and W.B. Rolnick, Phys. Lett. 148B (1984) 367; S. Dawson, Nucl. Phys. B249 (1985) 42; R.N. Cahn, Nucl. Phys. B255 (1985) 341.

29. Z. Kunszt, Nucl. Phys. B247 (1984) 339; J.F. Gunion, H.E. Haber, F.E. Paige, W.- K. Tung, and S.S.D. Willenbrock, Nucl. Phys. B294 (1987) 621; D.A. Dicus and S. Willenbrock, Phys. Rev. D39 (1989) 751.

30. S.L. Glashow, D.V. Nanopoulos, and A. Yildiz, Phys. Rev. D18 (1978) 1724. 31. E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev. Mod. Phys. 56 (1984) 579; (E) 58 (1986) 1065.

32. J.F. Gunion, G.L. Kane, and J. Wudka, Nucl. Phys. B299 (1988) 231. 33. H. Baer and J.F. Owens, Phys. Lett. B205 (1988) 377; B. Bailey and J.F. Owens, Phys. Rev. D47 (1993) 2735.

34. E.W.N. Glover, J. Ohnemus, and S.S.D. Willenbrock, Phys. Rev. D37 (1988) 3193; V.

Barger, G. Bhattacharya, T. Han, and B.A. Kniehl, Phys. Rev. D43 (1991) 779. 35. S. Midorikawa and M. Yoshimura, Nucl. Phys. B162 (1980) 365; Z. Hioki, S. Midorikawa, and H. Nishiura, Prog. Theor. Phys. 69 (1983) 1484; R. Bates and J.N. Ng, Phys. Rev. D33 (1986) 657.

36. M.S. Chanowitz, Ann. Rev. Nucl. Part. Sci. 38 (1988) 323; R.N. Cahn, Rep. Prog.

Phys. 52 (1989) 389; A. Méndez, Mod. Phys. Lett. A5 (1990) 2087. 37. J.F. Gunion, H.E. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison- Wesley, Redwood City, 1990).

38. P.J. Franzini et al., in Z Physics at LEP 1, ed. by G. Altarelli, R. Kleiss, and C.

Verzegnassi, CERN Yellow Report No. 89-08 (1989) Vol. 2, p. 59; J.F. Gunion et al., in Proceedings of the 1990 Summer Study on High Energy Physics: Research Directions for the Decade, Snowmass, Colorado, June 25–July 13, 1990, ed. by E.L. Berger (World Scientific, Singapore, 1992) p. 59; Z. Kunszt et al., in Proceedings of the ECFA Large Hadron Collider Workshop, Aachen, 4–9 October 1990, ed. by G. Jarlskog and D. Rein, CERN Report No. 90-10 and ECFA 90-133 (1990) Vol. II, p. 427; D. Haidt et al., in

Proceedings of the Workshop on e^+e^− Collisions at 500 GeV: The Physics Potential, Munich, Annecy, Hamburg, February 4–September 30, 1991, ed. by P.M. Zerwas, DESY Report No. 92-123A (1992) Part A, p. 1.

39. H.E. Haber, in Physics and Experiments with Linear Colliders, Saariselkä, Finland, 9–14 September 1991, ed. by R. Orava, P. Eerola, and M. Nordberg (World Scientific, Singapore, 1992) Vol. I, p. 235.

40. B.W. Lynn, M.E. Peskin, and R.G. Stuart, SLAC Report No. SLAC-PUB-3725; also in Physics at LEP, ed. by J. Ellis and R. Peccei, CERN Yellow Report No. 86-02 (1986) Vol. 1, p. 90.

41. B.A. Kniehl and A. Sirlin, Phys. Rev. D47 (1993) 883.

42. G. Burgers, F. Jegerlehner, B. Kniehl, and J. Kühn, in Z Physics at LEP 1, ed. by G.

Altarelli, R. Kleiss, and C. Verzegnassi, CERN Yellow Report No. 89-08 (1989) Vol. 1, p. 55.

