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Note to the reader

The present notes collect and integrate the subjects taught over five hours at the XII Modave
Summer School in Mathematical Physics. The audience was composed almost entirely by young
PhD students, so the lectures were intended for researchers who are new to this specific field. In
the same way, these notes require as preliminary notions no more than the standard material of any
master studies in theoretical physics, namely some basics of group theory, quantum field theory
and complex analysis.

Moreover, the shortness of the course imposed a restricted selection of topics. The study of
theoretical and mathematical aspects of on-shell scattering amplitudes is an extremely broad field
of research, which experienced great vitality and development in the recent years. This work does
not aim to any extent at being an exhaustive review on the subject, reviews which on the other hand
we have in a number of eminent examples (as for instance: [1, 2, 3]).

This text is rather meant to be an initiating tool for students and researchers who are interested
in working on these topics. Therefore, taking the risk of being even redundant, we provide enough
details for the computations to be reproduced by the reader. On the other hand, we try on any
occasion to refer to other material which extends and develops the subjects that we are neglecting
in our discussion, in order to guide the interested reader.


http://www.ulb.ac.be/sciences/ptm/pmif/Rencontres/ModaveXII/lectures.html
http://www.ulb.ac.be/sciences/ptm/pmif/Rencontres/ModaveXII/lectures.html
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Introduction

The most prolific source of experimental evidence for high energy physics is given by large
particle accelerators, where the measured observables are the probability amplitudes of scattering
processes. Such measured quantities are matched with theoretical predictions which are computed
mainly by techniques based on Feynman diagrammatics. These techniques are derived from La-
grangian formulation of quantum field theory, and rely over perturbative expansion and renormal-
izability. They apply thus only to weak and renormalizable interactions.

However, since the very beginning of quantum field theory, an alternative non-perturbative
analytic approach to scattering amplitudes was suggested [4, 5]. Such approach, initially developed
by Chew [6], and by many others afterwards, was prominent in the 50’s and 60’s, going under the
name of “S-matrix program”. The idea was that the S-matrix could be entirely reconstructed starting
from a few first principles: analyticity, unitarity and crossing properties of the S-matrix, together
with its symmetries.

The program, after some initial success, did not manage to achieve its goal, and was eventually
supplanted by the field theoretical approach, namely after the affirmation of quantum chromody-
namics as theory of strong interaction. It knew then a period of rediscovery during the 70’s and 80’s,
in the framework of two-dimensional perturbative string-theory, but it is in very recent times that
the S-matrix perspective is living a new revival, more as a complement, rather than a substitute, of
perturbative quantum field theory. Ironically, this new vague of success is concerning mainly Yang-
Mills theories, which were responsible for burying the S-matrix program half a century ago. The
new elements that made the recent advancements achievable are the focus on massless particles,
with the extensive use of the spinor-helicity formalism as a simplifying operational framework, and
the addition of more symmetry (supersymmetry, conformal symmetry).

The symmetries of spacetime have a crucial role in the scattering theory, since they underlie the
notion itself of particle-state: what we call elementary particle in high-energy physics corresponds
to a unitary representation of the spacetime symmetry group. But spacetime symmetries do not
only classify the external states participating in the scattering, they also yield constraints on the
form of the scattering amplitude. Such symmetry-based constraints do not rely on the existence of
a local Lagrangian, nor on the validity of a perturbative expansion, so they must apply to any kind
of particles (any mass, any spin) and interactions (strong, non-renormalizable,...).

In these notes we will remain in the ‘maximally realistic’ situation of scattering events in four-
dimensional flat spacetime, and we will show how mere Poincaré invariance is enough to fix the
kinematic dependency of the three-point amplitude, where the external states are either massless or
massive.

The most general non-perturbative Poincaré-invariant three-point amplitude is already quite
an interesting result on its own, but it is even more significant since it can be used as building-block
to construct higher-point amplitudes, through on-shell recursion relations. We present here an in-
troduction to tree-level BCFW (Britto-Cachazo-Feng-Witten) recursion relations, and we carry out
some practical applications to simple but emblematic examples, with an attentive regard towards
the details of computations.

Furthermore, the entirety of our derivation will be realized in spinor-helicity formalism. The
advantages of such formalism, besides being particularly convenient to express on-shell massless
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amplitudes, are two main ones: in the first place, the constraints coming from Lorentz symmetry
take a particularly simple and effective form in spinor language; then, the spinor description nat-
urally extends to complex momenta, which are essential for on-shell recursive techniques, which
are based on complex analysis.

Before immersing into the actual matter, let us mention those works of other authors that in-
spired most the present manuscript. Among its spiritual fathers, this work particularly owes to its
predecessor [7], the notes of the lectures given on similar topics by Eduardo Conde, at the ninth
edition of the same Modave School, in 2013. Moreover, the co-authored work with Eduardo [8]
constitutes a significant part of the material of these notes. Other main inspirational sources for the
adopted overall perspective are Weinberg’s textbook on Quantum Field Theory [9], the more mod-
ern book by Henn and Plefka [10], together with the already cited review by Elvang and Huan [1].

