Published by Institute of Physics Publishing for SISSA/ISAS Received: November 15, 2004 Accepted: December 6, 2004

MHV rules for Higgs plus multi-gluon amplitudes

Lance J. Dixon,^{ab∗} E.W. Nigel Glover^b and Valentin V. Khoze^b

aStanford Linear Accelerator Center, Stanford University Stanford, CA 94309, U.S.A.

bInstitute of Particle Physics Phenomenology, Department of Physics University of Durham, Durham, DH1 3LE, U.K.

E-mail: lance@slac.stanford.edu, e.w.n.glover@durham.ac.uk,

valya.khoze@durham.ac.uk

Abstract: We use tree-level perturbation theory to show how non-supersymmetric oneloop scattering amplitudes for a Higgs boson plus an arbitrary number of partons can be constructed, in the limit of a heavy top quark, from a generalization of the scalar graph approach of Cachazo, Svrček and Witten. The Higgs boson couples to gluons through a top quark loop which generates, for large m_t, a dimension-5 operator H tr G_{μν} G^{μν} . This effective interaction leads to amplitudes which cannot be described by the standard MHV rules; for example, amplitudes where all of the gluons have positive helicity. We split the effective interaction into the sum of two terms, one holomorphic (selfdual) and one antiholomorphic (anti-selfdual). The holomorphic interactions give a new set of MHV vertices — identical in form to those of pure gauge theory, except for momentum conservation — that can be combined with pure gauge theory MHV vertices to produce a tower of amplitudes with more than two negative helicities. Similarly, the anti-holomorphic interactions give anti-MHV vertices that can be combined with pure gauge theory anti-MHV vertices to produce a tower of amplitudes with more than two positive helicities. A Higgs boson amplitude is the sum of one MHV-tower amplitude and one anti-MHV-tower amplitude. We present all MHV-tower amplitudes with up to four negative-helicity gluons and any number of positive-helicity gluons (NNMHV). These rules reproduce all of the available analytic formulae for Higgs + n-gluon scattering (n ≤ 5) at tree level, in some cases yielding considerably shorter expressions.

Keywords: QCD, Higgs Physics, Jets, Hadronic Colliders.

∗Research supported by the US Department of Energy under contract DE-AC02-76SF00515.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep122004015 /jhep122004015 .pdf

Contents

1. Introduction 1

2. The model 5

3. MHV rules and applications 9 3.1 NMHV amplitudes A_n(ϕ, . . . , m^−_1 , . . . , m^−_2 , . . . , m^−_3 , . . .) 10 3.1.1 H → −−− 12 3.1.2 H → +−−− 12 3.2 NNMHV amplitudes A_n(ϕ, . . . , m^−_1 , . . . , m^−_2 , . . . , m^−_3 , . . . , m^−_4 , . . .) 12 3.2.1 H → −−−− 15 3.2.2 H → +−−−− 15 3.3 H → −−− · · · − 16 3.4 Amplitudes in the overlap of two towers 17 3.4.1 H → ++−− 17 3.4.2 H → ++−−− 17 3.5 The soft Higgs limit 18

4. Another effective model 18

5. Conclusions and outlook 21

A. Conventions 22 A.1 Color 22 A.2 Spinors, helicity and selfduality 23

B. Vanishing of A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+) 25 B.1 Supersymmetry argument 25 B.2 Direct demonstration 27 B.3 Recursive construction of A_n(ϕ^†, 1^+, 2^+, . . . , n^+) 29

1. Introduction

Since the interpretation of N = 4 supersymmetric Yang-Mills theory and QCD as a topological string propagating in twistor space [1] (at least at tree level), there has been a flurry of activity. Very notably, a new set of ‘MHV rules’ has been proposed for QCD [2], which take the place of ordinary Feynman rules, and lump many Feynman vertices into single color-ordered ‘MHV vertices’. These MHV vertices are off-shell continuations of the maximally helicity-violating (MHV) n-gluon scattering amplitudes of Parke and Taylor [3].

– 1 –

Written in terms of spinor inner products [4], they are composed entirely of the ‘holomorphic’ products ⟨i j⟩ fashioned from right-handed (undotted) spinors, rather than their anti-holomorphic partners [i j], A_n(1^+, . . . , p^−, . . . , q^−, . . . , n^+) = ⟨p q⟩^4 ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n − 1, n⟩ ⟨n 1⟩ . (1.1)

Here p and q are the only gluons with negative helicity. The MHV vertices (1.1), with a suitable definition for ⟨i j⟩ when the momenta k_i or k_j are off shell [2], are then connected with scalar-type propagators, which bear the helicity of the intermediate leg but no Lorentz indices. In twistor space, where the anti-holomorphic spinors λ̃_{i,α̇} are traded for their Fourier-transform variables μ^{α̇}_i = −i∂/∂λ̃_{i,α̇}, each MHV vertex is localized on a line. The lines are connected through the off-shell propagators.

The CSW approach has been extended to amplitudes with fermions [5]. New tree-level gauge-theory results were obtained in this approach for non-MHV amplitudes involving gluons [6, 7], and gluons, fermions and scalars [5, 8, 9].

Although the topological string appears to mix gauge theory with conformal supergravity at the loop level [10], the MHV rules nevertheless work at the one-loop level in supersymmetric Yang-Mills theories (SYM). Brandhuber, Spence and Travaglini [11] used MHV rules to reproduce the series of one-loop n-gluon MHV amplitudes in N = 4 SYM, previously computed via unitarity cuts [12]. Very recently, this approach was shown to work also for the same amplitudes in N = 1 SYM [13, 14]. On the other hand, the twistor-space structure of both sets of amplitudes seemed to be more complex [15] than the MHV picture would imply. This paradox was resolved by the notion of a ‘holomorphic anomaly’ [16] due to singularities in the loop-momentum integration. The anomaly for a unitarity cut freezes the phase-space integration, making its evaluation simple [17, 18]. In N = 4 SYM, the anomaly can be used to derive algebraic equations for the coefficients of integral functions [18, 19], whose solutions are in agreement with a direct evaluation of the unitarity cuts for 7-gluon amplitudes [20]. In N = 1 SYM, differential instead of algebraic equations are obtained [21].

Much of this progress at one loop in massless supersymmetric theories is related to the fact that such theories are ‘cut-constructible’ [22]. That is, at one loop, intermediate states can be assigned four-dimensional helicities [22], even though the loop-momentum integral must be regulated dimensionally, with D = 4 − 2ϵ. The ‘error’ incurred by neglecting the (−2ϵ) components of the momentum in numerators of the cuts can be confined to terms that vanish as ϵ → 0.

Application of MHV rules to loop amplitudes in non-supersymmetric theories seems to be a different matter. This situation is highlighted by the properties of the n-gluon one-loop amplitudes for which all gluons (or all but one) have the same helicity, namely A^{1-loop} n (1^±, 2^+, 3^+, . . . , n^+) [23, 24, 25, 26]. Such amplitudes vanish in the supersymmetric case, but are nonzero for nonsupersymmetric combinations of massless gluons, fermions or scalars circulating in the loop. They are finite as ϵ → 0, and in this limit they become cutfree, rational functions of the kinematic invariants. These amplitudes can still be computed from unitarity cuts in D dimensions, by working to O(ϵ) or higher, but now the full D-

– 2 – dimensional set of intermediate states enter [27, 28]. Indeed, in a cut-based construction these amplitudes have support only when the loop momenta are not four-dimensional, but point into the (−2ϵ) directions of (D = 4 − 2ϵ)-dimensional space-time. Assigning a four-dimensional helicity to a state circulating around the loop seems unlikely to lead to a correct answer in this case. On the other hand, the quasi-local nature of the (±++ · · · +) amplitudes suggests that some of them might be considered fundamental vertices [15], like the tree-level MHV vertices. However, it has not yet been possible to find suitable off-shell continuations, possibly because of the existence of ‘anti-holomorphic’ spinor products [i j] in the numerators of the amplitudes (as we shall review shortly).

A similar problem has plagued attempts to construct MHV rules for gravity [29]. Treelevel gravity amplitudes can be constructed from tree-level gauge-theory amplitudes using low-energy limits of the Kawai-Lewellen-Tye relations in string theory [30]. The gravity amplitudes are the sums of products of pairs of gauge theory amplitudes, but there are additional factors of s_{ij} = (k_i + k_j )^2 = 2k_i · k_j in the numerator. Because s_{ij} = ⟨i j⟩ [j i], anti-holomorphic spinor products also creep in here.

In any case, it is of interest to extend the range of processes that can be treated by MHV-type techniques. One set of processes of much phenomenological interest is the scattering of a single Higgs boson together with a number of quarks and gluons. In fact, production of the Standard Model Higgs boson at hadron colliders such as the Fermilab Tevatron and the CERN Large Hadron Collider is dominated by gluon-gluon fusion, gg → H, through a one-loop diagram containing the top quark in the loop. Precision electroweak data, interpreted within the Standard Model, indicate that the Higgs is considerably lighter than 2m_t ≈ 360 GeV; currently m_H < 260 GeV at 95% confidence level [31]. In this case, next-to-leading-order QCD computations have shown [32] that it is an excellent approximation to integrate out the heavy top quark, summarizing its effects via the dimension-five operator H tr G_{μν} G^{μν} [33, 34]. This operator can then be ‘dressed’ by standard QCD vertices in order to generate Higgs plus multi-parton amplitudes. In this paper, we will provide a set of MHV rules for such amplitudes.

The amplitudes for a Higgs boson plus four gluons (Hgggg) were first computed in the heavy top quark approximation by Dawson and Kauffman [35]. Kauffman, Desai and Risal extended these results to the other four-parton processes, Hggqq̄ and Hqq̄QQ̄ [36]. More recently, analytic formulae for a Higgs plus up to 5 partons were calculated by Del Duca, Frizzo and Maltoni [37]. Amplitudes for these cases, and those with larger numbers of partons, are also computed numerically by the programs Alpha [38] and MadGraph [39].

An interesting subset of the Higgs plus n-gluon (color-ordered) amplitudes are those for which all gluons have positive helicity,

A_n(H, 1^+, 2^+, . . . , n^+) ∝ m^4_H ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n − 1, n⟩ ⟨n 1⟩ , (1.2)

where m_H is the mass of the Higgs boson.^1 There is a strong similarity between the sequence (1.2) and the (leading-color, color-ordered) pure QCD one-loop amplitudes for n

1We shall prove this result for all n in appendix B.

– 3 – positive-helicity gluons [25, 26],

A^{1-loop} n;1 (1^+, 2^+, . . . , n^+) ∝ ∑ 1≤i_1<i_2<i_3<i_4≤n ⟨i1 i2⟩ [i2 i3] ⟨i3 i4⟩ [i4 i1] ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n − 1, n⟩ ⟨n 1⟩ . (1.3)

Both sets of amplitudes are generated first at one loop (if we count the top-quark loop in the Higgs case). They are both rational functions of the kinematic variables; i.e. they contain no branch cuts. (For the Higgs case, as we work in the heavy top-quark limit, this statement is rather trivial.) Their collinear and multi-particle factorization properties are very similar, as reflected in the factors in their denominators, ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n 1⟩. The numerator factors are also quite similar, when momentum conservation is taken into account. In the Higgs case, the numerator factor is m^4_H ; but this is also expressible in terms of the n gluon momenta as ( ∑ 1≤i<j≤n sij) 2 = ( ∑ 1≤i<j≤n ⟨i j⟩ [j i]) 2. Thus both the all-plus Higgs and one-loop QCD amplitudes are bi-linear in the anti-holomorphic spinor products [i j].

In the one-loop pure-gauge-theory case, a well-motivated but unsuccessful attempt was made [15] to generate the one-loop 5-point amplitude A^{1-loop}_{5;1} (−++++) from an off-shell continuation of the one-loop 4-point amplitude A^{1-loop}_4 (++++), plus the off-shell tree-level MHV vertex A_3(−−+). In the Higgs case, we have made an analogous attempt to generate the Higgs plus three gluon amplitude A_3(H, −++) from an off-shell continuation of the Higgs plus two gluon amplitude A_2(H, ++), plus the tree-level MHV vertex A_3(−−+). Our attempt failed; it led to results which depended on the choice of the ‘reference spinor’ in the CSW construction, and thus could not be correct.

For the Higgs case, we shall resolve this problem in a different way, yet still using an MHV-type perturbation theory. As we shall explain in the next section, the crux of our method is to split the H tr G_{μν} G^{μν} operator into two terms. We will show that MHV rules can be applied to amplitudes generated by one of the two terms. The amplitudes generated by the other term can be obtained by applying ‘anti-MHV rules’ (or deduced from the first set of amplitudes using parity). The desired Hgg . . . g amplitude is the sum of one amplitude of each type. The split of H tr G^2 into two operators can be motivated either by supersymmetry, or by selfduality. The general structure we find can be extended to Higgs amplitudes containing quarks [40], although we shall not do so explicitly in this paper.

