Published by Institute of Physics Publishing for SISSA Received: April 28, 2005 Accepted: May 27, 2005 Published: July 12, 2005

Recursion relations for gauge theory amplitudes with massive particles

Simon D. Badger, E.W. Nigel Glover and Valentin V. Khoze

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

E-mail: s.d.badger@durham.ac.uk, e.w.n.glover@durham.ac.uk,

valya.khoze@durham.ac.uk

Peter Svrček^∗

Institute for Advanced Study Princeton, NJ 08540, U.S.A. E-mail: psvrcek@princeton.edu

Abstract: We derive general tree-level recursion relations for amplitudes which include massive propagating particles. As an illustration, we apply these recursion relations to scattering amplitudes of gluons coupled to massive scalars. We provide new results for all amplitudes with a pair of scalars and n ≤ 4 gluons. These amplitudes can be used as building blocks in the computation of one-loop 6-gluon amplitudes using unitarity based methods.

Keywords: Duality in Gauge Field Theories, Supersymmetry and Duality, NLO Computations, QCD.

∗ On Leave from Princeton University.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep072005025 /jhep072005025 .pdf

Contents

1. Introduction 1

2. Recursion relations with massive particles 4 2.1 Derivation of the recursion relations 5 2.2 Recursion relations: summary 8

3. Amplitudes with gluons and massive scalars 9 3.1 Primitive vertices 9 3.2 4-point amplitudes 11 3.3 5-point amplitudes 13 3.4 6-point amplitudes 13

4. Vanishing of A(z) at infinity 15 4.1 The (+, −) case 16 4.2 The (+, +) and (−, −) cases 17

5. Summary 19

1. Introduction

The twistor string description of N = 4 Yang-Mills proposed by Witten [1] has been an inspiration for much of the recent progress in detailed calculations of multi-particle amplitudes in gauge theory. New ideas have led to the development of powerful new formalisms for these calculations, most notably the MHV rules of ref. [2], the Britto- Cachazo-Feng (BCF) recursion relations of refs. [3, 4], and the generalized unitarity cuts in the complexified Minkowski space of ref. [5]. Applications of these new formalisms together with the classic unitarity based approach of refs. [6, 7] have led to a dramatic progress in calculations of amplitudes.

At tree level, new and compact results for scattering amplitudes were derived using the MHV rules [2, 8 – 18], and the recursion relations [3, 4, 19 – 23]. External massive particles, such as Higgs bosons [14, 16] and electroweak bosons [15], have also been included using generalizations of MHV rules. On the other hand, the BCF recursion relations have been so far considered only for massless particles.

The first motivation of this paper is to construct tree-level recursion relations which naturally incorporate massive particles. The recursion relations follow from general quantum field theory arguments, and are valid for any quantum field theory (and also for gravity). The advantages of the recursion relations and the MHV rules approaches over

– 1 – standard Feynman-diagram calculations are obvious. Just as their massless parents [3, 4], the recursion relations for massive particles do not suffer from the factorial growth of the number of contributing Feynman diagrams. Compared to MHV rules, the recursion relations give more compact results. They can be rigorously derived for a general quantum field theory and they incorporate massive particles in a natural and universal way. Essentially, with the general recursion relations in place, one may be able to avoid in future all Feynman-diagrams calculations of nontrivial tree amplitudes.

In this paper we will use massive recursion relations to derive compact amplitudes for gluons coupled to massive coloured scalars. In the forthcoming companion paper [24] we will use the recursion relations for amplitudes with massive particles with spin.

At one loop, the MHV rules have been successfully applied to supersymmetric amplitudes [25 – 31]. New classes of amplitudes have been derived with the new methods in refs. [32 – 36, 5, 37 – 42]. All of these results give complete amplitudes only in supersymmetric theories which are cut-constructible in 4 dimensions [6, 7]. In non-supersymmetric gauge theories, the new methods apply only to the 4D cut-constructible parts of the amplitudes.

The second motivation of this paper is to assemble together the pieces necessary for the complete calculation of one-loop amplitudes in non-supersymmetric gauge theories.

One-loop multi-gluon amplitudes in the ‘all-plus’, and in the ‘one-minus’ helicity configurations, (+, +, +, . . . , +) and (−, +, +, . . . , +), are known [43, 44, 38]. However, the full one-loop amplitudes even in the simplest non-supersymmetric gauge theory, pure Yang- Mills, are still known only for n ≤ 5 external gluons, with the five-gluon amplitude calculated in 1993 in ref. [45]. The six-gluon amplitude has not yet been calculated for all helicity configurations. One-loop amplitudes with n external gluons in pure Yang-Mills are conveniently decomposed as

A^{gluon}_n = A^{N =4}_n − 4A^{chiral N =1} n + A^{scalar}_n , (1.1)

where the first and the second terms are the contributions of the N = 4 supermultiplet, and the chiral N = 1 supermultiplet running in the loop. These contributions arise from supersymmetric theories, they are cut-constructible and largely known (at present all colour-ordered sub-amplitudes are known for A^{N =4}_n for n ≤ 7, [32, 33, 37], and the complete A^{chiral N =1} n is known for n ≤ 6, [6, 7, 30, 31, 34, 35, 39, 42]).

The last term in (1.1) corresponds to an n-gluon amplitude with a complex scalar propagating in the loop. This is a non-supersymmetric one-loop amplitude and it is not cut-constructible [7]. What this means is that the amplitude A^{scalar}_n cannot be fully reconstructed from its imaginary part evaluated in 4 dimensions. In other words, the knowledge of the cuts of the amplitude is insufficient to recover the full answer. The answer contains purely rational terms, these do not have cuts in 4 dimensions.

To regulate infrared and ultraviolet divergent integrations over loop momenta, loop amplitudes are commonly evaluated in D = 4 − 2ε dimensions. In D dimensions (with non-integer D), the amplitudes contain only cut-constructible contributions [46, 47]. This is because all terms in the result are proportional to D-dependent powers of the kinematic invariants, which give rise to terms like (−s)^{−ε} that necessarily contain logarithms [46].

– 2 –

Hence, in D-dimensions all amplitudes are completely determined from their cuts and are cut-constructible. The price to pay is that we now need to know on-shell tree-level amplitudes in D-dimensions and work to higher order in ε.

In order to determine full amplitude A^{scalar}_n we cut the propagators in the loop and put them on-shell in D-dimensions. On both sides of the cut we are left with tree-level amplitudes of the form A^{tree}_{m+2}(ϕ^†_{l1} , g_1, g_2, . . . , g_m, ϕ_{l2} ) . (1.2)

These are the colour-ordered subamplitudes with two adjacent scalars and m gluons of arbitrary helicities. The external gluons have four-dimensional momenta p_1, . . . , p_m. The scalar momenta l_1 and l_2 are D-dimensional, they are the loop momenta which we cut.

D-dimensional massless momenta of scalar fields can be thought of as the 4-dimensional on-shell momenta of particles with mass μ, such that l^2_1 = l^2 = μ^2. Here l_1 and l_2 are 4- dimensional and the μ^2 term arises from the extra D − 4 = −2ε dimensions [46, 47].

Hence, in order to calculate 6-gluon one-loop amplitudes we need to know tree-level 4, 5, 6-point amplitudes (1.2) with m = 2, 3, 4 gluons for all independent helicity arrangements. In ref. [47], the amplitudes (1.2) were calculated for up to 4 gluons with the same helicity. Using the massive recursion relation we will reproduce these results as well as derive the remaining amplitudes (1.2) with positive and negative helicity gluons.