43. D.C. Kennedy and B.W. Lynn, Nucl. Phys. B322 (1989) 1.

44. M.E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964; Phys. Rev. D46 (1992) 381.

45. W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65 (1990) 2963. 46. D.C. Kennedy and P. Langacker, Phys. Rev. Lett. 65 (1990) 2967. 47. G. Altarelli and R. Barbieri, Phys. Lett. B253 (1991) 161.

48. F. Jegerlehner, PSI Report No. PSI-PR-91-16 (June 1991); also in Progress in Particle and Nuclear Physics, Vol. 27, ed. by A. Faessler (Pergamon Press, Oxford, 1991) p. 1.

49. G. Bhattacharyya, S. Banerjee, and P. Roy, Phys. Rev. D45 (1992) R729; J. Ellis, G.L.

Fogli, and E. Lisi, Phys. Lett. B285 (1992) 238; Phys. Lett. B292 (1992) 427. 50. B.A. Kniehl and H.-G. Kohrs, Phys. Rev. D48 (1993) 225. 51. B.A. Kniehl, Nucl. Phys. B352 (1991) 1.

52. A. Djouadi and C. Verzegnassi, Phys. Lett. B195 (1987) 265; A. Djouadi, Nuovo Cim.

100A (1988) 357.

53. B.A. Kniehl, Nucl. Phys. B347 (1990) 86. 54. A. Sirlin, Phys. Rev. D22 (1980) 971.

55. D.A. Ross and M. Veltman, Nucl. Phys. B95 (1975) 135; M. Veltman, Nucl. Phys.

B123 (1977) 89.

56. W.F.L. Hollik, Fortschr. Phys. 38 (1990) 165.

57. K. Hikasa et al. (Particle Data Group), Phys. Rev. D45 (1992) S1. 58. T. Appelquist and J. Carazzone, Phys. Rev. D11 (1975) 2856. 59. M. Lemoine and M. Veltman, Nucl. Phys. B164 (1980) 445.

60. D. Schaile, talk presented at the Ringberg Workshop: Perspectives of the Electroweak Interactions in e^+e^− Collisions, Ringberg Castle, Tegernsee, Germany, April 4–8, 1993.

61. F. Jegerlehner, in Testing the Standard Model—Proceedings of the 1990 Theoretical Advanced Study Institute in Elementary Particle Physics, Boulder, Colorado, 3–27 June 1990, ed. by M. Cvetič and P. Langacker (World Scientific, Singapore, 1991) p. 476.

62. J. Ellis, G.L. Fogli, and E. Lisi, Phys. Lett. B274 (1992) 456; F. del Aguila, M.

Martínez, and M. Quirós, Nucl. Phys. B381 (1992) 451; F. Halzen, B.A. Kniehl, and M.L. Stong, Z. Phys. C58 (1993) 119.

63. J. van der Bij and M. Veltman, Nucl. Phys. B231 (1984) 205; J.J. van der Bij, Nucl.

Phys. B248 (1984) 141.

64. R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci, and A. Viceré, Phys. Lett. B288 (1992) 95; CERN Report No. CERN-TH.6713/92 (November 1992); J. Fleischer, O.V. Tarasov, and F. Jegerlehner, Bielefeld University Report No. BI-TP-93/24 and PSI-PR-93-14 (June 1993).

65. B.A. Kniehl and J.H. Kühn, Nucl. Phys. B329 (1990) 547.

66. J.J. van der Bij and F. Hoogeveen, Nucl. Phys. B283 (1987) 477; M. Consoli, W.

Hollik, and F. Jegerlehner, Phys. Lett. B227 (1989) 167.

67. M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl. Phys. B147 (1979) 385. 68. B. Grinstein and M.-Y. Wang, Nucl. Phys. B377 (1992) 480.