We hope that the MHV structure we have uncovered for the Higgs plus multi-parton amplitudes will prove useful for understanding how to apply twistor-MHV methods to oneloop amplitudes in pure QCD, and to tree-level amplitudes in gravity. In the meantime, it allows us to obtain relatively compact expressions for scattering amplitudes of phenomenological interest, such as gg → Hggg. For example, the computation of the cross section for Higgs production via gluon-gluon fusion at nonzero transverse momentum (which may alleviate the QCD background in the H → γγ decay mode [41, 42]) at next-to-leading order (NLO) in α_s requires amplitudes like gg → Hgg; at next-to-next-to-leading order, it requires gg → Hggg. The process gg → Hgg [43, 44] also appears at leading order (and so gg → Hggg will be needed at NLO) as a background to production of a Higgs boson via weak boson fusion, qQ̄ → q^′Q̄^′W^+W^− → q^′Q̄^′H [45]. In both cases there are two additional jets, which are used to tag the weak boson fusion production process. The weak

– 4 – boson fusion process is now known at NLO [46, 47], but the gluon-fusion background is currently only available at leading order, with large uncertainties [47]. The background is particularly important if one wants to use azimuthal correlations between the tagging jets to learn about the couplings of the Higgs boson to W pairs [44, 48]. The compact formulae for tree-level Higgs amplitudes should speed up their computation in numerical programs for higher-order cross sections, where they may need to be evaluated very often.

This paper is organized as follows: In section 2, we explain the method in more detail. The new MHV rules are summarized in section 3. Using these rules, we obtain results for all Next-to-MHV and Next-to-Next-to-MHV amplitudes (with up to four negative-helicity gluons and any number of positive-helicity gluons). We show that these results can be used to reproduce all of the available analytic formulae for Higgs + n-gluon scattering (n ≤ 5) at tree level. We also reproduce the all-n formula (1.2), for the special case where all gluons have the same helicity. It should be straightforward to apply our method to n > 5 partons and obtain new analytic results for amplitudes for a Higgs boson plus six partons [40].

In section 4 we consider another example of an effective theory describing gluonic interactions, where the tree-level all-plus helicity amplitude does not vanish, but can again be reconstructed using new MHV rules of the type presented in sections 2 and 3. Our findings are summarized in the Conclusions. There are two appendices. Appendix A summarizes our conventions for color, spinors, helicity and selfduality. Appendix B describes technical details necessary to show the triviality of certain classes of amplitudes. It also contains the recursive construction of the infinite sequence of non-vanishing identical-helicity amplitudes given in eq. (1.2).

2. The model

In the Standard Model the Higgs boson couples to gluons through a fermion loop. The dominant contribution is from the top quark. For large m_t, the top quark can be integrated out, leading to the effective interaction [33, 34],

L^{int}_H = C 2 H tr G_{μν} G^{μν} . (2.1)

In the Standard Model, and to leading order in α_s, the strength of the interaction is given by C = α_s/(6πv), with v = 246 GeV.

The MHV or twistor-space structure of the Higgs-plus-gluons amplitudes is best elucidated by dividing the Higgs coupling to gluons, eq. (2.1), into two terms, containing purely selfdual (SD) and purely anti-selfdual (ASD) gluon field strengths, G^{μν}_{SD} = 1 2 (G^{μν} +^∗G^{μν} ) , G^{μν}_{ASD} = 1 2 (G^{μν} −^∗G^{μν} ) ,^∗G^{μν} ≡ i 2 ϵ^{μνρσ}G_{ρσ} . (2.2) This division can be accomplished by considering H to be the real part of a complex field ϕ =^1_2 (H + iA), so that

L^{int}_{H,A} = C 2 [ H tr G_{μν} G^{μν} + iA tr G_{μν}^∗G^{μν} ] (2.3) = C [ ϕ tr G_{SD μν} G^{μν}_{SD} + ϕ^† tr G_{ASD μν} G^{μν}_{ASD} ] . (2.4)

– 5 –

The key idea is that, due to selfduality, the amplitudes for ϕ plus n gluons, and those for ϕ^† plus n gluons, separately have a simpler structure than the amplitudes for H plus n gluons. But because H = ϕ + ϕ^†, the Higgs amplitudes can be recovered as the sum of the ϕ and ϕ^† amplitudes.

As another motivation for the split (2.4), note that this interaction can be embedded into an N = 1 supersymmetric effective lagrangian,

L^{int}_{SUSY} = −C ∫ d^2θ Φ tr W^αW_α − C ∫ d^2θ̄ Φ^† tr W_{α̇}W^{α̇} . (2.5)

Here G^{μν}_{SD} is the bosonic component of the chiral superfield W_α, and ϕ is the lowest component of the chiral superfield Φ. In appendix A we identify the following helicity assignments: W_α = {g^−, λ^−} , Φ = {ϕ, ψ^−} , (2.6) W^{α̇} = {g^+, λ^+} , Φ^† = {ϕ^†, ψ^+} , (2.7)

where g^± correspond to gluons with h = ±1 helicities, λ^± are gluinos with h = ±1/2, ϕ and ϕ^† are complex scalar fields, and ψ^± are their fermionic superpartners. In appendix B we give the full supersymmetric effective lagrangian. (This lagrangian can be generated from a renormalizable, supersymmetric microscopic theory containing a massive top quark/squark chiral multiplet T , coupled to Φ by a Yukawa coupling ∫ d^2θΦT T . Integrating out T produces the interaction (2.5) with a coefficient proportional to the chiral multiplet’s contribution to the SYM beta function.)

As in the case of QCD, the fermionic superpartners of the boson ϕ and of the gluons will never enter tree-level processes for ϕ plus n gluons. Thus these bosonic amplitudes must obey supersymmetry Ward identities (SWI) [49], as discussed in appendix B, which help to control their structure. Although we do not explicitly describe Higgs amplitudes involving quarks in this paper, we note that massless quarks can always be added to eq. (2.5) in a supersymmetric fashion, as members of additional chiral multiplets with no superpotential. Then the squarks, as well as the other superpartners, do not enter the amplitudes for a Higgs boson plus multiple quarks and gluons.

We use a standard, trace-based color decomposition for the tree-level amplitudes for n gluons, plus the single colorless field, H, ϕ or ϕ^†. The full amplitudes can be assembled from color-ordered partial amplitudes A_n, as described in appendix A. Because all amplitudes calculated in this paper are proportional to one power of the constant C appearing in eq. (2.1), we also remove C and powers of the gauge coupling g from the partial amplitudes A_n, via the color decomposition formula (A.1).

As proven in appendix B, a host of helicity amplitudes involving ϕ vanish, namely ϕg^±g^+g^+ . . . g^+. One version of the proof invokes the supersymmetry Ward identities [49], but is valid only for a massless Higgs, m_H = 0. The other version uses recursive techniques and the Berends-Giele currents [50], and is valid for any m_H . Thus we know that

A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+) = 0 , (2.8)

for all n.

– 6 –

The MHV amplitudes, with precisely two negative helicities, ϕg^−g^+ . . . g^+g^−g^+ . . . g^+, are the first non-vanishing ϕ amplitudes. General factorization properties now imply that they have to be extremely simple. They can have no multi-particle poles, because the residue of such a pole would have to be the product of a ϕ amplitude and a pure-glue amplitude, with a total of three external negative-helicity gluons (one is assigned to the intermediate state). At least one of the two product amplitudes must vanish, according to either eq. (2.8) or its pure-glue analogue where the ϕ is deleted. Similarly, only factors of ⟨i j⟩, not [i j], are allowed in the denominator. This property follows from the collinear limit as k_i becomes parallel to k_j ; [i j] factors are associated with collinear factorization onto vanishing (n − 1)-point amplitudes of the form (2.8). These same conditions are obeyed by MHV amplitudes in pure QCD; indeed the arguments are identical.

Furthermore, the first few known ϕ amplitudes have precisely the same form as the QCD case — except for the implicit momentum carried out of the process by the Higgs boson. (This momentum makes the Higgs case well-defined on-shell for fewer legs than the pure QCD case.) We have,

A_2(ϕ, 1^−, 2^−) =

⟨1 2⟩^4 ⟨1 2⟩ ⟨2 1⟩ = −⟨1 2⟩^2 , (2.9)

A_3(ϕ, 1^−, 2^−, 3^+) =

⟨1 2⟩^4 ⟨1 2⟩ ⟨2 3⟩ ⟨3 1⟩ = ⟨1 2⟩^3 ⟨2 3⟩ ⟨3 1⟩ , (2.10)

A_4(ϕ, 1^−, 2^−, 3^+, 4^+) =

⟨1 2⟩^4 ⟨1 2⟩ ⟨2 3⟩ ⟨3 4⟩ ⟨4 1⟩ . (2.11)

This leads to the obvious assertion for all ‘ϕ-MHV’ amplitudes, A_n(ϕ, 1^+, 2^+, . . . , p^−, . . . , q^−, . . . , n^+) = ⟨p q⟩^4 ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n − 1, n⟩ ⟨n 1⟩ , (2.12)

where only legs p and q have negative helicity. Besides the correct collinear and multiparticle factorization behavior, these amplitudes also correctly reduce to pure QCD amplitudes as the ϕ momentum approaches zero. It should be possible to prove eq. (2.12) recursively, along the lines of the proof in the QCD case [50], perhaps using the additional light-cone recursive currents from ref. [51].

Since the MHV amplitudes (2.12) have an identical form to the corresponding amplitudes of pure Yang-Mills theory, eq. (1.1), we propose that their off-shell continuation is also identical to that proposed in the pure-glue context, in the context of a set of scalargraph rules [2]. Everywhere the off-shell leg i carrying momentum K_i appears in eq. (2.12), we let the corresponding holomorphic spinor be λ_{i,α} = (K_i)_{αα̇}ξ^{α̇}. Here ξ^{α̇} is an arbitrary reference spinor, chosen to be the same for all MHV diagrams contributing to the amplitude. (Because anti-holomorphic spinors λ_{i,α̇} do not appear in eq. (2.12), we do not have to discuss their off-shell continuation.)

Figure 1 lays out the MHV structure of the ϕ plus multi-gluon amplitudes. All nonvanishing amplitudes are labelled with circles. The fundamental ϕ-MHV vertices, which coincide with the ϕg^−g^−g^+ . . . g^+ amplitudes (2.12), are the basic building blocks and are labelled by red dots. The result of combining ϕ-MHV vertices with pure-gauge-theory

– 7 –

Figure 1: The MHV structure of ϕ plus multi-gluon amplitudes. The number of positive (negative) helicity gluons is n_+ (n_−). The vertical axis labels the total number of gluons, n_+ + n_−. The horizontal axis labels the difference n_+ − n_−, a measure of the amount of ‘helicity violation’. Solid red dots represent fundamental ‘ϕ-MHV’ vertices. Open red circles represent ϕ amplitudes which are composites, built from the ϕ-MHV vertices plus pure-gauge-theory MHV vertices.

Figure 2: The anti-MHV structure of ϕ^† plus multi-gluon amplitudes. The axes are as in figure 1. Solid green dots represent fundamental ‘ϕ^†-anti-MHV’ vertices, which coincide with the ϕ^†g^+g^+g^− . . . g^− amplitudes. Open green circles represent ϕ^† amplitudes which are composites, built from the ϕ^†-anti-MHV vertices plus pure-gauge-theory anti-MHV vertices. These amplitudes can also be obtained from the ϕ amplitudes by parity, which exchanges ⟨i j⟩ ↔ [j i] and reflects points across the vertical axis, n_+ − n_− → −(n_+ − n_−).

MHV vertices is to produce amplitudes with more than two negative helicities. These amplitudes are represented as red open circles. Each MHV diagram contains exactly one ϕ-MHV vertex; the rest are pure-gauge-theory MHV vertices. The vertices are combined with scalar propagators. The MHV-drift is always to the left and upwards. Collectively, these amplitudes form the holomorphic (or MHV) tower of accessible amplitudes.

The corresponding amplitudes for ϕ^† are shown in figure 2. They can be obtained by applying parity to the ϕ amplitudes. For practical purposes this means that we compute

– 8 –

Figure 3: The structure of Higgs plus multi-gluon amplitudes obtained by combining the MHV tower for ϕ + n gluons and the anti-MHV tower of ϕ^† + n gluon amplitudes. The axes are as in figure 1. Note that the point at n_+ + n_− = 2, n_+ − n_− = 0, H → g^+g^−, vanishes by angular momentum conservation. The MHV tower from figure 1 is shown in red. The anti-MHV tower from figure 2 is shown in green. Amplitudes for the scalar Higgs are obtained by adding the ϕ and ϕ^† amplitudes.

with ϕ, and reverse the helicities of every gluon. Then we let ⟨i j⟩ ↔ [j i] to get the desired ϕ^† amplitude. The set of building-block amplitudes are therefore anti-MHV. Furthermore, the amplitudes with additional positive-helicity gluons are obtained by combining with anti-MHV gauge theory vertices. The anti-MHV-drift is always to the right and upwards. Collectively, these amplitudes form the anti-holomorphic (or anti-MHV) tower of accessible amplitudes.

To obtain amplitudes for the real Higgs boson with gluons, we merely add the ϕ and ϕ^† amplitudes. The allowed helicity states are shown in figure 3 and are composed of both holomorphic and anti-holomorphic structures.