Notation

We will be using the spinor helicity formalism [48]. A vector is represented as a bispinor

p_{aȧ} = σ^μ_{aȧ}p_μ , (1.3)

where σ^μ_{aȧ} are the chiral gamma matrices. The norm of p is p_μ p^μ = det(p^{aȧ}). Hence, a vector is null if and only if it can be written as a product of two spinors

p^2 = 0 ⇔ p_{aȧ} = λ_aλ̃_ȧ . (1.4)

Here, λ^a and λ̃^ȧ, are commuting spinors of negative and positive helicity respectively. For real momenta in Minkowski signature λ̃ is a complex conjugate of λ, hence λ is conventionally called the “holomorphic” and λ̃ is the “anti-holomorphic” spinor. When discussing the recursion relations, it will be necessary to consider complex momenta. For complex momenta, λ^a and λ̃^ȧ are independent complex variables.

We will often use a short-hand notation:

λ^a_i = |i⟩^a λ̃^ȧ_i = |i]^ȧ . (1.5)

The invariant spinor products are defined as

⟨i j⟩ ≡ ⟨i^− |j^+⟩ = λ^a_i λ_{j a} , [i j] ≡ ⟨i^+|j^− ⟩ = λ̃^ȧ_i λ̃_{j ȧ} . (1.6)

Here spinor indices are raised and lowered with ϵ-symbols. The scalar product of a null vector p_i with a vector q is p_i · q = − 1 2 ⟨i|q|i] . (1.7)

– 3 –

Throughout the paper we use the sign conventions^1 of [1 – 3] and define

s_{ij...k} = (p_i + p_j + . . . + p_k)^2 (1.8) ⟨i|p|j] = ⟨i|^a p^ȧ_a |j]_ȧ = −λ^a_i p_{aȧ}λ̃^ȧ_j (1.9) ⟨i|p_rp_s|j⟩ = ⟨i|^a p^ȧ_{ra} p^b_{sȧ} |j⟩_b = −λ^a_i p_{r aȧ} p^{ȧb}_s λ_{j b} (1.10) [i|p_rp_s|j] = [i|^ȧ p^a_{rȧ} p^ḃ_{sa} |j]_ḃ = − λ̃^ȧ_i p_{r ȧb}p^{bḃ}_s λ̃_{j ḃ} . (1.11)

For massless momenta equations (1.8)-(1.11) become

s_{ij} = ⟨i j⟩[i j] , ⟨i|p_r|j] = ⟨ir⟩[r j] , (1.12) ⟨i|p_rp_s|j⟩ = ⟨i r⟩[r s]⟨s j⟩ , [i|p_rp_s|j] = [i r]⟨rs⟩[s j] , (1.13)

and so on.

2. Recursion relations with massive particles

Consider a tree level scattering amplitude of n incoming particles, some of which might be massive A(p_1, p_2, . . . , p_n) , p^2_i = m^2_i . (2.1)

Single out two particles, i, j, for special treatment. These particles can be either massive or massless. For given p_i, p_j pick a null vector η = λ_ηλ̃_η that is orthogonal to both p_i and p_j η · p_i = η · p_j = η^2 = 0 . (2.2)

For generic p_i and p_j, there are exactly two such η up to scaling. To see this, consider the plane spanned by p_i and p_j. Geometrically, the first two conditions in eq. (2.2) mean that η lies in the plane orthogonal to the plane spanned by p_i, p_j. The last condition sets η to be in the intersection of this plane with the lightcone. A generic plane going through the origin intersects the complex lightcone at two complex rays. These rays define the two solutions for η up to a scaling by a complex number. We now will construct these solutions.

Solution for the shift momentum

Let us find now explicit solutions of eqs. (2.2) for complex momenta. We will discuss in turn the case when both i, j are massless, when one of i, j is massive and at last the case when both i, j are massive.

If the marked momenta are null, p_i = λ_iλ̃_i, p_j = λ_jλ̃_j, then the condition that η is orthogonal to p_i gives 2η · p_i = ⟨η, i⟩[η, i] = 0, so either λ_η = λ_i or λ̃_η = λ̃_i,. Similarly, vanishing of the Lorentz invariant product of η and p_j implies λ_η = λ_j or λ̃_η = λ̃_j . Combining these two conditions, we find two solutions

η = λ_jλ̃_i , η^′ = λ_iλ̃_j (2.3) . 1Note that the opposite sign convention from (1.6) is used in QCD literature for [i j].

– 4 –

Now consider the case where the particle i is massless and the particle j is massive. The condition that momentum η is orthogonal to p_i gives λ_η = λ_i or λ̃_η = λ̃_i. If λ_η = λ_i, the orthogonality to p_j reads

2η · p_j = λ^a_i p_{jaȧ}λ̃^ȧ_η = 0 , (2.4)

hence λ̃^ȧ_η = λ_{ia} p^{aȧ}_j = (λ_ip_j)^ȧ. So the two possible null vectors orthogonal to both p_i and p_j are η^{aȧ} = λ^a_i (λ_ip_j)^ȧ , η^{′aȧ} = (p_jλ̃_i)^aλ̃^ȧ_i . (2.5)

The case when i is massive and j is massless is treated analogously.

The last case to consider is when both particles i and j are massive. Here, neither p_i nor p_j is a product of two spinors so the expression for η is not as simple. We use the condition 2η · p_i = λ^a_η λ̃^ȧ_η p_{iaȧ} = 0 to express λ_{ηa} = p_{iaȧ} λ̃^ȧ_η . Putting this into the second orthogonality condition gives a quadratic equation for λ_η

λ^a_η λ^b_η p_{iaȧ} p_{jbḃ}ϵ^{ȧḃ} = −⟨η|p_i · p_j|η⟩ = 0 . (2.6)

This equation has two solutions, λ^±_η , which we can find, for example, by setting λ^a_η = (1, x) and solving the quadratic equation for x. The analogous condition for the positive helicity spinor λ̃^ȧ_η λ̃^ȧ_η λ̃^ḃ_ηp_{iaȧ} p_{jbḃ} ϵ^{ab} = −[η|p_i · p_j |η] = 0 (2.7)

has also two solutions. Altogether, up to scaling, there are two null vectors η = λ_ηλ̃_η that are orthogonal to p_i, p_j . We do not know of a convenient Lorentz invariant solution to eq. (2.6) and eq. (2.7). This makes the case where both marked particles are massive less tractable than the two simpler cases where at least one of the marked particles is lightlike.

2.1 Derivation of the recursion relations

To construct massive recursion relation for a tree-level n-particle amplitude A(p_1, p_2, . . . , p_n), we first mark particles i and j for special treatment and pick one of the two null vectors η satisfying the conditions in eqs. (2.2). Following [4], consider the auxiliary function of one complex variable

A(z) = A(p_1(z), . . . , p_i(z), . . . , p_j (z), . . . , p_n(z)) , (2.8)

where p_k(z) = p_k for k ≠ i, j, and

p_i(z) = p_i + zη , p_j (z) = p_j − zη . (2.9)

Since η is null and orthogonal to p_i, p_j , the shifted momenta are on-shell

p_i(z)^2 = p^2_i , p_j(z)^2 = p^2_j . (2.10)

Equations (2.9) imply that p_i(z) + p_j (z) = p_i + p_j , so A(z) obeys momentum conservation. Hence, it is an on-shell scattering amplitude of particles with complex momenta and can be computed from the usual Feynman rules.

– 5 –

PSfrag replacements

Figure 1: Diagrammatic representation of the recursion relation. Arrows label the momentum flow.