69. L.R. Surguladze and M.A. Samuel, Phys. Rev. Lett. 66 (1991) 560; (E) 66 (1991) 2416;

S.G. Gorishny, A.L. Kataev, and S.A. Larin, Phys. Lett. B259 (1991) 144. 70. J.H. Kühn and P.M. Zerwas, Phys. Rep. 167 (1988) 321; W. Kwong, Phys. Rev. D43 (1991) 1488.

71. V.S. Fadin and V.A. Khoze, Pis’ma JETP Zh. Eksp. Teor. Fiz. 46 (1987) 417 [JETP Lett. 46 (1987) 525]; Yad. Fiz. 48 (1988) 487 [Sov. J. Nucl. Phys. 48 (1988) 309]; M.J. Strassler and M.E. Peskin, Phys. Rev. D43 (1991) 1500.

72. R.E. Cutkosky, J. Math. Phys. 1 (1960) 429. 73. B.A. Kniehl and A. Sirlin, Nucl. Phys. B371 (1992) 141.

74. B.A. Kniehl, J.H. Kühn, and R.G. Stuart, Phys. Lett. B214 (1988) 621; B.A. Kniehl, Comp. Phys. Commun. 58 (1990) 293.

75. F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 68 (1992) 447; Phys. Rev. D45 (1992) 3921.

76. F. Halzen and B.A. Kniehl, Nucl. Phys. B353 (1991) 567. 77. S. Fanchiotti, B. Kniehl, and A. Sirlin, Phys. Rev. D48 (1993) 307. 78. S. Cortese, E. Pallante, and R. Petronzio, Phys. Lett. B301 (1993) 203. 79. G. Valencia and S. Willenbrock, Phys. Rev. D42 (1990) 853; Phys. Rev. D46 (1992) 2247; S. Willenbrock and G. Valencia, Phys. Lett. B247 (1990) 341.

80. B.A. Kniehl and B. Lampe, Phys. Lett. B309 (1993) 145.

81. J. Fleischer and F. Jegerlehner, Phys. Rev. D23 (1981) 2001; F. Jegerlehner, in Workshop on Radiative Corrections in SU(2)_L × U(1), Miramare, Trieste, Italy, 6–8 June 1983, ed. by B.W. Lynn and J.F. Wheater (World Scientific, Singapore, 1984) p. 237.

82. Z. Hioki, Phys. Lett. B224 (1989) 417.

83. J.M. Cornwall, D.N. Levin, and G. Tiktopoulos, Phys. Rev. D10 (1974) 1145; (E) D11 (1975) 972; C.E. Vayonakis, Lett. Nuovo Cim. 17 (1976) 383; 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; H. Veltman, Phys. Rev. D41 (1990) 2294.

84. S. Dawson and S.S.D. Willenbrock, Phys. Lett. B211 (1988) 200. 85. W.J. Marciano and S.S.D. Willenbrock, Phys. Rev. D37 (1988) 2509. 86. B.A. Kniehl, Z. Phys. C55 (1992) 605.

87. A. Barroso, J. Pulido, and J.C. Romão, Nucl. Phys. B267 (1986) 509; J.C. Romão and A. Barroso, Nucl. Phys. B272 (1986) 693.

88. R.N. Cahn, M.S. Chanowitz, and N. Fleishon, Phys. Lett. 82B (1979) 113; L. Bergström and G. Hulth, Nucl. Phys. B259 (1985) 137; (E) B276 (1986) 744; E.W.N. Glover and J.J. van der Bij, in Z Physics at LEP 1, ed. by G. Altarelli, R. Kleiss, and C. Verzegnassi, CERN Yellow Report No. 89-08 (1989) Vol. 2, p. 1.

89. M. Spira, A. Djouadi, and P.M. Zerwas, Phys. Lett. B276 (1992) 350. 90. A.I. Vaĭnshteĭn, M.B. Voloshin, V.I. Zakharov, and M.A. Shifman, Yad. Fiz. 30 (1979) 1368 [Sov. J. Nucl. Phys. 30 (1979) 711].