3. MHV rules and applications

The new MHV rules for computing Higgs plus n-gluon scattering amplitudes can be summarized as follows:

1. For the ϕ couplings, everything is exactly like CSW [2] (except for the momentum carried by ϕ).

2. For ϕ^†, we just apply parity. That is, we compute with ϕ, and reverse the helicities of every gluon. Then we let ⟨i j⟩ ↔ [j i] to get the desired ϕ^† amplitude.

3. For H, we add the ϕ and ϕ^† amplitudes.

These rules generate a set of amplitudes with all the correct collinear and multi-particle factorization properties, as follows from the same type of argument as in the pure gauge theory case [2]. In addition, the rules can easily be used to reproduce all of the available

– 9 – analytic formulae for Higgs + n-gluon scattering (n ≤ 5) at tree level. (In some cases the agreement was checked numerically.) In some instances they generate considerably shorter expressions. To make things even more efficient, one can use a recursive version of the rules, along the lines suggested by ref. [7].

As a by-product, we also obtain the amplitudes for a pseudoscalar Higgs boson A plus multiple gluons, where A couples to gluons via the A G_{μν}^∗G^{μν} interaction in eq. (2.3). The minimal supersymmetric Standard Model contains such a field. If A is light enough, and the top quark dominates the loop, this effective interaction is a good approximation. Then to construct A_n(A, 1, 2, . . . , n), in step 3 of the rules we merely need to take the difference instead of the sum of the corresponding ϕ and ϕ^† amplitudes.

For the ϕ plus n-gluon amplitudes, we can consider a twistor space (λ_1, λ_2, μ^{˙1}, μ^{˙2}), for each of the n gluons [1], by replacing the anti-holomorphic spinor coordinates λ̃_{i,α̇} by their Fourier transforms, μ^{α̇}_i = −i∂/∂λ̃_{i,α̇}. In doing this tranformation, we leave the momentum of the massive scalar untouched. Then the argument that the MHV QCD amplitudes are localized on a line [1] extends trivially to the ϕ amplitudes (2.12). The recoiling momentum of the ϕ particle enters the overall momentum-conserving delta function, but this does not affect the localization of the Fourier transform,

A(λ_i, μ_i) = ∫ n∏ i=1 dλ̃_i exp(iμ_iλ̃_i)A(λ_i)δ ( k_ϕ + n∑ i=1 k_i )

= ∫ d^4xA(λ_i) ∫_n∏ i=1 dλ̃_i exp(iμ_iλ̃_i) exp [ ix^{α̇α} ( (k_ϕ)_{αα̇} + n∑ i=1 λ_{i,α}λ̃_{i,α̇} )] ,

= ∫ d^4x exp(ix · k_ϕ)A(λ_i) n∏ i=1 δ(μ_i + xλ_i) . (3.1)

The ϕ amplitudes with n_− negative-helicity gluons are similarly localized on networks of (n_− − 1) intersecting lines in twistor space.

3.1 NMHV amplitudes A_n(ϕ, . . . , m^−_1 , . . . , m^−_2 , . . . , m^−_3 , . . .)

We start by deriving the Next-to-MHV (NMHV) amplitude A_n(ϕ, m^−_1 , m^−_2 , m^−_3 ). From now on we will suppress the dots for positive-helicity gluons in the MHV tower of amplitudes. The two topologically distinct diagrams are shown in figure 4. Each of these diagrams is drawn for a fixed arrangement of negative-helicity gluons, such that ϕ is followed by m_1. To obtain the full NMHV amplitude we need to sum over the three cyclic permutations of m_1, m_2 and m_3, denoted by C(m_1, m_2, m_3). The full NMHV amplitude is given by,

A_n(ϕ, m^−_1 , m^−_2 , m^−_3 ) = 1 ∏_n l=1 ⟨l, l + 1⟩ 2∑ i=1 ∑ C(m_1,m_2,m_3)

A^{(i)}_n (m_1, m_2, m_3) , (3.2)

where the common standard denominator is factored out for convenience. We label the gluon momenta as k_i (where i is defined modulo n) and introduce the composite (off-shell) momentum, q_{i+1,j} = k_{i+1} + k_{i+2} + · · · + k_j . (3.3)

– 10 –

PSfrag replacements

Figure 4: Tree diagrams with MHV vertices which contribute to the NMHV amplitude A_n(ϕ, . . . , m^−_1 , . . . , m^−_2 , . . . , m^−_3 , . . .). The scalar ϕ is represented by a dashed line and negativehelicity gluons, g^−, by solid lines. Positive-helicity gluons g^+ emitted from each vertex are indicated by dotted semicircles, with labels showing the bounding g lines in each MHV vertex.

Note that the momentum of ϕ, k_ϕ, does not enter the sum. In particular, q_{i+1,i} = −k_ϕ. As usual, the off-shell continuation of the helicity spinor is defined as [2],

(λ_{i+1,j} )_α = (q_{i+1,j})_{αα̇} ξ^{α̇} , (3.4)

where ξ^{α̇} is a reference spinor that can be chosen arbitrarily.

Following the organisational structure of ref. [8], the contributions of the individual diagrams in figure 4 are,

A^{(1)}_n (m_1, m_2, m_3) = m_2−1∑

i=m_1 m_1−1∑

j=m_3 ⟨m_2 m_3⟩^4 ⟨m^−_1 |/q_{i+1,j}|ξ^−⟩^4 D(i, j, q_{i+1,j} ) ,

A^{(2)}_n (m_1, m_2, m_3) = m_2−1∑

i=m_1 m_1−1∑

j=m_3 ⟨m_2 m_3⟩^4 ⟨m^−_1 |/q_{j+1,i}|ξ^−⟩^4 D(i, j, q_{j+1,i}) , (3.5)

where D(i, j, q) = ⟨i^−|/q|ξ^−⟩⟨(j + 1)^−|/q|ξ^−⟩⟨(i + 1)^−|/q|ξ^−⟩⟨j^−|/q|ξ^−⟩ q^2 ⟨i, i + 1⟩ ⟨j, j + 1⟩ . (3.6)

In the summation over j, it should be understood that the maximum value is taken modulo n. In other words, when m_1 = 1, the upper limit is 0 ≡ n, but when m_1 = 2, the upper limit is 1. Note that diagrams of the second type vanish when there are no positive-helicity gluons emitted from the right hand vertex. In this case, j + 1 = m_1 = i and q_{j+1,i} = q_{m1} . These diagrams are automatically killed by the ⟨m^−_1 |q_{j+1,i} factor in the numerator.

In distinction with ref. [2], we leave the reference spinor ξ arbitrary and specifically do not set it to be equal to one of the momenta in the problem. This has two advantages. First, we do not introduce unphysical singularities for gluonic amplitudes (for generic points in phase space); and second, it allows a powerful numerical check of gauge invariance (which all of our amplitudes satisfy).

The amplitude 3.2 describes all amplitudes coupling ϕ to 3 negative-helicity gluons and any number of positive-helicity gluons. In particular, it describes the ϕ → −−− and ϕ → +−−− amplitudes. These amplitudes only receive contributions from the MHV tower of amplitudes and are therefore also the amplitudes for H → −−− and H → +−−−.

– 11 –

3.1.1 H → −−− In this case, we can take m_1 = 1, m_2 = 2 and m_3 = 3. The second class of diagrams in figure 4 collapses since there are not enough gluons to prevent the right hand vertex vanishing. Hence A^{(2)}_3 = 0. From the first class of diagrams, A^{(1)}_3 , three individual diagrams survive. (Our counting includes the cyclic permutations of m_1, m_2 and m_3, as required in eq. (3.2).) 3.1.2 H → +−−− In this case, we can take m_1 = 2, m_2 = 3 and m_3 = 4. Seven individual diagrams survive, as can be seen from figure 4, including appropriate cyclic permutations. Five of them are of the first type, A^{(1)}_4 , where ϕ couples directly to one on-shell negative-helicity gluon; two are of the second type, A^{(2)}_4 , where ϕ couples directly to two negative-helicity gluons.

In both cases, we have checked, with a help of a symbolic manipulator, that our results are ξ-independent (gauge invariant) and agree numerically with the known analytic formulae,

A_3(H, 1^−, 2^−, 3^−) = − m^4_H [1 2] [2 3] [3 1]

, (3.7)

A_4(H, 1^+, 2^−, 3^−, 4^−) =

⟨3^−|/k_H |1^−⟩^2 ⟨2 4⟩^2 s_{124}s_{12}s_{14} + ⟨4^−|/k_H |1^−⟩^2 ⟨2 3⟩^2 s_{123}s_{12}s_{23} + ⟨2^−|/k_H |1^−⟩^2 ⟨3 4⟩^2 s_{134}s_{14}s_{34} − − ⟨2 4⟩ ⟨12⟩[23][34]⟨41⟩ ( s_{23} ⟨2^−|/k_H |1^−⟩ [4 1]

+ s_{34} ⟨4^−|/k_H |1^−⟩ [1 2]

− s_{234}⟨24⟩ ) . (3.8)

where k_H = k_ϕ.

3.2 NNMHV amplitudes A_n(ϕ, . . . , m^−_1 , . . . , m^−_2 , . . . , m^−_3 , . . . , m^−_4 , . . .)

The Next-to-Next-to-MHV (NNMHV) amplitudes follow from diagrams with three MHV vertices. The skeleton diagram in figure 5 shows our labelling conventions for gluons.

PSfrag replacements

Figure 5: Skeleton diagram showing the labelling of n gluons for amplitudes A_n with four negativehelicity gluons. Positive-helicity gluons g^+ emitted from each vertex are indicated by dotted lines with labels showing the bounding g^+ lines in each MHV vertex.

– 12 –

There are thirteen topologically distinct diagrams in this case, shown in figure 6. As before, each of these diagrams is drawn for the fixed arrangement of negative-helicity gluons, such that ϕ is followed by m_1. To obtain the full NNMHV amplitude we need to sum over all cyclic permutations, C(m_1, m_2, m_3, m_4). The resulting total amplitude is given by,

A_n(ϕ, m^−_1 , m^−_2 , m^−_3 , m^−_4 ) = 1 ∏_n l=1 ⟨l, l + 1⟩ 13∑ i=1 ∑ C(m_1 ,m_2,m_3,m_4)

A^{(i)}_n (m_1, m_2, m_3, m_4) . (3.9)

The contributions of the first five diagrams in figure 6 are,

A^{(1)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_3−1∑

i=m_2 m_2−1∑

l=m_1 ⟨m_3 m_4⟩^4 ⟨m^−_2 |/q_{i+1,j}|ξ^−⟩^4⟨m^−_1 |/q_{l+1,k}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{l+1,k}) ,

A^{(2)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 m_4−1∑

j=m_3 m_2−1∑

i=m_1 i∑ l=m_1 ⟨m_2 m_3⟩^4 ⟨m^−_4 |/q_{i+1,j} |ξ^−⟩^4⟨m^−_1 |/q_{l+1,k}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{l+1,k}) ,

A^{(3)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_4−1∑

i=m_3 m_2−1∑

l=m_1 ⟨m_2 m_3⟩^4 ⟨m^−_4 |/q_{i+1,j}|ξ^−⟩^4⟨m^−_1 |/q_{l+1,k}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{l+1,k}) ,

A^{(4)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 m_3−1∑

j=m_2 m_2−1∑

i=m_1 i∑ l=m_1 ⟨m_3 m_4⟩^4 ⟨m^−_2 |/q_{i+1,j} |ξ^−⟩^4⟨m^−_1 |/q_{l+1,k}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{l+1,k}) ,

A^{(5)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 m_4−1∑

j=m_3 m_3−1∑

i=m_2 m_2−1∑

l=m_1 ⟨m_2 m_4⟩^4 ⟨m^−_3 |/q_{i+1,j}|ξ^−⟩^4⟨m^−_1 |/q_{l+1,k}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{l+1,k}) . (3.10)

A comment is in order concerning the boundary values in the sums over external gluons in eq. (3.10) for cases where it is possible to have no external gluon legs emitted from a given vertex (and in a given range). Consider, for example, the first diagram in figure 6. There are no negative-helicity gluons, g^−, emitted upwards from the middle vertex, and the number of g^+ gluons, n_+, can be zero or non-zero. The summations over j and k in A^{(1)}_n should read:_{m1−1} ∑ k=m_4 k∑ j=m_4 = m_1−1∑

k=m_4+1 k−1∑ j=m_4 + m_1−1∑

k=m_4 | | |_{j=k} , (3.11)

where the first term (the double sum) corresponds to n_+ > 0, and the second term takes into account the case of n_+ = 0, or no g^+ gluons emitted upwards from the middle vertex.

The effective propagator DD is defined by, DD(i, j, q_1, k, l, q_2) = χ(j, k, q_1, q_2)χ(l, i, q_2, q_1) D(i, j, q_1) D(k, l, q_2) , (3.12) where D is given in eq. (3.6), and where

χ(j, k, q_1, q_2) = 1 if j ≠ k, = ⟨j, j + 1⟩ ⟨ξ^+|/q_1/q_2|ξ^−⟩ ⟨(j + 1)^−|/q_1|ξ^−⟩⟨j^−|/q_2|ξ^−⟩ if j = k . (3.13)

– 13 –

PSfrag replacements

PSfrag replacements

PSfrag replacements

Figure 6: NNMHV tree diagrams contributing to the amplitude A_n(ϕ, g^−_{m1} , g^−_{m2} , g^−_{m3} , g^−_{m4} ).