More specifically, for Section 1, where we briefly sketch some preliminary notions from S-
matrix theory, we refer to Chapter 3 and 4 of Weinberg’s book [9], to the historical book [11],
and to Conde’s notes [7]. In Section 2 we review the Lorentz Little Group for massless and
massive representations. Then in Section 3 we introduce the spinor-helicity formalism, both for
massless and massive momenta, establishing our notation, which is the same as in the useful prac-
tical compendium [12]. In Section 4, essentially based on the already cited work [8], we show
how the constraints coming from Lorentz symmetry completely fix the three-point amplitude in
spinor-helicity formalism, for either massless or massive external particles. For Section 5, where
we present BCFW recursive techniques and some illustrative examples, we are grateful to the
works: [1, 2,7, 13, 14].

1. Preliminaries on the S-Matrix

Let us start with setting some preliminary definitions regarding the S-matrix. The probability
amplitude of a scattering process is defined asymptotically, that is at past and future infinity: we
have some initial (interaction-free) particle content, and after a ‘long’ time, during which some
interaction happens, we get some other final (interaction-free) particle content. More formally, the
probability amplitude of the transitions between some initial state |/) of the physical Hilbert space
at time —eo and some final state |f) at time +oo is defined as the expectation value (inner product
on the Hilbert space)

Ssi = (fli) - (1.1)

This defines the elements of the S-matrix. We should intend the final and initial states as ranging
over an orthonormal basis of multi-particle states. So, from the completeness relation, it follows
that the S-matrix has to be unitary.

We can subtract from the S-matrix the trivial case of transitions with no interaction happening,
to get the part that actually contains the interactions:

Then, we demand translational invariance of the S-matrix, namely

(Pl = (0P fle i) = e BT ¥ )
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where p; represents the sum of incoming four-momenta, and p ; the sum of outgoing four-momenta.
Of course, for arbitrary a,, this identity can be true only if the four-momentum is conserved.
So we can extract an overall delta function of momenta and write what we will actually call the
amplitude M:

Ty =—2mi 6(ps—p;) My; , (1.3)

with some conventional numerical factor. Then the unitarity condition for § translates into the
following condition on M:

S's=1=88" = M-M =2riMM". (1.4)

Finally, we use the crossing symmetry of scattering amplitudes, that is the equivalence of
interpreting outgoing particles as incoming antiparticles. In this way we can always treat all the
particles as incoming, and replace My;, where we have m incoming and n — m outgoing particles,
by M,,, where all particles are incoming.

Another crucial property of the S-matrix is the cluster decomposition principle. This is just
a consequence of the assumption that experiments that are sufficiently distant in space are uncor-
related, which is a mild version of locality of the interactions. The consequence is that the total
S-matrix of distant, uncorrelated scattering processes factorizes into the product of the S-matrices
of each of these processes. Then we can restrict to the part of the S-matrix where there is an actual
exchange of momentum among all the » particles involved (that is, we look at a scattering event in
a given, localized experiment), which is called the connected part of the S-matrix.

The advantage we will gain from considering the connected part is that it contains no delta
function other than the total momentum conservation one, whereas the non-connected part con-
tains additional delta functions corresponding to subsets of particles going through the process
without interacting with the rest. On the other hand, the non-connected pieces can be recursively
constructed from the lower-point connected one, so the connected amplitudes are really the ob-
jects we need to determine in order to have the whole S-matrix. Thus, in the following, by M,
we will always implicitly mean the connected component of the amplitude, rather then the whole
n-point amplitude. For more details about the cluster decomposition principle we refer to standard
literature on the subject (for instance chapter 4 of Weinberg’s QFT book [9]).

We have then just sketched the basic properties of S-matrix: unitarity, crossing, cluster decom-
position (which is related to locality). We have also already imposed translational invariance, but
in case of a larger spacetime symmetry group we can impose further constraints on the S-matrix. It
is precisely what we are going to do, for the four-dimensional Lorentz group.

In order to do it systematically, we will start reviewing the representation theory of Poincaré
group, which classifies the different kinds of one-particle states, furnishing a basis for our physical
Hilbert space. This is crucial for the definition of S-matrix itself, as it is clear from the defining
relation (1.1).

2. Poincaré representations and the Little Group

So, as we have just seen, the scattering amplitude is defined out of the states of the phys-
ical Hilbert space, which in turn are classified by the irreducible unitary representations of the
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symmetry group of spacetime (Poincaré group in our case). Moreover, the states will transform
under the symmetry transformations in a determined way, and so the amplitudes will inherit such
transformation properties.