Clearly, the momenta of the external particles are linear functions of z. Notice that the spinors of massless external particles are linear functions of z as well. In the case where both marked particles are massless, there are two possible η’s given by eq. (2.3). For η = λ_jλ̃_i, the shift (2.9) is accomplished by

λ_i(z) = λ_i + zλ_j , λ̃_j(z) = λ̃_j − z λ̃_i . (2.11)

The second solution for the shift vector, η^′ = λ_iλ̃_j, gives λ̃_i(z) = λ̃_i + zλ̃_j , λ_j(z) = λ_j − zλ_i . (2.12)

Consider now the case when one of the particles, say particle i, is massless and the other particle j is massive. Then eq. (2.5) gives η^{aȧ} = λ^a_i (λ_ip_j)^ȧ. The shift of marked momenta (2.9) is accomplished by λ̃^ȧ_i (z) = λ̃^ȧ_i + z(λ_ip_j)^ȧ , p^{aȧ}_j (z) = p^{aȧ}_j − zλ^a_i (λ_ip_j)^ȧ . (2.13)

For η^{aȧ} = (p_jλ̃_i)^aλ̃^ȧ_i there are analogous expressions

λ^a_i (z) = λ^a_i + z(p_jλ̃_i)^a , p^{aȧ}_j (z) = p^{aȧ}_j − z(p_jλ̃_i)^aλ̃^ȧ_i . (2.14)

It follows that A(z) is a rational function of z because at tree level, the scattering amplitude is a rational function of the spinors of massless external particles and of the momenta of massive external particles.

At tree-level the rational function A(z) can only have simple poles in z coming from internal propagators 1/P (z)^2. Each propagator divides the external particles into two groups, the particles to the ‘left’ and to the ‘right’ of the propagator as illustrated in figure 1. Hence, the momentum P (z) of a propagator is the sum of the momenta of the external particles to the left of the propagator

P = p_r + . . . + p_i + . . . + p_s . (2.15)

Momentum P (z) depends on z only if the particles i and j are on opposite sides of the propagator. We choose the particle i to be on the left of the propagator and the particle j to be on the right, as in figure 1. Then

P (z) = P + zη , (2.16)

– 6 – and the propagator is, 1 P (z)^2 − m^2 = 1 P^2 − m^2 + 2zP · η

, (2.17)

where m is the mass of the internal particle. The propagator (2.17) has a simple pole at

z = −

P^2 − m^2 2P · η

. (2.18)

For generic external momenta, all internal momenta are different, hence, the locations of all poles are different. It follows that the tree-level amplitude A(z) has only simple poles as a function of z.

To find the recursion relations, we use the familiar theorem from complex analysis that the sum of residues of a rational function on a Riemann sphere is zero. Applying this to A(z)/z we express A(0) as a sum over residues

A(0) = Res � A(z) z � z=0 = − � α Res � A(z) z � z=z_α

− Res � A(z) z � z=∞ , (2.19)

where the sum is over all finite poles z_α of the amplitude A(z). These come from the propagators 1/P^2(z) that separate the particles i and j. The residues at finite z are determined by the factorization of the scattering amplitude when the Feynman propagator (2.17) goes on-shell Res � A(z) z � z=z_α = − A_L(z_α )A_R(z_α ) P^2 − m^2

. (2.20)

Here, A_L and A_R are the tree-level amplitudes of the particles to the left and to the right of the propagator and z_α is given by eq. (2.18).

Hence, any tree-level scattering scattering amplitude A = A(0) can be written in the form A = + � α A_L(z_α )A_R(z_α )

P^2_α − m^2_α

− Res � A(z) z � ∞ , (2.21)

where the sum is over all channels α such that the particles i and j are on different sides of the channel, and z_α is given by eq. (2.18). The relation (2.21) is useful for computing scattering amplitudes only if there is an efficient way to determine the boundary contribution Res (A(z)/z)_∞. The most favourable scenario is when this contribution vanishes. This happens if and only if A(z) vanishes at infinity, Res � A(z) z � ∞ = 0 ⇔ A(z) → 0 , for z → ∞ , (2.22)

in which case, there is a simple recursion relation: A = � α A_L(z_α ) 1 P^2_α − m^2_α

A_R(z_α ) (2.23)

that expresses A in terms of lower-point on-shell scattering amplitudes A_L(z_α ) and A_R(z_α ). The summation in (2.23) runs over all partitions of particles between A_L(z_α ) and A_R(z_α ),

– 7 – such that p_i is on the left, and p_j is on the right of P_α , and also over all helicities h of the intermediate state P_α .

The above considerations apply to the case with massive or massless marked particles. However, for calculations carried out in this paper it will be sufficient to take both marked particles to be massless. In this case, the necessary conditions for the vanishing of the boundary contribution (2.22) put constraints on the possible helicities of the marked particles i and j. We discuss these conditions in section 4.

2.2 Recursion relations: summary We will use the recursion relations to calculate tree-level scattering amplitudes in Yang- Mills theory coupled to matter fields. The matter fields may be massive or massless and transform in a generic representation of the gauge group. We consider the colour-ordered partial amplitudes A = A(p_1, . . . , p_n), in which the coloured particles come in a definite cyclic order 1, 2, . . . , n. These amplitudes are obtained by stripping away the colour factors from the full amplitude. hence, they depend on the kinematic variables, momenta and helicities, p_k and h_k only.

In the remainder of the paper we will take both marked particles to be massless. We shift two massless momenta p_i = |i⟩|i] and p_j = |j⟩|j] of the marked particles by η = |j⟩|i], so the shifted momenta are

^p_i = p_i + z|j⟩|i] , (2.24) ^p_j = p_j − z|j⟩|i] , (2.25) ^P = P + z|j⟩|i] , (2.26)

where P = p_r + . . . + p_i + . . . + p_s is the momentum of the intermediate particle. For the particles i, j this is equivalent to shifting the spinors

|^i] = |i] , |^i⟩ = |i⟩ + z|j⟩ , (2.27) |^j⟩ = |j⟩ , |^j] = |j] − z|i] . (2.28)

The recursion relation (2.23) written more explicitly is (c.f. figure 1)

A_n(p_1, . . . , p_n) = � partitions � h A_L(p_r, . . . , ^p_i, . . . , p_s, − ^P^h) 1 P^2 − m^2_p × ×A_R( ^P^{−h} , p_{s+1}, . . . , ^p_j , . . . , p_{r−1} ) , (2.29)

where summation is over all partitions of n external particles between A_L and A_R, such that p_i is on the left, and p_j is on the right, and also over the helicities, h, of the intermediate state. z can be found from the on-shell condition ^P^2 = m^2_p,

z = −

P^2 − m^2_p 2P · η = P^2 − m^2_p ⟨j|P |i]

. (2.30)

When the intermediate state P is a massless particle (e.g. a gluon), we can simplify the spinor products involving | ^P ⟩ and | ^P ] as in ref. [3]:

⟨k ^P ⟩ =

⟨k| ^P |i] [ ^P i] ≡ ⟨k|P |i] ω , (2.31)

– 8 –

[ ^P k] =

⟨j| ^P |k] ⟨j ^P ⟩ ≡ ⟨j|P |k] ω , (2.32)

where ω and ω enter the amplitude always in the combination ωω = ⟨j|P |i].

For practical computations it is essential that A(z) vanishes for large z, so that the recursion relations do not have a boundary contribution at infinity. As discussed in section 4, this puts a constraint on the helicities of the particles i and j. For our choice of the shift momentum, η = |j⟩|i], the helicities of the marked particles can take the values,

η = |j⟩|i] : (h_i, h_j ) = (+, −) , (+, +) , (−, −) (2.33)

but not (h_i, h_j ) = (−, +). Conditions (2.33) are the same for massive and for massless amplitudes.