The contributions of diagrams 6, 7 and 8 in figure 6 read,

A^{(6)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_3−1∑

i=m_2 m_2−1∑

l=m_1 ⟨m_3 m_4⟩^4 ⟨m^−_2 |/q_{j+1,i}|ξ^−⟩^4⟨m^−_1 |/q_{k+1,l}|ξ^−⟩^4 DD(k, l, q_{k+1,l}, i, j, q_{j+1,i}) ,

– 14 –

A^{(7)}_n (m_1, m_2, m_3, m_4) = m_2−1∑

k=m_1 m_1−1∑

j=m_4 m_3−1∑

i=m_2 i∑ l=m_2 ⟨m_3 m_4⟩^4 ⟨m^−_1 |/q_{j+1,i}|ξ^−⟩^4⟨m^−_2 |/q_{k+1,l}|ξ^−⟩^4 DD(k, l, q_{k+1,l}, i, j, q_{j+1,i}) ,

A^{(8)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_3−1∑

i=m_2 i∑ l=m_2 ⟨m_3 m_4⟩^4 ⟨ξ^+|/q_{j+1,i} /q_{k+1,l}|ξ^−⟩^4 ⟨m_1 m_2⟩^4 DD(k, l, q_{k+1,l}, i, j, q_{j+1,i}) . (3.14)

Finally, for the last five diagrams in figure 6 we have,

A^{(9)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_3−1∑

i=m_2 m_2−1∑

l=m_1 ⟨m_3 m_4⟩^4 ⟨m^−_2 |/q_{i+1,j} |ξ^−⟩^4⟨m^−_1 |/q_{k+1,l}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{k+1,l}) ,

A^{(10)}_n (m_1, m_2, m_3, m_4) = m_2−1∑

k=m_1 m_1−1∑

j=m_4 m_3−1∑

i=m_2 i∑ l=m_2 ⟨m_3 m_4⟩^4 ⟨m^−_1 |/q_{i+1,j}|ξ^−⟩^4⟨m^−_2 |/q_{k+1,l}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{k+1,l}) ,

A^{(11)}_n (m_1, m_2, m_3, m_4) = m_1−1∑

k=m_4 k∑ j=m_4 m_4−1∑

i=m_3 m_2−1∑

l=m_1 ⟨m_2 m_3⟩^4 ⟨m^−_4 |/q_{i+1,j} |ξ^−⟩^4⟨m^−_1 |/q_{k+1,l}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{k+1,l}) ,

A^{(12)}_n (m_1, m_2, m_3, m_4) = 1 2 m_2−1∑

k=m_1 m_1−1∑

j=m_4 m_4−1∑

i=m_3 m_3−1∑

l=m_2 ⟨m_1 m_3⟩^4 ⟨m^−_4 |/q_{i+1,j}|ξ^−⟩^4⟨m^−_2 |/q_{k+1,l}|ξ^−⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{k+1,l}) ,

A^{(13)}_n (m_1, m_2, m_3, m_4) = 1 2 m_1−1∑

k=m_4 k∑ j=m_4 m_3−1∑

i=m_2 i∑ l=m_2 ⟨m_3 m_4⟩^4 ⟨ξ^+|/q_{i+1,j} /q_{k+1,l}|ξ^−⟩^4 ⟨m_1 m_2⟩^4 DD(i, j, q_{i+1,j} , k, l, q_{k+1,l}) . (3.15)

Note that the expressions for the last two diagrams, A^{(12)}_n and A^{(13)}_n , contain a factor of 1/2. This factor is necessary to take into account the fact that, out of the four cyclic permutations C(m_1, m_2, m_3, m_4) in eq. (3.9), only two give inequivalent diagrams; the remaining two double up the result. 3.2.1 H → −−−− Our general NNMHV expressions (3.9) can be applied to the simple case with no positivehelicity gluons, n_+ = 0. Only diagrams 1, 2 and 13 survive — all others give zero contribution because there are not enough gluons to prevent one of the vertices from vanishing. We checked numerically that our result is gauge invariant and agrees with the known expression,

A_4(H, 1^−, 2^−, 3^−, 4^−) = A_4(ϕ, 1^−, 2^−, 3^−, 4^−) = m^4_H [1 2] [2 3] [3 4] [4 1]

. (3.16) 3.2.2 H → +−−−− The amplitude for n_+ = 1,

A_5(H, 1^+, 2^−, 3^−, 4^−, 5^−) = A_5(ϕ, 1^+, 2^−, 3^−, 4^−, 5^−) , (3.17)

can be obtained by setting m_1 = 2, m_2 = 3, m_3 = 4 and m_4 = 5 in eq. (3.9). The result is again gauge invariant, and we have checked that it agrees numerically with eq. (B.2) in ref. [37].

– 15 –

PSfrag replacements

Figure 7: Two representations for A_n(ϕ, 1^−, 2^−, 3^−, . . . , n^−) in the MHV-rules approach. In (a), we illustrate how attaching only negative-helicity gluons requires just three-point MHV vertices. In (b), the shaded circle represents the coupling of an off-shell gluon to many on-shell negative helicity gluons, which is obtained by summing MHV graphs of the type shown in (a). 3.3 H → −−− · · · − In appendix B.3 we present a recursive construction of all n-gluon amplitudes with gluons of the same helicity: A_n(ϕ^†, 1^+, 2^+, . . . , n^+), with parity conjugates A_n(ϕ, 1^−, 2^−, . . . , n^−). This derivation makes use of the Berends-Giele off-shell currents [50].

In this section we will derive the same amplitudes using the MHV rules. The two derivations will turn out to be almost identical; nevertheless, we believe that it is instructive to demonstrate the all-orders-in-n agreement between the results derived in the standard approach (appendix B.3) and in the MHV-rules approach (this section).

In the MHV-rules approach, the ‘minus-only’ amplitudes,

A_n(H, 1^−, 2^−, 3^−, . . . , n^−) = A_n(ϕ, 1^−, 2^−, 3^−, . . . , n^−) , (3.18)

are constructed by attaching n − 2 of the tree-level three-point MHV vertices, A_3(+−−), to the ϕ-MHV two-gluon vertex, A_2(ϕ, −−), in all possible ways, as depicted in figure 7a. Each of the two showers of three-point MHV vertices shown in figure 7 can be represented by an off-shell effective vertex,

V_n(g^{+∗}_1 , g^−_2 , g^−_3 , . . . , g^−_n ) = p^2_1 [ξ 2] [n ξ]

(−1)^n [2 3] [3 4] · · · [n − 1, n]

, (3.19)

where it is understood that only the g^+ leg is off shell and hence p^2_1 ≠ 0. The expression (3.19) was derived in ref. [52] using the MHV rules of CSW [2], and proved by induction. It is also similar in spirit to the all-plus Berends-Giele [50] off-shell current (B.18) used in appendix B. The factor (−1)^n on the right hand side of eq. (3.19) reflects our conventions for the [i j] spinor product, eq. (A.5).

Attaching the off-shell V -vertices on both sides of the amplitude A_2(ϕ, −, −), we get the following expression:

A_n(ϕ, 1^−, 2^−, 3^−, . . . , n^−) =

(−1)^n [1 2] [2 3] · · · [n 1]

A , (3.20)

where A is the sum A = − ∑ 1≤i<j≤n [i, i + 1] [j, j + 1] [i ξ] [ξ, i + 1] [j ξ] [ξ, j + 1]

⟨λ_{i+1,j} λ_{j+1,i}⟩^2 . (3.21)

– 16 –

The sum (3.21) (or more precisely, its hermitian conjugate) is computed in appendix B.3, in eqs. (B.25)–(B.28). The result is A = m^4_H . We conclude that

A_n(ϕ, 1^−, 2^−, 3^−, . . . , n^−) =

(−1)^n m^4_H [1 2] [2 3] · · · [n 1]

, (3.22)

and, similarly, the parity conjugate amplitude is

A_n(ϕ^†, 1^+, 2^+, 3^+, . . . , n^+) = m^4_H ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n 1⟩ , (3.23)

in agreement with the results derived in appendix B.3 using standard methods. 3.4 Amplitudes in the overlap of two towers So far, we have described amplitudes that receive contributions from the MHV tower of amplitudes. Transcribing these results to amplitudes that lie in the anti-MHV tower is straightforward. We reverse the helicities of every gluon and let ⟨i j⟩ ↔ [j i] throughout. For more complicated objects like ⟨m^−_1 |/q|ξ^−⟩, we make the replacements ⟨m^−_1 | /q |ξ^−⟩ → ⟨m^+_1 | /q |ξ^+⟩ , ⟨m^+_1 | /q_1 /q_2 |ξ^−⟩ → −⟨m^−_1 | /q_1 /q_2 |ξ^+⟩ . (3.24) Now we would like to describe amplitudes that lie in the overlap of the two towers.

3.4.1 H → ++−− This is the simplest amplitude which receives contributions from both the MHV and the anti-MHV towers. The first contribution is simply the ϕ-MHV amplitude (2.11), and the second one is its parity conjugate ϕ^†-anti-MHV. In total we have,

A_4(H, 1^+, 2^+, 3^−, 4^−) =

⟨3 4⟩^4 ⟨1 2⟩ ⟨2 3⟩ ⟨3 4⟩ ⟨4 1⟩ + [1 2]^4 [1 2] [2 3] [3 4] [4 1]

, (3.25)

which is the correct result. 3.4.2 H → ++−−− This Higgs-plus-five-gluons amplitude receives contributions from both towers. The contribution from the ϕ-MHV tower is an NMHV amplitude A_5(ϕ, 1^+, 2^+, 3^−, 4^−, 5^−) of the type constructed in eq. (3.2), where we set m_1 = 3, m_2 = 4 and m_3 = 5. In total there are 7 contributions of type A^{(1)}_5 and 4 of type A^{(2)}_5 . The contribution from the ϕ^†-anti- MHV tower is the simple anti-MHV diagram A_5(ϕ^†, 1^+, 2^+, 3^−, 4^−, 5^−), which is the parity conjugate of eq. (2.12),

A_5(ϕ^†, 1^+, 2^+, 3^−, 4^−, 5^−) = −

[1 2]^4 [1 2] [2 3] [3 4] [4 5] [5 1]

. (3.26)

The final result, A_5(H, 1^+, 2^+, 3^−, 4^−, 5^−) = A_5(ϕ, 1^+, 2^+, 3^−, 4^−, 5^−) + A_5(ϕ^†, 1^+, 2^+, 3^−, 4^−, 5^−) , (3.27) is gauge invariant and agrees numerically with eq. (B.3) of ref. [37].

– 17 –

3.5 The soft Higgs limit For the case of a massless Higgs boson, we can consider the kinematic limit where the Higgs momentum goes to zero. In this limit, because of the form of the HG_{μν} G^{μν} interaction, the Higgs boson behaves like a constant, namely the gauge coupling. Hence the Higgs-plus-n-gluon amplitudes should become proportional to the pure-gauge-theory amplitudes, A_n(H, {k_i, λ_i, a_i}) −→ (const.) × ∂ ∂g A_n({k_i, λ_i, a_i}), as k_H → 0, (3.28)

for any helicity configuration. Taking into account the gauge coupling factors in the color decomposition (A.1), eq. (3.28) becomes, for the partial amplitudes,

A_n(H, 1, 2, 3, . . . , n) −→ (n − 2)A_n(1, 2, 3, . . . , n) as k_H → 0. (3.29)

It is interesting to see how the soft Higgs limit is partitioned between the ϕ and ϕ^† amplitudes. Clearly the ϕ-MHV amplitudes (2.12) become precisely equal to the corresponding pure-gauge MHV amplitudes (1.1). From figure 4 it is then apparent that the NMHV amplitudes will approach twice the corresponding pure-gauge MHV amplitudes, because the field ϕ can be attached to either of the two MHV vertices in the gauge theory case. From figure 6 there is a factor of 3 in the NNMHV limit. More generally,

A_n(ϕ, 1, 2, 3, . . . , n) −→ (n_− − 1)A_n(1, 2, 3, . . . , n) as k_ϕ → 0. (3.30)

Parity tells us that the ϕ^† amplitudes obey,

A_n(ϕ^†, 1, 2, 3, . . . , n) −→ (n_+ − 1)A_n(1, 2, 3, . . . , n) as k_ϕ → 0. (3.31)

Summing eqs. (3.30) and (3.31) and using n_+ + n_− = n, we recover the soft Higgs limit (3.29).

For n_− ≠ n_+, the ϕ and ϕ^† limits are different. This result is a bit curious, because as k_ϕ → 0, the ϕ and ϕ^† interactions become equivalent — the AG_{μν}^∗G^{μν} coupling they differ by becomes a total derivative as the field A becomes a constant. But the interactions are apparently not becoming equivalent fast enough to prevent the ϕ and ϕ^† amplitudes from having different limits.

In the usual MHV-rules approach to amplitudes in pure gauge theory [2], one considers all tree amplitudes to come from the MHV tower, or sometimes all to come from the anti- MHV-tower. The k_H → 0 limit of the Higgs amplitude construction suggests that one can also consider a mixture of the two towers, where the MHV/anti-MHV content of a given amplitude depends on the number of positive and negative helicity gluons it contains, according to eqs. (3.30) and (3.31).