91. H. Zheng and D. Wu, Phys. Rev. D42 (1990) 3760; A. Djouadi, M. Spira, J.J. van der Bij, and P.M. Zerwas, Phys. Lett. B257 (1991) 187; S. Dawson and R.P. Kauffman, Phys. Rev. D47 (1993) 1264; K. Melnikov and O. Yakovlev, Novosibirsk Report, Phys. Lett. B (to appear); A. Djouadi, M. Spira, and P.M. Zerwas, DESY Report No. 92-170 and UdeM-LPN-TH-111 (December 1992).

92. J.H. Kühn, E. Mirkes, and J. Steegborn, Z. Phys. C57 (1993) 615. 93. J. Ellis, M.K. Gaillard, D.V. Nanopoulos, and C.T. Sachrajda, Phys. Lett. 83B (1979) 339.

94. A. Djouadi, M. Spira, and P.M. Zerwas, Phys. Lett. B264 (1991) 440. 95. F. Wilczek, Phys. Rev. D39 (1977) 1304.

96. R.K. Ellis, I. Hinchliffe, M. Soldate, and J.J. van der Bij, Nucl. Phys. B297 (1988) 221. 97. S. Dawson and R.P. Kauffman, Phys. Rev. Lett. 68 (1992) 2273. 98. I. Hinchliffe and S.F. Novaes, Phys. Rev. D38 (1988) 3475. 99. R.P. Kauffman, Phys. Rev. D44 (1991) 1415. 100. R.P. Kauffman, Phys. Rev. D45 (1992) 1512. 101. C.-P. Yuan, Phys. Lett. B283 (1992) 395. 102. S. Dawson, Nucl. Phys. B359 (1991) 283.

103. D. Graudenz, M. Spira, and P.M. Zerwas, Phys. Rev. Lett. 70 (1993) 1372. 104. M. Diemoz, F. Ferroni, E. Longo, and G. Martinelli, Z. Phys. C39 (1988) 21. 105. U. Baur and E.W.N. Glover, Nucl. Phys. B339 (1990) 38.

106. D.A. Dicus, C. Kao, and S.S.D. Willenbrock, Phys. Lett. B203 (1988) 457; E.W.N.

Glover and J.J. Van der Bij, Nucl. Phys. B309 (1988) 282.

107. B.A. Kniehl, Nucl. Phys. B357 (1991) 439.

108. T. Bhattacharya and S. Willenbrock, Phys. Rev. D47 (1993) 4022. 109. D.Yu. Bardin, B.M. Vilenskiĭ, P.Kh. Khristov, Yad. Fiz. 53 (1991) 240 [Sov. J. Nucl.

Phys. 53 (1991) 152]; A. Dabelstein and W. Hollik, Z. Phys. C53 (1992) 507. 110. B.A. Kniehl, Nucl. Phys. B376 (1992) 3.

111. E. Braaten and J.P. Leveille, Phys. Rev. D22 (1980) 715; N. Sakai, Phys. Rev. D22 (1980) 2220; T. Inami and T. Kubota, Nucl. Phys. B179 (1981) 171; M. Drees and K. Hikasa, Phys. Lett. B240 (1990) 455; (E) B262 (1990) 497.

112. S.G. Gorishny, A.L. Kataev, S.A. Larin, and L.R. Surguladze, Mod. Phys. Lett. A5 (1990) 2703; Phys. Rev. D43 (1991) 1633.

113. L. Resnick, M.K. Sundaresan, and P.J.S. Watson, Phys. Rev. D8 (1973) 172. 114. A.A. Akhundov, D.Yu. Bardin, and T. Riemann, Nucl. Phys. B276 (1986) 1; J.

Bernabéu, A. Pich, and A. Santamaría, Phys. Lett. B200 (1988) 569; W. Beenakker and W. Hollik, Z. Phys. C40 (1988) 141; B.W. Lynn and R.G. Stuart, Phys. Lett. B252 (1990) 676.