3. Amplitudes with gluons and massive scalars

In this section we consider scattering amplitudes of gluons with massive complex scalars. These amplitudes are related to amplitudes with massless scalars that have D-dimensional momenta. The scalars with D-dimensional momenta P_D can be thought of as massive scalars in 4 dimensions. The D-dimensional on-shell condition, P_D^2 = 0, gives the 4- dimensional mass-shell equation, P_4^2 = μ^2, where the mass term, μ^2, arises from the extra D − 4 dimensions of momenta.

We will derive amplitudes with 2 scalars and up to 4 gluons with arbitrary helicity configurations. The amplitudes with the same-helicity gluons have been previously derived in [47].

3.1 Primitive vertices

The recursion relations construct n-point amplitudes from on-shell m-point amplitudes with m < n. The m-point amplitudes are connected to each other with scalar propagators. Using the recursion relation n − 3 times gives a representation of the n-point amplitude entirely in terms of the 3-point vertices. Hence, 3-point vertices are the building blocks of the amplitudes in the recursive approach,^2 they will be called the primitive vertices.

The recursion relation reduce the task of computing general amplitudes to the computation of all 3-point primitive vertices. In this paper we consider amplitudes with massless gluons g and massive scalars ϕ. These can be built from the ggg and ϕgϕ^† vertices.

The three-gluon primitive amplitudes can have − − + or + + − helicity configurations. These are the standard MHV and MHV 3-point on-shell amplitudes

A_3(g^−_1 , g^−_2 , g^+_3 ) =

⟨12⟩^3 ⟨23⟩ ⟨31⟩

, A_3(g^+_1 , g^+_2 , g^−_3 ) =

[12]^3 [23] [31]

. (3.1)

The gluon momenta k_i are assumed to be complex which ensures that these amplitudes do not vanish on-shell [1, 3].

2In particular, this implies that the 4-point vertices in the microscopic lagrangian are not used in the recursive construction of gauge-invariant amplitudes [3].

– 9 –

In order to compute scattering amplitudes of gluons and massive scalars, we need to determine the ϕgϕ^† vertices. To obtain these, we start with the off-shell Feynman vertex of two scalars of mass μ and momenta l_1, l_2, and a single gluon with momentum k,

V_3(l^+_1 , k^μ , l^−_2 ) = 1 √ 2 (l^μ_2 − l^μ_1 ) . (3.2) The √ 2 comes from the normalization conventions used in colour-ordered Feynman rules [49], and the + and − indices are labels for a scalar and an anti-scalar. To derive the desired on-shell amplitudes, A_3(l^+_1 , k^± , l^−_2 ), we contract V_3(l^+_1 , k^μ , l^−_2 ) with the gluon polarization vector, ϵ^±_μ (k, q)

ϵ^+(k, q)_{aȧ} = √ 2 q_a k_ȧ ⟨q k⟩

, ϵ^−_μ (k, q) = − √ 2 k_a q_ȧ [k q]

, (3.3)

where q = |q⟩|q] is an arbitrary reference vector that is not proportional to k. The two independent on-shell vertices immediately follow

A_3(l^+_1 , k^+, l^−_2 ) = A_3(l^−_1 , k^+, l^+_2 ) =

⟨q_1|l_1|k] ⟨q_1k⟩

, (3.4)

A_3(l^+_1 , k^− , l^−_2 ) = A_3(l^−_1 , k^− , l^+_2 ) = −

⟨k|l_1|q_2] [q_2k]

. (3.5)

We have already noted that the primitive vertices vanish for on-shell real momenta in Minkowski space, but are nonzero for on-shell complex momenta. Indeed, the on-shell conditions, l^2_1 = l^2 = μ^2 and k^2 = 0, together with the momentum conservation imply that the momentum of the gluon is orthogonal to the momenta of the scalars k·l_1 = k·l_2 = 0. For real massless momentum k in Minkowski space, the spinors k^a, k̃_ȧ are complex conjugates k^∗_a = ± k̃^ȧ. Similarly a real massive momentum forms a Hermitian matrix (l_{aḃ})^† = l_{bȧ}. Hence for real momenta, the conditions l^{aȧ}_i k_ak̃_ȧ = 0, i = 1, 2 imply l^{aȧ}_i k_a = l^{aȧ}_i k̃_ȧ = 0 for i = 1, 2. It follows that the 3-point vertices (3.5-3.4) vanish. For example we have A(l^+_1 , k^+, l^−_2 ) ∝ q_al^{aȧ}_1 k̃_ȧ = 0.

For complex momenta the spinors k^a, k̃^ȧ become independent variables. This additional freedom allows us to take the momenta of the scalars on-shell while keeping the three-valent amplitudes nonzero.

Finally, we note that the primitive amplitudes are gauge-invariant, even though eqs. (3.4)-(3.5) contain explicit q-dependence. Different choice of the reference vector q amounts to a gauge transformation, hence the on-shell amplitudes should not depend on the choice of q by virtue of gauge symmetry. It is easy to see this explicitly e.g. for the (ϕ^+g^+ϕ^− ) amplitude. The reference spinor q^a, a = 1, 2 lives in a two dimensional complex vector space. The spinors q^a and k^a are independent due to the condition ⟨qk⟩ ≠ 0, so we take them as a basis of the vector space. Hence a change in the reference spinor can be parameterized as q^{′a} = αq^a + βk^a . (3.6)

Changing q, the amplitude becomes

A^′(l^+_1 , k^+, l^−_2 ) = α ⟨q|l_1|k] + β ⟨k|l_1|k] α⟨qk⟩

. (3.7)

– 10 –

Here, ⟨k|l_1|k] = −2k · l_1 = μ^2 − l^2 = 0 is zero by momentum conservation. The remaining α dependence gets cancelled between the numerator and the denominator leaving us with the original amplitude.

It follows that the choice of the reference momenta q_i of the gluons does not affect the amplitude so in principle we could set them to arbitrary values. In the following sections, when using recursion relations to calculate amplitudes with scalars, we will find it convenient to set the reference momentum of a marked gluon in a primitive vertex (3.4) or (3.5) to be the momentum of the other marked gluon.

In the following sections we will calculate tree-level amplitudes of the form

A(ϕ^†_{l1} , g_1, g_2, . . . , g_m, ϕ_{l2} ) . (3.8)

These are the colour-ordered subamplitudes with two massive scalars and m gluons (2 ≤ m ≤ 4) of arbitrary helicities.

When scalars transform in the fundamental representation of the gauge group, the ‘string’ of fields in the amplitudes must always start and end with the scalar, precisely as in (3.8). Using cyclic symmetry of colour-ordered amplitudes, the scalars in (3.8) can be thought of as adjacent. Scalars in the adjoint representation can appear anywhere in the string, i.e. they do not have to be adjacent. Such amplitudes can also be calculated straightforwardly with our methods.

We will determine all the independent helicity configurations in (3.8), all the remaining configurations can be obtained from those via the following identities:

A_{m+2}(ϕ^+_{l1} , g^{h1}_1 , g^{h2}_2 , . . . , g^{hm}_m , ϕ^−_{l2} ) = A_{m+2}(ϕ^−_{l1} , g^{h1}_1 , g^{h2}_2 , . . . , g^{hm}_m , ϕ^+_{l2} ) (3.9) = (−1)^m A_{m+2}(ϕ^−_{l2} , g^{hm}_m , . . . , g^{h2}_2 , g^{h1}_1 , ϕ^+_{l1} ) (3.10) = A^∗_{m+2}(ϕ^−_{l1} , g^{−h 1}_1 , g^{−h 2}_2 , . . . , g^{−h m}_m , ϕ^+_{l2} ) (3.11)

where . . . indicate gluon fields and h_i is the helicity of the i^{th} gluon. Equations (3.10) and (3.11) follow from reflection and parity symmetry of the colour-ordered amplitudes, and (3.9) follows from eqs. (3.4)-(3.5).