4. Another effective model

Our general approach to constructing MHV rules can be tested in a second interesting model with the effective operator,

O_Λ = 1 Λ^2 tr G^ν_μ G^ρ_ν G^μ_ρ . (4.1)

– 18 –

This operator is the unique gauge-invariant, CP-even, dimension-6 operator built solely from gluon fields (after applying equations of motion). Hence it provides a sensible way to characterize possible deviations of gluon self-interactions from those predicted by QCD, such as might be produced by gluon compositeness [53]. The operator O_Λ also may be produced by integrating out a heavy colored fermion (or scalar), albeit with a phenomenologically tiny coefficient. Various ways to probe for such an operator experimentally have been proposed [53, 54, 55].

Here we will consider the deviations that are linear in 1/Λ^2; that is, the set of (colorordered) amplitudes A^{(Λ)}_n arising from one insertion of O_Λ, combined with any number of tree-level QCD interactions. Curiously, at the four-parton level, the amplitudes generated in this way are orthogonal to those of QCD. For example, the four-gluon helicity amplitudes which are produced are those which vanish in tree-level QCD, (++++), (−+++), and the parity conjugates (+−−−) and (−−−−). At the linearized level, O_Λ does not produce (−−++). Thus the interference with tree-level QCD vanishes at this order. Similarly, the qq̄gg amplitudes with only one power of O_Λ produce only (∓±++) and the parity conjugate (±∓−−), which vanish in QCD. The five-gluon amplitudes which do interfere with QCD, (−−+++) and its parity conjugates, were computed in ref. [55].

The first on-shell n-gluon amplitudes generated by eq. (4.1) are those for four gluons, which read, dropping an overall factor of (−12iπ/Λ^2) [55]:

A^{(Λ)}_4 (1^−, 2^−, 3^−, 4^−) = −

2s_{12}s_{23}s_{13} [1 2] [2 3] [3 4] [4 1]

, (4.2)

A^{(Λ)}_4 (1^+, 2^−, 3^−, 4^−) =

⟨2 3⟩^2⟨3 4⟩^2⟨4 2⟩^2 ⟨1 2⟩ ⟨2 3⟩ ⟨3 4⟩ ⟨4 1⟩ , (4.3)

A^{(Λ)}_4 (1^−, 2^−, 3^+, 4^+) = 0 , (4.4) A^{(Λ)}_4 (1^−, 2^+, 3^−, 4^+) = 0 , (4.5)

plus the parity conjugate amplitudes, A^{(Λ)}_4 (1^+, 2^+, 3^+, 4^+) and A^{(Λ)}_4 (1^−, 2^+, 3^+, 4^+).

To apply our MHV-rules method to this model, we first rewrite the effective operator (4.1) as the sum of a holomorphic (selfdual) and an anti-holomorphic (anti-selfdual) term,

O_Λ = 1 Λ^2 ( tr G^ν_{SD μ} G^ρ_{SD ν} G^μ_{SD ρ} + tr G^ν_{ASD μ} G^ρ_{ASD ν} G^μ_{ASD ρ} ) . (4.6)

The holomorphic interaction, (G_{SD} )^3, generates amplitudes with a minimum of 3 negativehelicity gluons, such as eqs. (4.2) and (4.3), whereas the anti-holomorphic interaction, (G_{ASD} )^3, generates amplitudes with a minimum of 3 positive-helicity gluons, such as (−+++) and (++++). (We can prove that the (G_{SD} )^3 amplitudes with 0 or 1 negativehelicity gluons vanish, along the same lines as the recursive vanishing proof in the Higgs case in appendix B.2, using the structure of the vertex and eqs. (B.20) and (B.21). We assume that the (G_{SD} )^3 amplitudes with 2 negative-helicity gluons also vanish.) That is, (G_{SD} )^3 leads to amplitudes with n_− ≥ 3 and n_+ ≥ 0, whereas (G_{ASD})^3 induces amplitudes with n_+ ≥ 3 and n_− ≥ 0, as plotted in figure 8.

– 19 –

Figure 8: The proposed structure of n-gluon amplitudes induced by the operator tr(G^3). The MHV tower for tr(G^3_{SD})-induced amplitudes contains pure MHV vertices (closed red circles) plus those amplitudes obtained by adding pure-gauge-theory MHV vertices (open red circles). The anti- MHV tower of tr(G^3_{ASD})-induced amplitudes is obtained from the MHV tower by parity, and is shown in green. The tr(G^3)-induced amplitudes are given by the sum of the two contributions, where they overlap. The two entries with n_+ + n_− = 3 represent MHV vertices, but not on-shell scattering amplitudes.

The building blocks induced by the holomorphic (G_{SD} )^3 interaction are the G^3-MHV vertices with n_− = 3 and arbitrary n_+ ≥ 0: A^{(Λ)}_n (1^+, . . . , i^−, . . . , j^−, . . . , k^−, . . . , n^+) = (⟨i j⟩ ⟨j k⟩ ⟨k i⟩)^2 ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n 1⟩ , (4.7)

where only gluons i, j, k have negative helicity. On shell, these are known to be correct for n = 4 and 5 [55], and they have the right factorization properties for n > 5 (assuming the vanishing of (G_{SD} )^3 amplitudes with 2 negative-helicity gluons). We continue the spinor inner products off shell in the by now familiar way [2]. The anti-holomorphic (G_{ASD})^3 interaction gives the G^3-anti-MHV vertices with n_+ = 3 and arbitrary n_− ≥ 0, which are the parity conjugates of eq. (4.7).

The construction of the amplitudes induced by tr G^3 closely parallels the Higgs case. To build the holomorphic MHV tower we use the G^3-MHV vertices (4.7), combined with standard tree-level MHV vertices. The anti-holomorphic tower is its parity conjugate, built from G^3-anti-MHV vertices combined with pure gauge theory anti-MHV vertices. Figure 8 depicts the two towers. In the overlap region (see figure 8) we add the two terms. In the G^3 case the overlap does not start until the 6-gluon amplitudes, (−−−+++), plus permutations.

Just as in the Higgs case, this construction has the correct general behavior under collinear and multi-particle factorization. Note that the G^3-MHV vertex (4.7), like the standard MHV vertex (1.1), has no −− → − or +− → + collinear singularity for n > 3. But it also is completely nonsingular in the collinear limit for n = 3, so all the collinear

– 20 – singularities are described by the QCD splitting amplitudes, as required [55]. Other than this consistency test, we have not carried out as extensive checks of the tr G^3 model as we did for the Higgs case, mainly because only a limited number of amplitudes has been computed previously. However, we have tested that the off-shell continuation of the 3- point version of eq. (4.7), namely ⟨1 2⟩ ⟨2 3⟩ ⟨3 1⟩, combined with the usual pure-gauge MHV (−−+) vertex, successfully reproduces the (−−−−) amplitude given in eq. (4.2).

We can think of the effective interaction (4.1) as being generated by integrating out a massive fermion or scalar loop in a non-supersymmetric theory. However, it is still possible to embed the holomorphic plus anti-holomorphic decomposition (4.6) into an N = 1 supersymmetric interaction,

L^{int} = 1 Λ^2 ∫ d^2θ tr[(D^β W^α) W_β W_α] + h.c. (4.8)

The holomorphic part becomes a superpotential, exactly as in the Higgs model. Hence we again have a supersymmetric completion of an effective interaction, which is an F -term.^2 However, in this case we have not been able to use supersymmetric Ward identities to show vanishings of tree-level amplitudes with less than 2 negative (or less than 2 positive) helicities. In fact, we know that such amplitudes, e.g. eqs. (4.2) and (4.3), do not vanish. The reason why supersymmetric Ward identities cannot be used in this model is that the supersymmetry of the theory is spontaneously broken in the presence of the interactions (4.8). There is a term D^3/Λ^2 in eq. (4.8) which, combined with the D^2 term from the SYM lagrangian, leads the auxiliary D field to develop a non-vanishing vacuum expectation value, ⟨D⟩ ∝ Λ^2. Thus the supercharges do not annihilate the vacuum.

5. Conclusions and outlook

In this paper we have constructed and tested a novel set of MHV rules for calculating scattering amplitudes of the massive Higgs boson plus an arbitrary number of gluons. The model which we use to calculate these amplitudes is the tree-level pure gauge theory plus an effective interaction HG_{μν} G^{μν} . This effective interaction is generated in the heavy top quark limit from the non-supersymmetric Standard Model by integrating out the heavy top-quark loop. To be able to apply MHV rules, we split the interaction into selfdual and anti-selfdual pieces. The MHV rules lead to compact formulae for the Higgs plus multiparton amplitudes induced at leading order in QCD in the large m_t limit. We presented explicit formulae for the ϕ-plus-n-gluon amplitudes containing up to four negative-helicity gluons, and an arbitrary number of positive-helicity gluons.

This structure may also be useful for going to the next order in QCD — one-loop amplitudes for the Higgs boson plus many partons (or two loops if we count the top-quark loop). At present, such amplitudes are known for up to three partons, namely the processes Hggg and Hgqq̄ [56], but the four-parton cases are required for the NLO weak-boson-fusion background computation mentioned in the introduction. One can split the computation

2Because the interaction is an F -term, it should not be generated perturbatively in a supersymmetric theory. This is why we took the microscopic theory, with a heavy fermion or scalar in the loop, to be nonsupersymmetric.

– 21 – into ϕ and ϕ^† terms. Some of the helicity amplitudes should then become quite simple — namely, those for which the corresponding tree amplitudes vanish, A_n(ϕ, 1^±, 2^+, . . . , n^+). These amplitudes must be rational functions, free of all cuts, by the same argument as in the pure-gauge-theory case [25, 26]. It may well be possible to determine them for all n in a similar fashion, by using recursive or collinear-based arguments.

Apart from being interesting on its own right, as discussed in the introduction, we believe that this model gives important insights into the structure of the MHV rules in generic nonsupersymmetric theories at the loop level. In fact, the two examples of effective theories we have considered suggest a useful generalization.

Consider certain classes of loop diagrams in non-supersymmetric gauge theories, such that loops can be integrated out and represented by higher-dimensional operators in the effective action. The key idea for constructing MHV rules for this effective action, is to split the higher-dimensional operators into holomorphic and anti-holomorphic terms, such that the holomorphic terms can be embedded into a superpotential of a supersymmetric theory. In other words, the holomorphic interactions will involve only chiral superfields W_α and Φ (if matter is present). In components, this means separating selfdual and anti-selfdual components of the field strength. Then we build the MHV tower by combining new MHV vertices from the holomorphic superpotential with the standard tree-level MHV vertices; the anti-MHV tower is built by combining anti-MHV vertices from the anti-holomorphic interactions with the standard anti-MHV vertices.

The MHV-rules construction described in this paper was designed to address effective interactions at tree level. From the perspective of the microscopic theory, our approach enables us to address only massive loops in a non-supersymmetric theory. One of the main points we want to make is that these MHV rules amount to more than adding a new class of vertices to the tree-level rules of ref. [2], in particular, the two towers of MHV and anti-MHV diagrams are crucial for the construction to work. In the soft-Higgs limit, k_H → 0, each tower becomes proportional to the pure-gauge-theory tower, but the constant of proportionality depends on the helicity content of the amplitude. We expect that our findings will be useful in constructing MHV rules also for massless loops in nonsupersymmetric theories.

Acknowledgments

We thank the authors of ref. [37] for providing us with a numerical program computing the amplitudes in their paper. E.W.N.G. and V.V.K. acknowledge PPARC Senior Fellowships.

A. Conventions

A.1 Color The tree-level Higgs-plus-gluons amplitudes can be decomposed into color-ordered partial amplitudes [35, 37] as A_n(H, {k_i, λ_i, a_i}) = iCg^{n−2} ∑ σ∈S_n/Z_n Tr(T^{aσ(1)} · · · T^{aσ(n)} ) A_n(H, σ(1^{λ1} , . . . , n^{λn} )) . (A.1)

– 22 –

Here S_n/Z_n is the group of non-cyclic permutations on n symbols, and j^{λj} labels the momentum k_j and helicity λ_j of the j^{th} gluon, which carries the adjoint representation index a_i. The T^{ai} are fundamental representation SU(N_c) color matrices, normalized so that Tr(T^aT^b) = δ^{ab}. The strong coupling constant is α_s = g^2/(4π).

Color-ordering means that, in a computation based on Feynman diagrams, the partial amplitude A_n(H, 1^{λ1} , 2^{λ2} , . . . , n^{λn} ) would receive contributions only from planar tree diagrams with a specific cyclic ordering of the external gluons: 1, 2, . . . , n. Because the Higgs boson is uncolored, there is no color restriction on how it is emitted. The partial amplitude A_n is invariant under cyclic permutations of its gluonic arguments. It also obeys a reflection identity, A_n(H, n, n − 1, . . . , 2, 1) = (−1)^nA_n(H, 1, 2, . . . , n − 1, n) , (A.2) and a dual Ward identity, A_n(H, 1, 2, 3, . . . , n) + A_n(H, 2, 1, 3, . . . , n) + · · · + A_n(H, 2, 3, . . . , n − 1, 1, n) = 0 . (A.3) These properties mimic those of the corresponding pure-gluon amplitudes where the Higgs is omitted.