115. J. Schwinger, Particles, Sources and Fields, Vol. II (Addison-Wesley, Reading, 1973). 116. V.V. Sudakov, Soviet Phys. JETP 3 (1956) 65.

117. R. Kleiss, Z. Kunszt, and W.J. Stirling, Phys. Lett. B253 (1991) 269. 118. R. Tarrach, Nucl. Phys. B183 (1981) 384.

119. L.J. Reinders, H. Rubinstein, and S. Yazaki, Phys. Rep. 127 (1985) 1. 120. J. Gasser and H. Leutwyler, Phys. Rep. 87 (1982) 77; S. Narison, Phys. Lett. B197 (1987) 405.

121. N. Gray, D.J. Broadhurst, W. Grafe, and K. Schilcher, Z. Phys. C48 (1990) 673. 122. O.V. Tarasov, A.A. Vladimirov, and A.Yu. Zharkov, Phys. Lett. 93B (1980) 429. 123. O.V. Tarasov, Preprint JINR P2-82-900 (1982), unpublished. 124. M. Drees and K. Hikasa, Phys. Rev. D41 (1990) 1547. 125. J.H. Kühn, Acta Phys. Austriaca Suppl. XXIV (1982) 203. 126. J. Fleischer and F. Jegerlehner, Nucl. Phys. B216 (1983) 469.

127. R. Kleiss, Phys. Lett. 141B (1984) 261; F.A. Berends and R. Kleiss, Nucl. Phys. B260 (1985) 32.

128. A. Denner, J. Küblbeck, R. Mertig, and M. Böhm, Z. Phys. C56 (1992) 261. 129. T. Han and S. Willenbrock, Phys. Lett. B273 (1990) 167. 130. J. Ohnemus and W.J. Stirling, Phys. Rev. D47 (1993) 2722. 131. H. Baer, B. Bailey, and J.F. Owens, Phys. Rev. D47 (1993) 2730. 132. D.A. Dicus and C. Kao, Phys. Rev. D38 (1988) 1008; (E) D42 (1990) 2412. 133. B.A. Kniehl, Phys. Rev. D42 (1990) 2253.

134. S.-C. Lee, W.-C. Su, and J.-R. Roan, Phys. Lett. B234 (1990) 522; (E) B243 (1990) 465; Phys. Rev. D42 (1990) 1409.

135. B.A. Kniehl, Phys. Rev. D42 (1990) 3100. 136. B.A. Kniehl, Phys. Lett. B282 (1992) 249.

137. A. Denner, B.A. Kniehl, and J. Küblbeck, in Proceedings of the Workshop on e^+e^− Collisions at 500 GeV: The Physics Potential, Munich, Annecy, Hamburg, February 4–September 30, 1991, ed. by P.M. Zerwas, DESY Report No. 92-123A (1992) Part A, p. 31.

138. J. Fleischer and F. Jegerlehner, Nucl. Phys. B228 (1983) 1; S. Dawson and H.E. Haber, Phys. Rev. D44 (1991) 53.

139. F.A. Berends, G.J.H. Burgers, and W.L. van Neerven, Phys. Lett. B185 (1987) 395. 140. G.J.H. Burgers, Phys. Lett. 164B (1985) 167; F.A. Berends, W.L. van Neerven, and G.J.H. Burgers, Nucl. Phys. B297 (1988) 429; (E) B304 (1988) 921; B.A. Kniehl, Phys. Lett. B237 (1990) 127.

141. B.A. Kniehl, M. Krawczyk, J.H. Kühn, and R.G. Stuart, Phys. Lett. B209 (1988) 337. 142. D.R. Yennie, S.C. Frautschi, and H. Suura, Ann. Phys. 13 (1961) 379; D.R. Yennie, in Brandeis Summer Institute in Theoretical Physics: Lectures on Strong and Electromagnetic Interactions, ed. by K.W. Ford (1963) Vol. 1, p. 165; G. Grammer, Jr. and D.R. Yennie, Phys. Rev. D8 (1973) 4332.