3.2 4-point amplitudes

There are two independent helicity amplitudes in this case, the recursion relation (2.29) gives only one term for each of the amplitudes, as illustrated in figure 2.

In the case of two positive helicity gluons, we have:

A_4(l^+_1 , 1^+, 2^+, l^−_2 ) = A_3(l^+_1 , ^1^+, − ^P^− ) 1 P^2 − μ^2

A_3( ^P^+, ^2^+, l^−_2 ) , (3.12)

where we took the marked particles to be the gluons with momenta k_1 and k_2. We set the reference vectors q_1 and q_2 of the two gluons equal to the marked momenta gluon on the opposite side of the diagram

q_2 = ^k_1 = |^k_1⟩|^k_1] , q_1 = ^k_2 = |^k_2⟩|^k_2] . (3.13)

– 11 –

PSfrag replacements

Figure 2: Representation of the 4-point amplitude using the recursion relation with 1 and 2 as the shifted momenta.

We shift the momenta along the vector η = |2⟩|1], so that |^1] = |1] , |^2⟩ = |2⟩. Whence, the amplitude becomes − ⟨2|l_1|1] ⟨^1|l_2|^2] ⟨12⟩^2((l_1 + k_1)^2 − μ^2) . Using l_1 + l_2 + ^k_1 + ^k_2 = 0 = l_1 + l_2 + k_1 + k_2, this can be written as − tr( /^k_1 /l_1 /^k_2 /l_1) 2 ⟨12⟩^2((l_1 + k_1)^2 − μ^2) = − ⟨12⟩ [12](l_1 · l_1) − 2( ^k_1 · l_1)(^k_2 · l_1) ⟨12⟩^2((l_1 + k_1)^2 − μ^2) . To get the second expression we used a Fierz identity. The second term in the numerator vanishes, ^k_1 · l_1 = 0. The easiest way to see this is to use momentum conservation in the 3- point vertex, l_1 + ^k_1 = ^P , and the on-shell conditions l^2_1 = ^P^2 = μ^2, ^k_1^2 = 0. Alternatively this can be shown with the use of the definition (2.24) of ^k

^k_1 · l_1 = k_1 · l_1 − (l^1 + k^1)^2 − μ^2 2 ⟨2|l_1|1]

⟨2|l_1|1] = 0 .

This leaves us with the final answer

A_4(l^+_1 , 1^+, 2^+, l^−_2 ) = μ^2 [12] ⟨12⟩((l_1 + k_1)^2 − μ^2)

. (3.14)

This agrees with the previously known result computed by Bern, Dixon and Kosower [47].

For the amplitude with one positive helicity gluon and one negative helicity gluon the recursion relation in figure 2 yields,

A_4(l^+_1 , 1^+, 2^− , l^−_2 ) = A_3(l^+_1 , ^1^+, − ^P^− ) 1 ^P 2 − μ 2

A_3(P^+, ^2^− , l^−_2 ) . (3.15)

Using the same choice for the marked gluons and the reference vectors (3.13) as before gives the result

A_4(l^+_1 , 1^+, 2^− , l^−_2 ) = −

⟨2|l_1|1]^2 ⟨12⟩ [12]((l_1 + k_1)^2 − μ^2)

, (3.16)

which we checked against a Feynman diagram calculation.

– 12 –

PSfrag replacements

Figure 3: The decomposition of the 5-point amplitude using the recursion relation with 1 and 2 as the shifted momenta.

3.3 5-point amplitudes

The amplitudes with three gluons and a pair of scalars have three independent helicity configurations. As before, we mark the gluons with momenta k_1 and k_2, and pick their reference momenta to be q_1 = k̂_2, q_2 = k̂_1. The recursion relation is depicted in figure 3. For the amplitude with all gluons of positive helicities, the recursion relations have single non-zero diagram. The diagram with gluon exchange vanishes as the choice of shift vector η implies vanishing of the A(^2^+, 3^+, p̂^± ) MHV amplitude. The amplitude follows immediately:

A_5(l^+_1 , 1^+, 2^+, 3^+, l^−_2 ) = μ^2 [3|(1 + 2)l_1|1] ((l_1 + k_1)^2 − μ^2) ⟨12⟩ ⟨23⟩((l_2 + k_3)^2 − μ^2)

. (3.17)

This is in agreement with the result in [47].

For the case where one of the gluons has negative helicity we have two independent helicity configurations, each of which has two non-zero contributions:

A_5(l^+_1 , 1^+, 2^+, 3^− , l^−_2 ) = −

⟨3|l_2(1 + 2)l_1|1]^2 ((l_1 + k_1)^2 − μ^2) ⟨12⟩ ⟨23⟩((l_2 + k_3)^2 − μ^2) [3|(1 + 2)l_1|1] − − μ^2 [12]^3 s_{123} [23] [3|(1 + 2)l_1|1]

, (3.18)

A_5(l^+_1 , 1^+, 2^− , 3^+, l^−_2 ) = −

⟨2|l_1|1]^2 ⟨2|l_2|3]^2 ((l_1 + k_1)^2 − μ^2) ⟨12⟩ ⟨23⟩((l_2 + k_3)^2 − μ^2) [3|(1 + 2)l_1|1] + + μ^2 [13]^4 s_{123} [12] [23] [3|(1 + 2)l_1|1]

. (3.19)

These results are new. Our results (3.17)-(3.19) numerically agree with the much lengthier expressions which we obtained by a direct calculation of the 25 Feynman diagrams.

3.4 6-point amplitudes

We mark gluon momenta 1 and 2, and write down the recursion relation for the 6-point amplitudes with 4 gluons in figure 4.

– 13 –

PSfrag replacements

Figure 4: The decomposition of the 6 point amplitude using the recursion relation with 1 and 2 as the shifted momenta.

In the case of all gluons of the same helicity, only the first diagram contributes. We find, A_6(l^+_1 , 1^+, 2^+, 3^+, 4^+, l^−_2 ) = − μ^2 [4|l_2(3 + 4)(1 + 2)l_1|1] Q_1Q_2Q_3 ⟨12⟩ ⟨23⟩ ⟨34⟩ , where Q_1 = ((l_1 + k_1)^2 − μ^2), Q_2 = ((l_1 + k_1 + k_2)^2 − μ^2) and Q_3 = ((l_2 + k_4)^2 − μ^2). Eq.3.20 is a slightly shorter form of the result given in [47].