A.2 Spinors, helicity and selfduality

We work in Minkowski space with the metric η^{μν} and use the sigma matrices from Wess and Bagger [57], σ^μ_{αα̇} = (−1, τ^1, τ^2, τ^3), and (σ̄^μ)^{α̇α} = (−1, −τ^1, −τ^2, −τ^3), where τ^{1,2,3} are the Pauli matrices.

In the spinor helicity formalism [4] an on-shell momentum of a massless particle, k_μk^μ = 0, is represented as k_{αα̇} ≡ k_μσ^μ_{αα̇} = λ_αλ̃_{α̇} , (A.4)

where λ_α and λ̃_{α̇} are two commuting spinors of positive and negative chirality. Spinor inner products are defined by^3

⟨λ, λ^′⟩ = ϵ_{αβ} λ^αλ^{′β} , [λ̃, λ̃^′] = −ϵ_{α̇β̇}λ̃^{α̇}λ̃^{′β̇} , (A.5)

and a scalar product of two null vectors, k_{αα̇} = λ_αλ̃_{α̇} and p_{αα̇} = λ^′_αλ̃^′_{α̇}, becomes

k_μp^μ = − 1 2 ⟨λ, λ^′⟩[λ̃, λ̃^′] . (A.6) We use the shorthand ⟨i j⟩ and [i j] for the inner products of the spinors corresponding to momenta k_i and k_j, ⟨i j⟩ = ⟨λ_i, λ_j ⟩ , [i j] = [λ̃_i, λ̃_j ]. (A.7)

For gluon polarization vectors we use ε^±_μ (k, ξ) = ± ⟨ξ^∓|γ_μ|k^∓⟩ √ 2⟨ξ^∓|k^±⟩ , (A.8)

3Our conventions for spinor helicities follow refs. [1, 2], except that [ij] = −[ij]CSW as in ref. [58].

– 23 – where k is the gluon momentum and ξ is the reference momentum, an arbitrary null vector which can be represented as the product of two reference spinors, ξ_{αα̇} = ξ_αξ̃_{α̇}. We choose the reference momenta for all gluons to be the same, unless otherwise specified. In terms of helicity spinors, ε_{αα̇} = ε^μ(γ_μ)_{αα̇}, eq. (A.8) takes the form [1],

ε^+_{αα̇} = √ 2 ξ_αλ̃_{α̇} ⟨ξ λ⟩ , (A.9)

ε^−_{αα̇} = √ 2 λ_αξ̃_{α̇} [λ̃ ξ̃] . (A.10)

To simplify the notation, we will drop the tilde-sign over the dotted reference spinor, so that ξ_{αα̇} = ξ_αξ_{α̇}.

It follows from eq. (A.8), or eqs. (A.9) and (A.10), that

ε^+_i · ε^+_j = 0, ε^−_i · ε^−_j = 0 . (A.11)

We define the dual field strength in Minkowski space via ∗G^{μν} = i 2 ϵ^{μνρσ}G_{ρσ} , (A.12) and ϵ^{0123} = 1 = −ϵ_{0123}. The selfdual (SD) part of the field strength is selected via (σ^{μν} )^β_α G_{μν} , where σ^{μν} = 1 4 (σ^μσ̄^ν − σ^νσ̄^μ) , σ^{μν} = i 2 ϵ^{μνρσ} σ_{ρσ} . (A.13) Similarly, the combination (σ̄^{μν} )^{α̇}_{β̇}G_{μν} gives rise to the anti-selfdual (ASD) part of the field strength. Here σ̄^{μν} = 1 4 (σ̄^μσ^ν − σ̄^ν σ^μ) , σ̄^{μν} = − i 2 ϵ^{μνρσ}σ̄_{ρσ} . (A.14) In general, G^{μν} can be written as a selfdual plus an anti-selfdual contribution,

G^{μν} = (σ^{μν} )^β_α g^α_β + (σ̄^{μν} )^{α̇}_{β̇} g̃^{β̇}_{α̇} . (A.15)

It is convenient to re-express the field strength in terms of spinor indices as G_{αα̇ββ̇} = σ^μ_{αα̇}σ^ν_{ββ̇}G_{μν} . Then the decomposition above reads as follows,^4

G_{αα̇ββ̇} = ϵ_{α̇β̇} (g_{αβ} + g_{βα}) − ϵ_{αβ} (g̃_{α̇β̇} + g̃_{β̇α̇}) . (A.16)

From this one concludes that ϵ_{α̇β̇} multiplies the SD-component of the field strength, and ϵ_{αβ} multiplies the ASD-component. It then follows, as in ref. [1], that the ASD field strength corresponds to positive-helicity gluons g^+ and the SD component gives negative-helicity gluons g^−. To verify this, note that the linearized field strength G_{αα̇ββ̇} = −i(k_{αα̇}ε_{ββ̇} − k_{ββ̇}ε_{αα̇}) , (A.17) 4In deriving eq. (A.16) we have used the σ-matrix identities, σ^μ_{αα̇}σ^ν_{ββ̇}(σ^{μν} )^δ_γ = ϵ˙_{βα̇}(ϵγα δ^δ_β + ϵ_{γβ} δ^δ_α), and σ^μ_{αα̇}σ^ν_{ββ̇}(σ̄^{μν} )^{γ̇}_{δ̇} = ϵ_{βα}(ϵ˙_β˙_δ δ^{γ̇}_{α̇} + ϵ_{α̇}˙_δ δ^{γ̇}_{β̇} ).

– 24 – evaluated for the positive polarization vector from eq. (A.9), becomes proportional to λ̃_{α̇}λ̃_{β̇}(λ_αξ_β − λ_βξ_α). Thus it contains only the ϵ_{αβ} (ASD) term. Similarly, inserting the negative polarization vector (A.10) into eq. (A.17) leads to a result containing only the ϵ_{α̇β̇} (SD) term.

In a supersymmetric theory, the SD field strength σ^{μν} G_{μν} enters the chiral superfield W_α, and the ASD combination, σ̄^{μν} G_{μν} , enters the anti-chiral superfield W^{α̇} [57]. Since the SD field strength corresponds to a negative-helicity gluon, we will associate all component fields of chiral superfields with negative helicity particles, and those of anti-chiral superfields with positive ones. Hence we have

W_α = {g^−, λ^−} , Φ = {ϕ, ψ^−} , (A.18) W^{α̇} = {g^+, λ^+} , Φ^† = {ϕ^†, ψ^+} , (A.19)

where g^± correspond to gluons with helicities h = ±1; λ^± are gluinos with h = ±1/2; ϕ and ϕ^† are complex scalar fields; and ψ^± are their fermionic superpartners. If the mass m_H of the chiral superfield vanishes, then ψ^± are h = ±1/2 helicity eigenstates. For nonzero m_H they are chirality, but not helicity, eigenstates.

B. Vanishing of A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+)

In this appendix, we demonstrate that for the coupling of ϕ, there is nothing ‘more MHV’ than the MHV amplitudes. That is, we show that A_n(ϕ, g^±_1 , g^+_2 , g^+_3 , . . . , g^+_n ) = 0. We can do this in two ways, using supersymmetric Ward identities and also more directly, via the Berends-Giele recursion relations and off-shell currents [50]. We also compute the non-vanishing amplitudes A_n(ϕ^†, 1^+, 2^+, 3^+, . . . , n^+) recursively.

B.1 Supersymmetry argument

Since the HGG interaction has a supersymmetric completion (2.5), we can use supersymmetric Ward identities [49] to demonstrate vanishings of certain tree amplitudes. Before proceeding, we write down the full supersymmetric lagrangian, L = ∫ d^4θ Φ^†Φ + ∫ d^2θ [ m_H 2 Φ^2 + 1 4 (1 − 4CΦ) tr W^αW_α ] + + ∫ d^2θ̄ [ m_H 2 Φ^{†2} + 1 4 (1 − 4CΦ^†) tr W_{α̇}W^{α̇} ] (B.1) = F^†F − ∂_μϕ^†∂^μϕ − iψ̄/∂ψ + 1 2 tr D^2 − 1 4 tr G_{μν} G^{μν} − iλ̄ /Dλ + + { m_H ( F ϕ − 1 2 ψ^2 ) − C [ −F tr λλ − 2 √ 2iψ^α tr ( λ_αD − (σ_{μν} )^β_α λ_β G^{μν}_{SD} ) + + ϕ tr ( −2iλ̄ /Dλ − G_{SD μν} G^{μν}_{SD} )] + h.c. } . (B.2)

Because the term linear in the auxiliary field D is also linear in the coefficient C, the Dterm ‘potential’ from integrating out D is quadratic in C and may be neglected. On the

– 25 – other hand, the F -term interaction has a linear term,

L_F = −|m_H ϕ − Cλλ|^2 = −m^2_H ϕ^†ϕ + Cm_H (ϕ^†λλ + ϕλ̄λ̄) + O(C^2). (B.3)

To derive the supersymmetry Ward identities we will use the supersymmetry transformations of the on-shell fields in the helicity basis, following ref. [58],

[Q(ξ) , λ^+(k)] = −θ⟨ξ k⟩ g^+(k) , [Q(ξ) , λ^−(k)] = +θ[ξ k] g^−(k) , (B.4) [Q(ξ) , g^−(k)] = +θ⟨ξ k⟩ λ^−(k) , [Q(ξ) , g^+(k)] = −θ[ξ k] λ^+(k) , (B.5) [Q(ξ) , ϕ^†(k)] = −θ⟨ξ k⟩ ψ^+(k) , [Q(ξ) , ϕ(k)] = +θ[ξ k] ψ^−(k) , (B.6) [Q(ξ) , ψ^−(k)] = +θ⟨ξ k⟩ ϕ(k) , [Q(ξ) , ψ^+(k)] = −θ[ξ k] ϕ^†(k) . (B.7)

Here the operator Q(ξ) is a Lorentz singlet entering a commutative (rather than anticommutative) algebra with all the fields. It is obtained from the standard spinor supercharge by contracting it with a commuting reference spinor ξ and multiplying it by a Grassmann number θ. This defines a commuting singlet operator Q(ξ). In what follows, the anticommuting parameter θ will cancel from the relevant expressions for the amplitudes. The reference spinors, ξ_α and ξ_{α̇}, are arbitrary spinors; they will be fixed below.

The supersymmetry relations involving ϕ and ψ, eqs. (B.6) and (B.7), have been written for the massless Higgs case, m_H = 0. In principle, one can extend these relations in such a way that they can also be applied in the case of a massive Higgs boson. However, it turns out that the resulting SWI are not as useful for m_H ≠ 0, so in the end we will only consider the massless Higgs case.

In order to prove that A_n(ϕ, g^±_1 , g^+_2 , g^+_3 , . . . , g^+_n ) = 0 we consider the following equation:

⟨ 0| [Q(ξ) , ϕ_k g^±_{k1} λ^+_{k2} g^+_{k3} . . . g^+_{kn} ] | 0 ⟩ = 0 . (B.8)

The right-hand side is zero because, in a theory with unbroken supersymmetry, the supercharge Q annihilates the vacuum.

First, we consider eq. (B.8) for the negative helicity choice g^−_{k1} . We find

0 = [ξ k]⟨0|ψ^−_k g^−_{k1} λ^+_{k2} g^+_{k3} . . . |0⟩ + ⟨ξ k_1⟩⟨0|ϕ_k λ^−_{k1} λ^+_{k2} g^+_{k3} . . . |0⟩ − −⟨ξ k_2⟩⟨0|ϕ_k g^−_{k1} g^+_{k2} g^+_{k3} . . . |0⟩ + [ξ k_3]⟨0|ϕ_k g^−_{k1} λ^+_{k2} λ^+_{k3} . . . |0⟩ + · · · . (B.9)

The third term on the right-hand side of eq. (B.9) is the amplitude we want to investigate. The remaining terms in eq. (B.9) contain one fermion-antifermion pair. We will now set the reference spinor ξ to be equal to k_1 in order to discard the second term in eq. (B.9). For m_H = 0, we can drop the λ-chirality-violating F -terms (B.3). Then chirality conservation implies that λ^+ can only be in the same amplitude with a λ^− (our conventions are that all particles are incoming), which kills the last set of terms. Furthermore, there are no Feynman diagrams which can connect the ψ^− fermion to the λ^+ fermion, because the ψσ_{μν} tr λ G^{μν}_{SD} interaction (plus hermitian conjugate) in eq. (B.2) is of the type,

L^{int} ∋ ψ^−λ^−g^− + ψ^+λ^+g^+ . (B.10)

Thus the first term also vanishes. Because all the fermion-containing terms in eq. (B.9) vanish, we conclude that the amplitude A_n(ϕ, g^−_1 , g^+_2 , g^+_3 , . . . , g^+_n ) = 0.

– 26 –

We can similarly demonstrate that A_n(ϕ, g^+_1 , g^+_2 , g^+_3 , . . . , g^+_n ) = 0 by starting with eq. (B.8) and the positive-helicity gluon g^+_{k1} .