143. V.N. Baier and V.M. Katkov, Phys. Lett. 25A (1967) 492.

144. P.R. Burchat, D.L. Burke, and A. Petersen, Phys. Rev. D38 (1988) 2735; (E) D39 (1989) 3515.

145. T. Kinoshita, J. Math. Phys. 3 (1962) 650; T.D. Lee and M. Nauenberg, Phys. Rev.

B133 (1964) 1549.

146. K.G. Chetyrkin, A.L. Kataev, and F.V. Tkachov, Phys. Lett. 85B (1979) 277; M. Dine and J. Sapirstein, Phys. Rev. Lett. 43 (1979) 668; W. Celmaster and R.J. Gonsalves, Phys. Rev. Lett. 44 (1980) 560; B.A. Kniehl and J.H. Kühn, Phys. Lett. B224 (1989) 229.

147. T.G. Rizzo, Phys. Rev. D22 (1980) 722; W.-Y. Keung and W.J. Marciano, Phys. Rev.

D30 (1984) 248.

148. G. Altarelli, R.K. Ellis, and G. Martinelli, Nucl. Phys. B143 (1978) 521; (E) B146 (1978) 544; Nucl. Phys. B157 (1979) 461; J. Kubar-André and F.E. Paige, Phys. Rev. D19 (1979) 221; K. Harada, T. Kaneko, and N. Sakai, Nucl. Phys. B155 (1979) 169.

149. R. Hamberg, W.L. van Neerven, and T. Matsuura, Nucl. Phys. B359 (1991) 343. 150. J.G. Morfin and W.K. Tung, Z. Phys. C52 (1991) 13.

151. L.D. Landau, Dokl. Akad. Nauk USSR 60 (1948) 207; C.N. Yang, Phys. Rev. 77 (1949) 242.

152. V. Barger, E.W.N. Glover, K. Hikasa, W.-Y. Keung, M.G. Olsson, C.J. Suchyta, and X.R. Tata, Phys. Rev. Lett. 57 (1986) 1672.

153. D.W. Duke and J.F. Owens, Phys. Rev. D30 (1984) 49. 154. B.A. Kniehl, Phys. Lett. B244 (1990) 537.

155. P.N. Harriman, A.D. Martin, W.J. Stirling, and R.G. Roberts, Phys. Rev. D42 (1990) 798.

156. A. Grau, G. Pancheri, and R.J.N. Phillips, Phys. Lett. B251 (1990) 293. 157. J. Lindfors, Phys. Lett. 167B (1986) 471.

158. T. Han, G. Valencia, and S. Willenbrock, Phys. Rev. Lett. 69 (1992) 3274. 159. J. Blümlein, G.J. van Oldenborgh, and R. Rückl, Nucl. Phys. B395 (1993) 35. 160. P. Nogueira and J.C. Romão, CFMC Report No. IFM - 15 / 92 (December 1992), Z.

Phys. C (to appear).

161. G. Passarino and M. Veltman, Nucl. Phys. B160 (1979) 151.

162. M. Greco, G. Pancheri-Srivastava, and Y. Srivastava, Nucl. Phys. B171 (1980) 118;

(E) B197 (1982) 543; F.A. Berends, R. Kleiss, and S. Jadach, Nucl. Phys. B202 (1982) 63. 163. G. ’t Hooft and M. Veltman, Nucl. Phys. B153 (1979) 365.

164. L. Lewin, Dilogarithms and Associated Functions (North-Holland, Amsterdam, 1981).

FIGURE CAPTIONS

1) Branching fractions versus M_H of the Higgs-boson decays into a) W^+W^−, ZZ, Zγ, γγ, b) bb̄, cc̄, τ^+τ^−, and gg. For the loop-induced decays m_t = 130 GeV has been assumed.