Now we compute the remaining independent 6-point amplitudes. There are two amplitudes with one negative helicity gluon:

A_6(l^+_1 , 1^+, 2^+, 3^+, 4^− , l^−_2 ) = + � Q_2 ⟨4|l_2(1 + 2 + 3)l_1|1] − μ^2( ⟨4|l_232|1])

�_2

Q_1Q_2Q_3 ⟨12⟩ ⟨23⟩ ⟨34⟩ [4|l_2(3 + 4)(1 + 2)l_1|1] + + μ^2 [3|(1 + 2)l_1|1]^3 Q_1 ⟨12⟩ [34] ⟨2|(3 + 4)(l_1 + l_2)l_1|1] [4|l_2(3 + 4)(1 + 2)l_1|1] − − μ^2 ⟨4|2 + 3|1]^3 s_{1234}s_{234} ⟨23⟩ ⟨34⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1]

(3.20)

A_6(l^+_1 , 1^+, 2^+, 3^− , 4^+, l^−_2 ) = +

(Q_2 ⟨3|l_1|1] − μ^2 [32] [21])^2 ⟨3|l_2|4]^2 Q_1Q_2Q_3 ⟨12⟩ ⟨23⟩ ⟨34⟩ [4|l_2(3 + 4)(1 + 2)l_1|1] + μ^2 [4|(1 + 2)l_1|1]^4 Q_1 ⟨12⟩ [34] [3|(1 + 2)l_1|1] × × 1 ⟨2|(3 + 4)(l_1 + l_2)l_1|1] [4|l_2(3 + 4)(1 + 2)l_1|1] − − μ^2 ⟨3|2 + 4|1]^4 s_{1234}s_{234} ⟨4|2 + 3|1] ⟨23⟩ ⟨34⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] + + μ^2 [4|(1 + 2 + 3)l_1|1] [12]^3 s_{123} ⟨4|2 + 3|1]Q_3 [23] [3|(1 + 2)l_1|1]

. (3.21)

These amplitudes agree with the massless MHV-type amplitudes as μ^2 → 0. There are three independent helicity amplitudes with two negative helicity gluons:

A_6(l^+_1 , 1^+, 2^+, 3^− , 4^− , l^−_2 ) = + � Q_2 ⟨4|l_2(3 + 4)l_1|1] − μ^2 ⟨4|l_2(3 + 4)2|1]

�_2

Q_1Q_2Q_3 ⟨12⟩ [34] ⟨4|l_2(3 + 4)|2⟩ [3|(1 + 2)l_1|1] + + μ^2 ⟨2|l_1|1]^2 ⟨34⟩^3 Q_1 ⟨12⟩ ⟨23⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] ⟨4|l_2(3 + 4)|2⟩ +

– 14 –

+ [1|l_2l_1|1]^2 ⟨34⟩^3 s_{1234}s_{234} ⟨4|2 + 3|1] ⟨23⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] − − ⟨4|l_2(1 + 2 + 3)l_1|1]^2 [12]^3 Q_3s_{123} ⟨4|2 + 3|1] [4|(1 + 2 + 3)l_1|1] [23] [3|(1 + 2)l_1|1] + + μ^2 [12]^3 s_{1234} [23] [34] [4|(1 + 2 + 3)l_1|1]

(3.22)

A_6(l^+_1 , 1^+, 2^− , 3^+, 4^− , l^−_2 ) = −

⟨2|l_1|1]^2 ⟨2|l_1 + 1|3]^2 ⟨4|l_2|3]^2 Q_1Q_2Q_3 ⟨12⟩ [34] ⟨4|l_2(3 + 4)|2⟩ [3|(1 + 2)l_1|1] − − μ^2 ⟨24⟩^4 ⟨2|l_1|1]^2 Q_1 ⟨12⟩ ⟨23⟩ ⟨34⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] ⟨4|l_2(3 + 4)|2⟩ + + [1|l_2l_1|1]^2 ⟨24⟩^4 s_{1234}s_{234} ⟨4|2 + 3|1] ⟨23⟩ ⟨34⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] − − ⟨4|l_2(1 + 2 + 3)l_1|1]^2 [13]^4 Q_3s_{123} [12] [23] [4|(1 + 2 + 3)l_1|1] × × 1 [3|(1 + 2)l_1|1] ⟨4|2 + 3|1] + + μ^2 [13]^4 s_{1234} [12] [23] [34] [4|(1 + 2 + 3)l_1|1]

(3.23)

A_6(l^+_1 , 1^+, 2^− , 3^− , 4^+, l^−_2 ) = −

⟨2|l_1|1]^2(Q_3 [4|l_1 + 1|2⟩ − μ^2 [43] ⟨32⟩)^2 Q_1Q_2Q_3 ⟨12⟩ [34] [3|(1 + 2)l_1|1] ⟨4|l_2(3 + 4)|2⟩ − − μ^2 ⟨23⟩^3 ⟨2|l_1|1]^2 Q_1 ⟨12⟩ ⟨34⟩ ⟨4|l_2(3 + 4)|2⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] + + [1|l_2l_1|1]^2 ⟨23⟩^3 s_{1234}s_{234} ⟨34⟩ ⟨2|(3 + 4)(l_1 + l_2)l_1|1] ⟨4|2 + 3|1] − [1|(2 + 3)l_1|1]^22 s_{123}Q_3 [12] [23] [3|(1 + 2)l_1|1] × × [1|(2 + 3)l_2|4]^2 [4|(1 + 2 + 3)l_1|1] ⟨4|2 + 3|1] + + μ^2 [14]^4 s_{1234} [12] [23] [34] [4|(1 + 2 + 3)l_1|1]

. (3.24) All of the above six-point amplitudes have been checked numerically against an independent calculation of the 220 Feynman diagrams.

4. Vanishing of A(z) at infinity The recursion relations are valid as long as A(z) → 0 for z → ∞. This is the case only for some choices of marked particles. Indeed, for the marked gluons i, j with ^|i⟩ = |i⟩ + z|j⟩ , ^|j] = |j] − z|j] , (4.1) it was observed in [3] that A(z) → 0 for the helicity assignments of gluons (h_i, h_j ) = (+, +), (+, −), (−, −). This has been extended to fermions in [19, 20]. A direct diagrammatic proof for gluon amplitudes in the (+, −) case was given in [4]. Here, we present an

– 15 – argument valid for all three helicity assignments of marked gluons putting no restrictions on the remaining partons.^3 We also consider the case where one or both of the marked particles are massless fermions.

4.1 The (+, −) case

We start with the (+, −) case for which we will show that all Feynman diagrams contributing to A(z) vanish at infinity. In a given Feynman diagram, the z-dependence flows along a unique path of Feynman propagators and vertices. The Feynman diagrams with most dangerous z-dependence are those in which all vertices along this path are trivalent. These vertices are linear in momentum so they each contribute a factor of z. Each of the propagators gives a factor of 1/z. A path made of r propagators has r + 1 vertices. Hence, the propagators and vertices go at infinity as z^{r+1}/z^r = z. For fermions, the propagator (/p+m)/(p^2 −m^2) goes like a constant at infinity, but so do the vertices containing fermions. Each of the fermion propagators increases the above estimate by a factor of z and each of the fermion vertices decreases the estimate by z. For f fermion propagators, there are at least f + 1 fermion vertices along the path of the z-dependence, hence the above bound on the Feynman diagram gets improved by at least a factor of 1/z.

The remaining pieces of the Feynman diagram that depend on z are the polarization vectors of the marked gluons. Consider marked gluons of opposite helicity, so that we can have either g^+_i , g^−_j , or g^−_i , g^+_j . The spinors λ_i(z) and λ̃_j (z) are linear in z, eq. (2.11), while λ̃_i(z), λ_j (z) are independent of z. It follows from eq. (3.3) that for the helicity configuration g^+_i , g^−_j , the polarization vectors of both gluons go as 1/z at infinity. Altogether Feynman diagrams vanish at infinity as O(z/z^2) = O(1/z).

In the opposite case, g^−_i , g^+_j , gluon polarization vectors grow as z at infinity and individual Feynman diagrams go as O(z^3) leading to nontrivial boundary contributions to the recursion relations for A(z).

If one of the marked particles is a gluon and the other a massless fermion, we can proceed analogously. Now the propagators and vertices contribute a factor of at worst z^0 because of the fermions. For helicity assignments (h_i, h_j ) = (+1, −1/2), (+1/2, −1), the gluon polarization vector goes like 1/z and the fermion polarization spinors u^− (^p_j) = λ^a_j and u^+(^p_i) = λ̃^ȧ_i are independent of z. Hence the shifted amplitude vanishes at infinity for the assignment (h_i, h_j ) = (+, −).