At the same time, it is instructive to show that when ϕ is exchanged with ϕ^† the amplitudes with less than two negative-helicity gluons can be non-vanishing. Here we will concentrate on amplitudes with one negative-helicity gluon (amplitudes with no negativehelicity gluons are proportional to m^4_H and vanish in the massless limit we consider at present). We proceed by considering a Ward identity,

⟨ 0 | [Q , ϕ^†_k g^−_{k1} λ^+_{k2} g^+_{k3} . . . g^+_{kn} ] | 0 ⟩ = 0 . (B.11)

This gives us,

0 = −⟨ξ k⟩⟨0|ψ^+_k g^−_{k1} λ^+_{k2} g^+_{k3} . . . |0⟩ + ⟨ξ k_1⟩⟨0|ϕ^†_k λ^−_{k1} λ^+_{k2} g^+_{k3} . . . |0⟩ − −⟨ξ k_2⟩⟨0|ϕ^†_k g^−_{k1} g^+_{k2} g^+_{k3} . . . |0⟩ + [ξ k_3]⟨0|ϕ^†_k g^−_{k1} λ^+_{k2} λ^+_{k3} . . . |0⟩ + · · · . (B.12)

The third term on the right-hand side of eq. (B.12) is the amplitude we want to investigate. The main difference with eq. (B.9) is that now the first term on the right hand side of eq. (B.12) is non-vanishing, since the ψ^+λ^+g^+ interaction is allowed due to eq. (B.10). This implies that A_n(ϕ^†, g^+_1 , g^+_2 , g^+_3 , . . . , g^+_n ) ≠ 0.

In the next part of this appendix we recover these results without appealing to supersymmetric Ward identities or setting m_H = 0.

B.2 Direct demonstration We can also show that A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+) vanishes using the Berends-Giele recursion relations and off-shell currents [50]. (For a review, see ref. [58].)

The two-point vertex coupling ϕ to two (off-shell) gluons with outgoing momenta k_1 and k_2 and Lorentz indices μ_1 and μ_2 is

V^H_{μ1μ2} (k_1, k_2) = η_{μ1μ2} k_1 · k_2 − k_{1 μ2} k_{2 μ1} + iε_{μ1 μ2ν1ν2} k^{ν1}_1 k^{ν2}_2 . (B.13)

For ϕ^† the sign of the Levi-Civita term would be reversed.

First let us compute the simplest amplitudes A_2(ϕ, 1^±, 2^±) using this vertex. (The opposite-helicity cases vanish using angular-momentum conservation, A_2(ϕ, 1^±, 2^∓) = 0.) For gluon polarization vectors we use eq. (A.8). From identities (A.11) it follows that only the second and third terms in the vertex (B.13) contribute to A_2(ϕ, 1^±, 2^±). Consider the ratio of their contributions in the positive-helicity case,

R^{++} ≡ iε_{μ1 μ2ν1ν2} ε^{+,μ1} ε^{+,μ2} k^{ν1}_1 k^{ν2}_2 −ε^+_1 · k_2 ε^+_2 · k_1 = − 1 4 tr[γ_5 ε̸^+_1 ε̸^+_2 /k_1/k_2] ε^+_1 · k_2 ε^+_2 · k_1

(B.14)

= { tr [_1 2 (1 − γ_5)γ_{μ1} γ_{μ2} /k_1/k_2 ] − tr

[_1 2 (1 + γ_5)γ_{μ1} γ_{μ2} /k_1/k_2 ]} ⟨ξ^−|γ^{μ1} |k^−_1 ⟩⟨ξ^−|γ^{μ2} |k^−_2 ⟩ 4 ⟨ξ 2⟩ [2 1] ⟨ξ 1⟩ [1 2] . (B.15)

Fierzing the ⟨ξ^−|γ^{μi} |k^−_i ⟩ strings into the trace gives

R^{++} =

⟨ξ ξ⟩ [2 1] ⟨1 2⟩ [2 1] − [1 2] ⟨ξ 1⟩ [1 2] ⟨2 ξ⟩ ⟨ξ 2⟩ [2 1] ⟨ξ 1⟩ [1 2] = −1 . (B.16)

– 27 –

Repeating the analysis for two negative-helicity gluons yields the opposite sign, R^{−−} ≡ iε_{μ1 μ2ν1ν2} ε^{−,μ1} ε^{−,μ2} k^{ν1}_1 k^{ν2}_2

−ε^−_1 · k_2 ε^−_2 · k_1 = +1 . (B.17)

Thus the second and third terms cancel in the positive-helicity case, so A_2(ϕ, 1^+, 2^+) = 0; whereas they add in the negative-helicity case, for which one finds eq. (2.9).

To compute A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+) using the Berends-Giele off-shell currents, we merely join each gluon produced by the vertices from ϕ tr G^{SD μν} G^{μν}_{SD} to an off-shell current. The two currents we need are [50, 58]

J^{+,μ}_{1,n} ≡ J^μ(1^+, 2^+, . . . , n^+) = ⟨ξ^−|γ^μ P̸_{1,n}|ξ^+⟩ √ 2 ⟨ξ 1⟩ ⟨1 2⟩ · · · ⟨n − 1, n⟩ ⟨n ξ⟩ , (B.18)

where all reference momenta are taken to be equal to ξ, and

J^{−,μ}_{1,n} ≡ J^μ(1^−, 2^+, . . . , n^+) = ⟨1^−|γ^μ P̸_{1,n}|1^+⟩ √ 2 ⟨1 2⟩ · · · ⟨n 1⟩ n∑ m=3 ⟨1^−|/k_m P̸_{1,m}|1^+⟩ P^2_{1,m−1}P^2_{1,m}

, (B.19)

where the reference momentum choice is ξ_1 = k_2, ξ_2 = · · · = ξ_n = k_1. In these formulae, P̸_{p,q} = k_p + k_{p+1} + . . . + k_{q−1} + k_q.

Actually, the current (B.19) is not quite sufficient for the proof in the one-minus case. We really need the current where the negative-helicity gluon appears at an arbitrary position in the chain of positive-helicity gluons (all with the same reference momentum), J^μ(2^+, 3^+, . . . , 1^−, . . . , n^+). This current has been constructed by Mahlon [26]. The expression is rather complicated, so we do not present it here. It is sufficient for our purposes to note that it is also proportional to ⟨1^−|γ^μ P̸_{1,n}|1^+⟩.

For A_n(ϕ, 1^+, 2^+, 3^+, . . . , n^+), we take all reference momenta equal to ξ, a generic vector. For A_n(ϕ, 1^−, 2^+, 3^+, . . . , n^+), we take ξ_1 = k_2, ξ_2 = · · · = ξ_n = k_1 ≡ ξ. Then in both cases all the currents attaching to the Higgs vertex are proportional to ⟨ξ^−|γ^μ . . .. In terms of spinor notation, all currents are proportional to ξ_α. This property is all we need to demonstrate (again via Fierz identities) that

J^+ · J^+ = J^+ · J^− = 0 , (B.20) ε_{μ1μ2μ3μ4} J^{+,μ1} J^{+,μ2} J^{±,μ3} = 0 . (B.21)

These relations in turn suffice to show that the Feynman vertices coupling ϕ to 3 or 4 gluons, ϕggg and ϕgggg, do not contribute to A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+). Terms in these vertices without a Levi-Civita tensor always attach a Minkowski metric η_{μ1μ2} to two currents; their contribution vanishes according to eq. (B.20). (The same is true of the first term in the ϕgg vertex (B.13).) Terms containing the Levi-Civita tensor ε_{μ1 μ2μ3μ4} attach it directly to at least three currents; their contribution vanishes according to eq. (B.21). This leaves just the contributions of the second and third terms in the ϕgg vertex (B.13). They cancel against each other, just as in the case of A_2(ϕ, 1^+, 2^+) above. Suppose that gluons p + 1 through m (cyclicly) attach to one leg of the ϕgg vertex, and gluons m + 1 through p

– 28 –

(cyclicly) attach to the other leg. Then the ratio analogous to eq. (B.14) is R^{∗,±+}_{p,m} ≡ iε_{μ1 μ2ν1ν2} ⟨ξ^−|γ^{μ1} P̸_{p+1,m}|ξ^+⟩⟨ξ^−|γ^{μ2} P̸_{m+1,p}|ξ^+⟩k^{ν1}_1 k^{ν2}_2 −⟨ξ^−| P̸_{m+1,p} P̸_{p+1,m}|ξ^+⟩⟨ξ^−| P̸_{p+1,m} P̸_{m+1,p}|ξ^+⟩ (B.22)

= −1 , (B.23) using the same Fierz identities as before. This completes the recursive proof that A_n(ϕ, 1^±, 2^+, 3^+, . . . , n^+) = 0 . (B.24) B.3 Recursive construction of A_n(ϕ^†, 1^+, 2^+, . . . , n^+) Using the same all-plus current (B.18), but flipping the sign of the Levi-Civita term in the Higgs vertex (B.13), we can give a recursive construction of the non-vanishing all-plus amplitudes A_n(ϕ^†, 1^+, 2^+, . . . , n^+). Note that from the point of view of MHV rules, these amplitudes are ‘maximally googly’.

The only difference from the above analysis of A_n(ϕ, 1^+, 2^+, 3^+, . . . , n^+) is that now the ratio R^{∗,++}_{p,m} in eq. (B.23) becomes equal to +1, so the terms coming from the second and third terms in the vertex (B.13) add instead of cancelling. Restoring the overall factors, A^{†+···+} n ≡ A_n(ϕ^†, 1^+, 2^+, . . . , n^+) = − 1 ρ ∑ 1≤m<p≤n ⟨m, m + 1⟩ ⟨m ξ⟩ ⟨ξ, m + 1⟩ ⟨p, p + 1⟩ ⟨p ξ⟩ ⟨ξ, p + 1⟩ × ×⟨ξ^−| P̸_{p+1,m} P̸_{m+1,p}|ξ^+⟩^2 , (B.25) where ρ = ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n 1⟩. We can replace P̸_{p+1,m} by P̸_{1,n}, and then expand out P̸_{m+1,p} to get, A^{†+···+} n = − 1 ρ ∑ 1≤m<(k,l)≤p≤n ⟨m, m + 1⟩ ⟨m ξ⟩ ⟨ξ, m + 1⟩ ⟨p, p + 1⟩ ⟨p ξ⟩ ⟨ξ, p + 1⟩ ⟨ξ^−| P̸_{1,n}/k|ξ^+⟩⟨ξ^−| P̸_{1,n}/l|ξ^+⟩ . (B.26) We use the k ↔ l symmetry to write the sum over k and l as twice the sum over m < k < l ≤ p, plus the (diagonal) sum over m < k = l ≤ p. We then apply the eikonal identity, k−1∑ m=j ⟨m, m + 1⟩ ⟨m ξ⟩ ⟨ξ, m + 1⟩ = ⟨j k⟩ ⟨j ξ⟩ ⟨ξ k⟩ , (B.27)

in order to carry out the sums over m and p. After rearranging some of the spinor products, we have A^{†+···+} n = 1 ρ⟨ξ 1⟩^2 { 2 ∑ 1≤k<l≤n ⟨ξ^−| P̸_{1,n}/k|1^+⟩⟨ξ^−| P̸_{1,n}/l|1^+⟩ + ∑ 1≤k≤n ⟨ξ^−| P̸_{1,n}/k|1^+⟩^2 }

= 1 ρ⟨ξ 1⟩^2 ⟨ξ^−| P̸_{1,n} P̸_{1,n}|1^+⟩^2 = P^2_{1,n} ρ = m^4_H ⟨1 2⟩ ⟨2 3⟩ · · · ⟨n 1⟩ , (B.28)

as desired. Since the corresponding ϕ amplitude vanishes, eq. (B.28) is also the result for the all-plus Higgs amplitude, eq. (1.2).

– 29 –

References

[1] E. Witten, Perturbative gauge theory as a string theory in twistor space, Commun. Math.

Phys. 252 (2004) 189 [hep-th/0312171].

[2] F. Cachazo, P. Svrček and E. Witten, MHV vertices and tree amplitudes in gauge theory, J.

High Energy Phys. 09 (2004) 006 [hep-th/0403047].

[3] S.J. Parke and T.R. Taylor, An amplitude for n gluon scattering, Phys. Rev. Lett. 56 (1986) 2459.

[4] F.A. Berends, R. Kleiss, P. De Causmaecker, R. Gastmans and T.T. Wu, Single Bremsstrahlung processes in gauge theories, Phys. Lett. B 103 (1981) 124; P. De Causmaecker, R. Gastmans, W. Troost and T.T. Wu, Multiple Bremsstrahlung in gauge theories at high-energies, 1. General formalism for quantum electrodynamics, Nucl. Phys. B 206 (1982) 53;

Z. Xu, D.-H. Zhang, L. Chang, Helicity amplitudes for multiple Bremsstrahlung in massless nonabelian gauge theory, 1. New definition of polarization vector and formulation of amplitudes in Grassman algebra, Tsinghua University preprint TUTP–84/3 (1984), unpublished;

R. Kleiss and W.J. Stirling, Spinor techniques for calculating pp̄ → W^±Z^0+ jets, Nucl. Phys. B 262 (1985) 235;

J.F. Gunion and Z. Kunszt, Improved analytic techniques for tree graph calculations and the ggqq̄ℓℓ̄ subprocess, Phys. Lett. B 161 (1985) 333;

Z. Xu, D.-H. Zhang and L. Chang, Helicity amplitudes for multiple Bremsstrahlung in massless nonabelian gauge theories, Nucl. Phys. B 291 (1987) 392;

M.L. Mangano and S.J. Parke, Multiparton amplitudes in gauge theories, Phys. Rept. 200 (1991) 301.