2) a) S, b) T , and c) U as functions of M_H in the one-loop approximation of the standard model with M_W = 80.22 GeV and m_t = 150 GeV. The total results are decomposed into lepton, quark, and boson contributions and complemented by perturbative O(αα_s) corrections.

3) m_t-M_H interdependence predicted from Δr using M_W = (80.22 ± 0.26) GeV as input.

In the case of the central value, starting from the one-loop analysis, in turn electroweak, perturbative-QCD, and tt̄-threshold corrections beyond one loop are included.

4) Feynman diagrams pertinent to the ZZH coupling in the one-loop approximation: a) Born diagram, b) fermion loops, c) W -boson loops, d) diagrams involving virtual Z and/or Higgs bosons, and e) counterterm. ϕ^± and ϕ_Z are the Higgs-Kibble ghosts associated with the W^± and Z bosons, respectively, and u^± and ū^± are the charged Faddeev-Popov ghosts.

5) One-loop radiative corrections to the H → ZZ decay width in the MOMS scheme as a function of M_H . a) The contributions due to bosons, leptons, quarks, and their combined effect are shown for m_t = 150 GeV. b) The combined effect is shown for m_t = 100, 150, and 200 GeV.

6) a) H → Zγ and b) Z → γH decay widths to lowest order as a function of M_H for m_t = 91 and 200 GeV. For comparison, the contribution due to the W -boson loops is shown separately.

7) H → γγ decay width to lowest order as a function of M_H for m_t = 91 and 200 GeV.

For comparison, the contribution due to the W -boson loops is shown separately. 8) H → gg decay width to leading order as a function of M_H for m_t = 100, 150, and 200 GeV. The dotted lines represent the respective results in next-to-leading order of QCD.

9) QCD K factor for the total cross section of pp → H + X at the SSC as a function of M_H for m_t = 140 GeV (taken from Ref. 103). Also shown are the regularized virtual corrections and the real corrections connected with the gg, gq, and qq hard-scattering processes.

10) Feynman diagrams pertinent to the W^+W^−H coupling in the one-loop approximation:

a) Born diagram, b) tadpoles, c) diagrams involving virtual bosons and ghosts, d) fermion loops, e) counterterm, and f) photon bremsstrahlung. ϕ^± and ϕ_Z are the Higgs-Kibble ghosts associated with the W^± and Z bosons, respectively, and u^±, u_Z, and u_γ are the Faddeev-Popov ghosts associated with the W^±, Z bosons, and the photon, respectively.

11) One-loop radiative corrections to the H → W^+W^− decay width including photon bremsstrahlung in the MOMS scheme as a function of M_H . a) The contributions due to bosons, leptons, quarks, and their combined effect are shown for m_t = 150 GeV. b) The combined effect is shown for m_t = 100, 150, and 200 GeV.

12) Feynman diagrams pertinent to the ff̄ H coupling in the one-loop approximation: a) Born diagram, b) virtual-photon exchange, c) diagrams involving virtual bosons and ghosts, d) counterterm, and f) photon bremsstrahlung. ϕ^± and ϕ_Z are the Higgs-Kibble ghosts associated with the W^± and Z bosons, respectively.

13) One-loop weak radiative corrections to the a) H → τ^+τ^−, b) H → bb̄, and c) H → tt̄ decay widths in the MOMS scheme as a function of M_H for m_t = 100, 150, and 200 GeV. The dotted lines visualize the approximations by Eq. (3.70) in the case of a) and b) and by Eq. (3.71) in the case of c).

14) a) H → cc̄ and b) H → bb̄ decay widths as functions of M_H in leading and next-to-leading order of QCD using the pole mass and in next-to-next-to-leading order using the running mass explicitly derived from the pole mass.

15) Feynman diagrams pertinent to the ff̄ ZH coupling in the one-loop approximation: a) Born diagram, b)–l) electroweak loops, m) and n) photon bremsstrahlung. ϕ is the Higgs-Kibble ghost associated with the W boson. The blobs of b), c), d), e), and f) represent 4, 13 (8), 26 (15), 2, and 2 nonvanishing diagrams in the ’t Hooft-Feynman gauge, respectively. Thereby one generic fermion flavour is assumed and counterterm diagrams are not counted.