When both of the marked particles are fermions, so that the fermion propagates right through the diagram, all vertex, propagator and wavefunction factors are independent of z (in the z → ∞ limit), leading to a non-vanishing contribution as z → ∞. The naive Feynman diagram discussion presented here indicates that marking a fermion-antifermion pair of the same flavour is not allowed. A more careful argument appealing to MHV rules [20] shows that only adjacent fermion and antifermion of the same flavour cannot be marked.

3For the (+, +) case, our proof works for the amplitudes that have two extra negative helicity gluons. However, see the end of this section for a heuristic argument, which removes this assumption.

– 16 –

If two different flavour fermions of opposite helicity are marked, there will be at least one additional gluon propagator yielding an extra factor of 1/z thereby eliminating the contribution as z → ∞.^4

4.2 The (+, +) and (−, −) cases The (h_i, h_j ) = (+, +) case cannot be treated by counting powers of z in individual Feynman diagrams and requires a more elaborate argument along the lines of [22]. The argument works for amplitudes that, besides gluons g^+_i , g^+_j have two extra negative helicity gluons g^−_k , g^−_l , hence in particular it works for all QCD gluon amplitudes since at tree level, the gluon amplitudes always have at least two gluons of both helicities.

Consider the function A(λ_m(z), λ̃_m(z)) constructed from the scattering amplitude A by shifting the spinors

|i⟩ = |i⟩ + z|k⟩ + z|l⟩ |k] = |k] − z|i] |l] = |l] − z|i] (4.2)

while keeping |i], |k⟩ and |l⟩ unshifted. The shifts (4.2) maintain momentum conservation, so A(z) can be computed from usual Feynman diagrams.

Note that the function A(z) vanishes at infinity. As in the previous case, we prove this by studying the most dangerous Feynman diagrams. The z-dependence flows along a ‘three-legged path’ of Feynman propagators and vertices, with each leg ending at one of the external gluons i, k, l This path is illustrated in figure 5. For a path consisting of r propagators, there are r + 1 vertices. For large z, the propagators and vertices give a z^{r+1}/z^r = z contribution to the z-dependence of A(z). The polarization vectors of each of the gluons give a factor of 1/z so the function A(z) vanishes for large z as O(1/z^2).

Hence, following the discussion of recursion relations in section 2, we have A = � α,h A_L(z_α , −P_α (z_α )^h) 1 P^2_α − m^2_α

A_R(z_α , P_α (z_α )^{−h} ) , (4.3)

where the summation is over partitions of the particles into two sets L, R such that i ∈ L and at least one of j, k is in R, and also over helicities of the intermediate state P_α .

The amplitudes A_L, A_R are evaluated at

z_α =

P^2_α − m^2_α ⟨k|P_α |i] + ⟨l|P_α |i]

. (4.4)

Similar recursion relations with three or more marked particles have been recently considered in [38, 21, 22].

We will use this expression for A in an induction proof of the recursion relations with (h_i, h_j ) = (+, +). We consider the function A(y) with

|i⟩ = |i⟩ + y|j⟩ |j] = |j] − y|i] (4.5)

4The last argument is invalidated in theories with scalar fields ϕ^{AB} , (e.g. in the N = 4 Yang-Mills) which couple two fermions of different flavours, Λ A and Λ B . In these theories one cannot mark two adjacent fermions of different flavours and same helicity, Λ^±_A and Λ^±_B .

– 17 –

PSfrag replacements

Figure 5: In a Feynman diagram with marked particles i, k, l, the z dependence flows along a unique three-legged path of propagators and vertices.

and estimate the y dependence of A(y) with the help of eq. (4.3). For a partition α such that i, j are both in L, neither P_α nor z_α depend on y. So the entire y dependence comes from A_L. But A_L has fewer particles than A so by induction hypothesis it vanishes as y goes to infinity.

The other case with i ∈ L, j ∈ R is more subtle. We have P_α (y) = P_α + yλ_jλ̃_i so z_l depends linearly on y z_α =

P^2_α − y ⟨j|P_α |i] − m^2_α ⟨k|P_α |i] + ⟨l|P_α |i]

. (4.6)

We represent the on-shell amplitudes A_L, A_R as a sum of Feynman diagrams. The y dependence flows along a four-legged tree with each leg of the tree ending at one of the gluons i, j, k, l. A tree composed of r propagators (one of which is the propagator connecting A_L and A_R), contains r+1 vertices. The most dangerous contribution comes from Feynman diagrams in which the r + 1 vertices are three-point vertices that each give a factor of y. Hence, the propagators give a factor of 1/y^r and the vertices a factor of y^{r+1}.

The polarization vectors of the gluons i, k, l each give a factor of 1/y and that of the gluon j a factor of y, so altogether we have 1/y^2 coming from the polarization vectors. There are two more ‘external’ particles with y dependent momentum. These come from the ends of the internal line connecting A_L and A_R. They contribute � h ϵ^hϵ^{−h} which, in a convenient gauge, goes like a constant at infinity. For example for a gluon we have � h=± ϵ^h_μ ϵ^{−h}_ν = g_{μν} −

P_μ q_ν + P_ν q_μ P · q

, (4.7)

where P = P_α (y) and q is the reference momentum of the internal gluon. For large y, this is independent of y. Hence, A(y) vanishes as O(y^{r+1}/(y^ry^2)) = O(1/y) for large y.

In this proof, we have assumed that the amplitude has besides the two marked positive helicity gluons i, j also two negative helicity gluons k, l. However we believe that this restriction is not necessary. Heuristically, one can argue as follows. Consider any amplitude A without imposing the restriction that it contains two negative helicity gluons. We can construct an ‘auxiliary’ amplitude A^′ which, besides external particles present in A also has two extra negative helicity gluons k, l. In the previous argument, we demonstrated that A^′(y) with marked gluons i, j vanishes for large y as O(1/y). One can imagine taking soft gluon limit p_l, p_k → 0 to recover the original amplitude. Taking the soft limit gives back a

– 18 – universal factor, times an amplitude with the gluon removed. The universal factor depends on the momentum of the soft gluon and of the possible adjacent particles. Hence, as long as the ‘auxiliary’ gluons k, l are not adjacent to the marked gluons i, j, their soft factors are y independent. So the y asymptotic of the amplitude A with gluons k, l removed should be the same as that of A^′.

5. Summary

In this paper we have constructed tree-level recursion relations valid in any quantum field theory which naturally incorporate massive particles. As an application, we focus on scalar particles. However, there is no obstacle in applying our general method to massive particles with spin. With the general recursion relations in place, one may be able to avoid in future all Feynman-diagrams calculations of nontrivial tree amplitudes.

As a first application of these recursion relations, we have derived expressions for scattering amplitudes involving a pair of massive scalars and up to four gluons. Explicit results are given in section 3. These compact analytic expressions for amplitudes may be useful in deriving the one-loop six gluon amplitudes in QCD using the unitarity method of Bern et al [46, 47].

Acknowledgments

We would like to thank F. Cachazo, G. Travaglini and E. Witten for useful discussions. EWNG and VVK acknowledge the support of PPARC through Senior Fellowships and SDB acknowledges the award of a PPARC studentship. The work of P. Svrček was supported in part by Princeton University Centennial fellowship and by NSF grants PHY-9802484 and PHY-0243680. Any opinions, findings and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the funding agencies.

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. Svrcek and E. Witten, MHV vertices and tree amplitudes in gauge theory, JHEP 09 (2004) 006 [hep-th/0403047].