[5] G. Georgiou and V.V. Khoze, Tree amplitudes in gauge theory as scalar MHV diagrams, J.

High Energy Phys. 05 (2004) 070 [hep-th/0404072].

[6] D.A. Kosower, Next-to-maximal helicity violating amplitudes in gauge theory,

hep-th/0406175.

[7] I. Bena, Z. Bern and D.A. Kosower, Twistor-space recursive formulation of gauge theory amplitudes, hep-th/0406133.

[8] G. Georgiou, E.W.N. Glover and V.V. Khoze, Non-MHV tree amplitudes in gauge theory, J.

High Energy Phys. 07 (2004) 048 [hep-th/0407027].

[9] V.V. Khoze, Gauge theory amplitudes, scalar graphs and twistor space, hep-th/0408233.

[10] N. Berkovits and E. Witten, Conformal supergravity in twistor-string theory, J. High Energy Phys. 08 (2004) 009 [hep-th/0406051].

[11] A. Brandhuber, B. Spence and G. Travaglini, One-loop gauge theory amplitudes in N = 4 super Yang-Mills from MHV vertices, hep-th/0407214.

[12] Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One loop n-point gauge theory amplitudes, unitarity and collinear limits, Nucl. Phys. B 425 (1994) 217 [hep-ph/9403226].

[13] C. Quigley and M. Rozali, One-loop MHV amplitudes in supersymmetric gauge theories,

hep-th/0410278.

– 30 –

[14] J. Bedford, A. Brandhuber, B. Spence and G. Travaglini, A twistor approach to one-loop amplitudes in N = 1 supersymmetric Yang-Mills theory, hep-th/0410280.

[15] F. Cachazo, P. Svrček and E. Witten, Twistor space structure of one-loop amplitudes in gauge theory, J. High Energy Phys. 10 (2004) 074 [hep-th/0406177].

[16] F. Cachazo, P. Svrček and E. Witten, Gauge theory amplitudes in twistor space and holomorphic anomaly, J. High Energy Phys. 10 (2004) 077 [hep-th/0409245].

[17] I. Bena, Z. Bern, D.A. Kosower and R. Roiban, Loops in twistor space, hep-th/0410054.

[18] F. Cachazo, Holomorphic anomaly of unitarity cuts and one-loop gauge theory amplitudes,

hep-th/0410077.

[19] R. Britto, F. Cachazo and B. Feng, Computing one-loop amplitudes from the holomorphic anomaly of unitarity cuts, hep-th/0410179.

[20] Z. Bern, V. Del Duca, L.J. Dixon and D.A. Kosower, All non-maximally-helicity-violating one-loop seven-gluon amplitudes in N = 4 super–Yang-Mills theory, hep-th/0410224.

[21] S.J. Bidder, N.E.J. Bjerrum-Bohr, L.J. Dixon and D.C. Dunbar, N = 1 supersymmetric one-loop amplitudes and the holomorphic anomaly of unitarity cuts, hep-th/0410296.

[22] Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, Fusing gauge theory tree amplitudes into loop amplitudes, Nucl. Phys. B 435 (1995) 59 [hep-ph/9409265].

[23] Z. Bern and D.A. Kosower, The computation of loop amplitudes in gauge theories, Nucl.

Phys. B 379 (1992) 451.

[24] Z. Bern, L.J. Dixon and D.A. Kosower, The five gluon amplitude and one loop integrals,

hep-ph/9212237; One loop corrections to five gluon amplitudes, Phys. Rev. Lett. 70 (1993)

2677 [hep-ph/9302280].

[25] Z. Bern, L.J. Dixon and D.A. Kosower, New QCD results from string theory,

hep-th/9311026;

Z. Bern, G. Chalmers, L.J. Dixon and D.A. Kosower, One loop n-gluon amplitudes with maximal helicity violation via collinear limits, Phys. Rev. Lett. 72 (1994) 2134 [hep-ph/9312333].

[26] G. Mahlon, Multi-gluon helicity amplitudes involving a quark loop, Phys. Rev. D 49 (1994) 4438 [hep-ph/9312276].

[27] Z. Bern, L.J. Dixon and D.A. Kosower, Progress in one-loop QCD computations, Ann. Rev.

Nucl. Part. Sci. 46 (1996) 109 [hep-ph/9602280].

[28] Z. Bern, L.J. Dixon, D.C. Dunbar and D.A. Kosower, One-loop self-dual and N = 4 super Yang-Mills, Phys. Lett. B 394 (1997) 105 [hep-th/9611127].

[29] S. Giombi, R. Ricci, D. Robles-Llana and D. Trancanelli, A note on twistor gravity amplitudes, J. High Energy Phys. 07 (2004) 059 [hep-th/0405086].

[30] H. Kawai, D.C. Lewellen and S.H.H. Tye, A relation between tree amplitudes of closed and open strings, Nucl. Phys. B 269 (1986) 1.

[31] P.B. Renton, Electroweak fits and constraints on the Higgs mass, hep-ph/0410177.

– 31 –

[32] A. Djouadi, M. Spira and P.M. Zerwas, Production of Higgs bosons in proton colliders: QCD corrections, Phys. Lett. B 264 (1991) 440;

S. Dawson, Radiative corrections to Higgs boson production, Nucl. Phys. B 359 (1991) 283; D. Graudenz, M. Spira and P.M. Zerwas, QCD corrections to Higgs boson production at proton-proton colliders, Phys. Rev. Lett. 70 (1993) 1372;

M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC, Nucl. Phys. B 453 (1995) 17 [hep-ph/9504378].

[33] F. Wilczek, Decays of heavy vector mesons into Higgs particles, Phys. Rev. Lett. 39 (1977) 1304.

[34] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Remarks on Higgs-boson interactions with nucleons, Phys. Lett. B 78 (1978) 443.

[35] S. Dawson and R.P. Kauffman, Higgs boson plus multi-jet rates at the SSC, Phys. Rev. Lett.

68 (1992) 2273.

[36] R.P. Kauffman, S.V. Desai and D. Risal, Production of a Higgs boson plus two jets in hadronic collisions, Phys. Rev. D 55 (1997) 4005 [hep-ph/9610541], erratum ibid. D 58 (1998) 119901.

[37] V. Del Duca, A. Frizzo and F. Maltoni, Higgs boson production in association with three jets, J. High Energy Phys. 05 (2004) 064 [hep-ph/0404013].

[38] F. Caravaglios and M. Moretti, An algorithm to compute Born scattering amplitudes without Feynman graphs, Phys. Lett. B 358 (1995) 332 [hep-ph/9507237];

M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, ALPGEN, a generator for hard multiparton processes in hadronic collisions, J. High Energy Phys. 07 (2003) 001 [hep-ph/0206293].

[39] T. Stelzer and W.F. Long, Automatic generation of tree level helicity amplitudes, Comput.

Phys. Commun. 81 (1994) 357 [hep-ph/9401258];

F. Maltoni and T. Stelzer, MadEvent: automatic event generation with MadGraph, J. High Energy Phys. 02 (2003) 027 [hep-ph/0208156].

[40] S.D. Badger, E.W.N. Glover and V.V. Khoze, in preparation.

[41] J.R. Ellis, M.K. Gaillard and D.V. Nanopoulos, A phenomenological profile of the Higgs boson, Nucl. Phys. B 106 (1976) 292;

M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Low-energy theorems for Higgs boson couplings to photons, Sov. J. Nucl. Phys. 30 (1979) 711.

[42] S. Abdullin, M. Dubinin, V. Ilyin, D. Kovalenko, V. Savrin and N. Stepanov, Higgs boson discovery potential of LHC in the channel pp → γγ+ jet, Phys. Lett. B 431 (1998) 410 [hep-ph/9805341];

D. de Florian and Z. Kunszt, Two photons plus jet at LHC: the NNLO contribution from the gg-initiated process, Phys. Lett. B 460 (1999) 184 [hep-ph/9905283]; C. Balazs, P. Nadolsky, C. Schmidt and C.P. Yuan, Diphoton background to Higgs boson production at the LHC with soft gluon effects, Phys. Lett. B 489 (2000) 157 [hep-ph/9905551].

[43] V. Del Duca, W. Kilgore, C. Oleari, C. Schmidt and D. Zeppenfeld, H + 2 jets via gluon fusion, Phys. Rev. Lett. 87 (2001) 122001 [hep-ph/0105129]; Kinematical limits on Higgs boson production via gluon fusion in association with jets, Phys. Rev. D 67 (2003) 073003 [hep-ph/0301013].

– 32 –

[44] V. Del Duca, W. Kilgore, C. Oleari, C. Schmidt and D. Zeppenfeld, Gluon-fusion contributions to H + 2 jet production, Nucl. Phys. B 616 (2001) 367 [hep-ph/0108030].

[45] D.L. Rainwater and D. Zeppenfeld, Searching for H → γγ in weak boson fusion at the LHC, J. High Energy Phys. 12 (1997) 005 [hep-ph/9712271];

D.L. Rainwater, D. Zeppenfeld and K. Hagiwara, Searching for H → ττ in weak boson fusion at the LHC, Phys. Rev. D 59 (1999) 014037 [hep-ph/9808468];

D.L. Rainwater and D. Zeppenfeld, Observing H → W^{(∗)}W^{(∗)} → e^±μ^∓/p_T in weak boson fusion with dual forward jet tagging at the CERN LHC, Phys. Rev. D 60 (1999) 113004 [hep-ph/9906218], erratum ibid. D 61 (2000) 099901;

N. Kauer, T. Plehn, D.L. Rainwater and D. Zeppenfeld, H → W W as the discovery mode for a light Higgs boson, Phys. Lett. B 503 (2001) 113 [hep-ph/0012351].

[46] T. Figy, C. Oleari and D. Zeppenfeld, Next-to-leading order jet distributions for Higgs boson production via weak-boson fusion, Phys. Rev. D 68 (2003) 073005 [hep-ph/0306109]; T. Figy and D. Zeppenfeld, QCD corrections to jet correlations in weak boson fusion, Phys. Lett. B 591 (2004) 297 [hep-ph/0403297].

[47] E.L. Berger and J. Campbell, Higgs boson production in weak boson fusion at next-to-leading order, Phys. Rev. D 70 (2004) 073011 [hep-ph/0403194].

[48] K. Odagiri, On azimuthal spin correlations in Higgs plus jet events at LHC, J. High Energy Phys. 03 (2003) 009 [hep-ph/0212215];

A.B. Kaidalov, V.A. Khoze, A.D. Martin and M.G. Ryskin, Extending the study of the Higgs sector at the LHC by proton tagging, Eur. Phys. J. C 33 (2004) 261 [hep-ph/0311023].

[49] M.T. Grisaru, H.N. Pendleton and P. van Nieuwenhuizen, Supergravity and the S matrix, Phys. Rev. D 15 (1977) 996;

M.T. Grisaru and H.N. Pendleton, Some properties of scattering amplitudes in supersymmetric theories, Nucl. Phys. B 124 (1977) 81;

S.J. Parke and T.R. Taylor, Perturbative QCD utilizing extended supersymmetry, Phys. Lett. B 157 (1985) 81, erratum ibid. B 174 (1985) 465.

[50] F.A. Berends and W.T. Giele, Recursive calculations for processes with n gluons, Nucl. Phys.

B 306 (1988) 759.

[51] D.A. Kosower, Light cone recurrence relations for QCD amplitudes, Nucl. Phys. B 335 (1990) 23.

[52] C.-J. Zhu, The googly amplitudes in gauge theory, J. High Energy Phys. 04 (2004) 032 [hep-th/0403115].

[53] E.H. Simmons, Dimension-six gluon operators as probes of new physics, Phys. Lett. B 226 (1989) 132.

[54] E.H. Simmons, Higher dimension gluon operators and hadronic scattering, Phys. Lett. B 246 (1990) 471;

P.L. Cho and E.H. Simmons, Looking for gluon substructure at the Tevatron, Phys. Lett. B 323 (1994) 401 [hep-ph/9307345];

P.L. Cho and E.H. Simmons, Searching for G^3 in tt̄ production, Phys. Rev. D 51 (1995) 2360 [hep-ph/9408206];

A. Duff and D. Zeppenfeld, Probing QCD via four jet decays of the Z boson, Z. Physik C 53 (1992) 529;

H.K. Dreiner, A. Duff and D. Zeppenfeld, How well do we know the three gluon vertex?, Phys. Lett. B 282 (1992) 441.

– 33 –

[55] L.J. Dixon and Y. Shadmi, Testing gluon self-interactions in three-jet events at hadron colliders, Nucl. Phys. B 423 (1994) 3 [hep-ph/9312363], erratum ibid. B 452 (1995) 724.

[56] C.R. Schmidt, H → ggg(gqq̄) at two loops in the large-M_t limit, Phys. Lett. B 413 (1997) 391 [hep-ph/9707448].

[57] J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press, Princeton 1992.

[58] L.J. Dixon, Calculating scattering amplitudes efficiently, hep-ph/9601359.

– 34 –