16) One-loop weak corrections to the total cross section of e^+e^− → ZH in the MOMS scheme as a function of M_H. a) The contributions due to bosons, leptons, quarks, and their combined effect are shown at √ s = 500 GeV for m_t = 150 GeV. b) The combined effect is shown at √ s = 500 GeV for m_t = 90, 150, and 210 GeV. c) The combined effect is shown at √ s = 200, 500, 1000, and 1500 GeV for m_t = 150 GeV.

17) Photonic initial-state corrections up to O(α^2) to the total cross section of e^+e^− → ZH as a function of M_H at √ s = 200, 500, 1000, and 1500 GeV. The infrared-sensitive parts are exponentiated. The dotted lines correspond to the full QED corrections in O(α) without exponentiation.

18) One-loop radiative corrections to the a) Z → νν̄H and b) Z → ℓ^+ℓ^−H decay widths in the MOMS scheme as a function of M_H for m_t = 90, 130, 170, and 210 GeV.

19) One-loop radiative corrections to the H → ff̄ Z decay widths, where f = ν, ℓ, in the MOMS scheme as a function of M_H for m_t = 150 GeV.

20) Total cross section of e^+e^− → γH in the one-loop approximation assuming s^2_w = 0.21, M_W = 80.8 GeV, and m_t = 40 GeV (taken from Ref. 87).

21) Total cross section of pp → W^±H + X (sum of W^+H and W^−H) at the SSC, for M_H = 100 GeV, as a function of the factorization-scale parameter n, where μ = n √ q^2 (taken from Ref. 129). The lowest-order cross section, the QCD-corrected cross section, and the separate contributions of the gq → W^∗q subprocess (gq order α_s) and the real and virtual gluon corrections to the qq̄ → W^∗ subprocess (qq̄ order α_s) are shown.

22) QCD-corrected total cross sections of pp → W^±H + X (sum of W^+H and W^−H) and pp → ZH + X at the SSC versus M_H for three different sets of parton distribution functions (taken from Ref. 129).

23) Transverse-momentum distribution of the Higgs boson at leading order (dashed curve) and at next-to-leading order (solid curve) for pp → W^±H + X at √ s = 40 TeV and M_H = 100 GeV (taken from Ref. 130). Decay branching fractions B(W → eν, μν) and B(H → γγ) are included.

24) Feynman diagrams pertinent to the ggZH coupling to lowest order. 25) a) Transverse-momentum distribution of a Higgs boson with M_H = 100 GeV and b) M_H dependence of the total cross section for pp → ZH + X at the SSC from tree-level qq̄ annihilation (dotted curves) and gg fusion assuming m_t = 80, 140, and 200 GeV (solid lines). For comparison, also the separate contribution due to the ggZH triangle diagrams is shown. Lower curves correspond to smaller values of m_t.

26) Feynman diagrams pertinent to the a) gg → gH, b) qg → qH, and c) qq̄ → gH subprocesses in lowest order.

27) Transverse-momentum distribution of zero-rapidity Higgs bosons with M_H = 110 and

160 GeV from pp → jH + X at the SSC for m_t = 160 GeV (taken from Ref. 96). For comparison, also the approximate results evaluated on the basis of Eq. (4.33) are shown.

28) Transverse-momentum distribution of zero-rapidity Higgs bosons with M_H = 100, 150, and 200 GeV from pp → jH +X at the SSC in the m_t → ∞ limit (taken from Ref. 100). The spectrum includes multiple-gluon effects and is normalized to next-to-leading order in α_s.

29) Total cross sections of pp → H + X via W^+W^− and ZZ fusion at the SSC in leading (dashed lines) and next-to-leading (solid lines) order as a function of M_H (taken from Ref. 158).