[3] R. Britto, F. Cachazo and B. Feng, New recursion relations for tree amplitudes of gluons, Nucl. Phys. B 715 (2005) 499 [hep-th/0412308].

[4] R. Britto, F. Cachazo, B. Feng and E. Witten, Direct proof of tree-level recursion relation in Yang-Mills theory, Phys. Rev. Lett. 94 (2005) 181602 [hep-th/0501052].

[5] R. Britto, F. Cachazo and B. Feng, Generalized unitarity and one-loop amplitudes in N = 4 super- Yang-Mills, hep-th/0412103.

[6] 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].

– 19 –

[7] 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].

[8] C.-J. Zhu, The googly amplitudes in gauge theory, JHEP 04 (2004) 032 [hep-th/0403115]. [9] G. Georgiou and V.V. Khoze, Tree amplitudes in gauge theory as scalar MHV diagrams, JHEP 05 (2004) 070 [hep-th/0404072].

[10] D.A. Kosower, Next-to-maximal helicity violating amplitudes in gauge theory, Phys. Rev. D 71 (2005) 045007 [hep-th/0406175].

[11] I. Bena, Z. Bern and D.A. Kosower, Twistor-space recursive formulation of gauge theory amplitudes, Phys. Rev. D 71 (2005) 045008 [hep-th/0406133].

[12] G. Georgiou, E.W.N. Glover and V.V. Khoze, Non-MHV tree amplitudes in gauge theory, JHEP 07 (2004) 048 [hep-th/0407027].

[13] J.-B. Wu and C.-J. Zhu, MHV vertices and scattering amplitudes in gauge theory, JHEP 07 (2004) 032 [hep-th/0406085].

[14] L.J. Dixon, E.W.N. Glover and V.V. Khoze, MHV rules for Higgs plus multi-gluon amplitudes, JHEP 12 (2004) 015 [hep-th/0411092].

[15] Z. Bern, D. Forde, D.A. Kosower and P. Mastrolia, Twistor-inspired construction of electroweak vector boson currents, hep-ph/0412167.

[16] S.D. Badger, E.W.N. Glover and V.V. Khoze, MHV rules for Higgs plus multi-parton amplitudes, JHEP 03 (2005) 023 [hep-th/0412275].

[17] T.G. Birthwright, E.W.N. Glover, V.V. Khoze and P. Marquard, Multi-gluon collinear limits from MHV diagrams, JHEP 05 (2005) 013 [hep-ph/0503063].

[18] R. Roiban, M. Spradlin and A. Volovich, Dissolving N = 4 loop amplitudes into QCD tree amplitudes, Phys. Rev. Lett. 94 (2005) 102002 [hep-th/0412265].

[19] M.-x. Luo and C.-k. Wen, Recursion relations for tree amplitudes in super gauge theories, JHEP 03 (2005) 004 [hep-th/0501121].

[20] M.-X. Luo and C.-K. Wen, Compact formulas for all tree amplitudes of six partons, Phys.

Rev. D 71 (2005) 091501 [hep-th/0502009].

[21] J. Bedford, A. Brandhuber, B. Spence and G. Travaglini, A recursion relation for gravity amplitudes, hep-th/0502146.

[22] F. Cachazo and P. Svrcek, Tree level recursion relations in general relativity,

hep-th/0502160.

[23] R. Britto, B. Feng, R. Roiban, M. Spradlin and A. Volovich, All split helicity tree-level gluon amplitudes, Phys. Rev. D 71 (2005) 105017 [hep-th/0503198].

[24] S.D. Badger et al., work in progress.

[25] F. Cachazo, P. Svrcek and E. Witten, Twistor space structure of one-loop amplitudes in gauge theory, JHEP 10 (2004) 074 [hep-th/0406177].

[26] A. Brandhuber, B. Spence and G. Travaglini, One-loop gauge theory amplitudes in N = 4 super Yang-Mills from MHV vertices, Nucl. Phys. B 706 (2005) 150 [hep-th/0407214].

[27] F. Cachazo, P. Svrcek and E. Witten, Gauge theory amplitudes in twistor space and holomorphic anomaly, JHEP 10 (2004) 077 [hep-th/0409245].

– 20 –

[28] I. Bena, Z. Bern, D.A. Kosower and R. Roiban, Loops in twistor space, Phys. Rev. D 71 (2005) 106010 [hep-th/0410054].

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

hep-th/0410077.

[30] C. Quigley and M. Rozali, One-loop MHV amplitudes in supersymmetric gauge theories, JHEP 01 (2005) 053 [hep-th/0410278].

[31] J. Bedford, A. Brandhuber, B. Spence and G. Travaglini, A twistor approach to one-loop amplitudes in N = 1 supersymmetric Yang-Mills theory, Nucl. Phys. B 706 (2005) 100 [hep-th/0410280].

[32] R. Britto, F. Cachazo and B. Feng, Computing one-loop amplitudes from the holomorphic anomaly of unitarity cuts, Phys. Rev. D 71 (2005) 025012 [hep-th/0410179].

[33] 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, Phys. Rev. D 71 (2005) 045006 [hep-th/0410224].

[34] 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, Phys. Lett. B 606 (2005) 189 [hep-th/0410296].

[35] S.J. Bidder, N.E.J. Bjerrum-Bohr, D.C. Dunbar and W.B. Perkins, Twistor space structure of the box coefficients of N = 1 one-loop amplitudes, Phys. Lett. B 608 (2005) 151 [hep-th/0412023].

[36] J. Bedford, A. Brandhuber, B. Spence and G. Travaglini, Non-supersymmetric loop amplitudes and MHV vertices, Nucl. Phys. B 712 (2005) 59 [hep-th/0412108].

[37] Z. Bern, L.J. Dixon and D.A. Kosower, All next-to-maximally helicity-violating one-loop gluon amplitudes in N = 4 super- Yang-Mills theory, hep-th/0412210.

[38] Z. Bern, L.J. Dixon and D.A. Kosower, On-shell recurrence relations for one-loop QCD amplitudes, Phys. Rev. D 71 (2005) 105013 [hep-th/0501240].

[39] S.J. Bidder, N.E.J. Bjerrum-Bohr, D.C. Dunbar and W.B. Perkins, One-loop gluon scattering amplitudes in theories with N < 4 supersymmetries, Phys. Lett. B 612 (2005) 75 [hep-th/0502028].

[40] Z. Bern, N.E.J. Bjerrum-Bohr and D.C. Dunbar, Inherited twistor-space structure of gravity loop amplitudes, JHEP 05 (2005) 056 [hep-th/0501137].

[41] N.E.J. Bjerrum-Bohr, D.C. Dunbar and H. Ita, Six-point one-loop N = 8 supergravity NMHV amplitudes and their IR behaviour, hep-th/0503102.

[42] R. Britto, E. Buchbinder, F. Cachazo and B. Feng, One-loop amplitudes of gluons in SQCD,

hep-ph/0503132.

[43] 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].

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

– 21 –

[45] Z. Bern, L.J. Dixon and D.A. Kosower, One loop corrections to five gluon amplitudes, Phys.

Rev. Lett. 70 (1993) 2677 [hep-ph/9302280].

[46] Z. Bern and A.G. Morgan, Massive loop amplitudes from unitarity, Nucl. Phys. B 467 (1996) 479 [hep-ph/9511336].

[47] 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].

[48] 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. I. general formalism for quantum electrodynamics, Nucl. Phys. B 206 (1982) 53;

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 ggqq̄ℓ ℓ̄ 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. Rev. 200 (1991) 301.

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

– 22 –