So, our preliminary effort is about reviewing the representation theory of Poincaré group. We
will particularly focus on the Little Group, which will play a central role in the subject of Section 4,
providing the crucial constraints for the three-point amplitude.

The algebra of Poincaré group possesses two Casimir operators. A Casimir is an element of
the universal enveloping algebra of a given Lie algebra g, that commutes with all the elements of
the algebra g. Since an irreducible representation has no Casimir beside the identity, the Casimir
operators of a group can be used to classify its irreducible representations. The classification of
representations of Poincaré group in four dimensions is due to Wigner [15], and it is referred to as
Wigner classification.’

The Casimir operators of Poincaré group are the squared norm of the translation generator
(momentum), P2, and the squared norm of the Pauli-Lubanski operator, W2, where

Wy = EgluvauVPp ) 2.1

with M*" the generators of the Lorentz algebra.

Since the Casimir operators commute with all other transformations of the group, their eigen-
states can be chosen as the physical states: the respective eigenvalues are not affected by any
transformation of the group and can be considered as intrinsic properties of the state/particle.

The eigenvalue of the square momentum operator is the squared mass. This divides the Hilbert
space into separated classes, whether the mass is zero or different from zero, respectively leading
to massless and massive representations of the Poincaré groupz.

The eigenvalues connected to the Pauli-Lubanski operator, instead, will be related to the he-
licity/spin of the particle. The Pauli-Lubanski operator generates the Little Group (LG) of a given
four-momentum p. The LG of p is the stabilizer subgroup of the Lorentz group with respect to p,
which is defined as the subgroup of proper orthochronous Lorentz transformations that leave p
invariant:

LG, = {A eLl /Ap= p} 2.2)

We can thus label our physical states | p;a) thanks to the eigenvalues of the momentum operator
(i.e. p) and of Pauli-Lubanski operator (represented for the moment by the generic label a), and
decompose the action of any unitary representation U of a generic Lorentz transformation A in the
following way

A)|p:a) ZD A)|Ap:d) . (2.3)

If the considered Lorentz transformation is a LG transformation, then the expression (2.3) clearly
reduces to

A,)|p:a) ZD A))lpid), (2.4)

'In these notes we will remain in four dimensions, but an analogous classification can be realized for any dimensions
bigger than one (see for instance [16]).

2Tachyonic momenta (i.e. with negative squared mass) constitute a third distinct class, but we discard them as
unphysical here. The vacuum (p = 0) also corresponds to a separate, yet trivial, case.
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which does not touch p, but can affect the other labels q, related to the LG.

In the next sections we will see how the Pauli-Lubanski operator actually generates the LG,
defining a basis of physical states, and we will explicitely determine the form of the representa-
tions D /. Since the LG will highlight the fundamentally different nature of massless and massive
particle, we will discuss light-like and time-like momenta in distinct sub-sections.

2.1 Little Group for massless momenta

Let us then consider a light-like four-vector p, so meaning p2 = 0. There exists a Lorentz
transformation L,, that moves p to the special frame

L,p=k=(E,0,0,E) . (2.5)

Then transformations Ay of the LG of k would give transformations A, of the LG of p through the
composition A, = Lpfl/\k L,

The LG of k can be intuitively identified with the group of isometries ISO(2) in the p,-p, plane.
Let us verify that the Pauli-Lubanski operator corresponding to k indeed generates the ISO(2)
group. From the definition (2.1), we have

Wo=EM“Z=EJ;

W, =E (—M23 —M02> = F
W, = E (—M31 +M°1) = _F (12 —K1> :
Wy=—EJ =-W,;

where J' are spatial rotations around the respective axis, and K " are Lorentzian boosts along the
respective direction. The operators Wy, W,, J 3 verify the algebra (following from Lorentz commu-
tation relations):

(W, w,] =0, [P W] =gz W, with i,j=1,2,

which is indeed the algebra of ISO(2).
Thus a generic LG transformation for k would act on a massless state |k;a) as

. . 073
e*l(XWIeflﬁWZeflef |k,a> )

The eigenstates of W, W, turn out to have continuous eigenvalues, which would lead to continuous
spin. Even if such possibility constitutes current matter of research [17, 18, 19, 20], it is discarded in
standard particle physics (requiring the action of W;, W, to be trivial on the physical states), in favor
of a quantized spin. In fact, the eigenstates of J? possess discrete eigenvalues, which correspond
to the two opposite values of the helicity of a massless particle. This can be seen directly from the
definition of helicity, that is the projection of the spin onto the direction of motion; with our special
choice of four-momentum & (2.5), we have indeed:

aetl
e

J- J- VA
= Hk:T:7:J
K E

H— (2.6)

|
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Then we choose the eigenstates of the helicity operator as our physical massless particle-states,
Le.
H|p:h) = h|p:h) , for p* =0, 2.7)

where the helicity eigenvalue can take two opposites values & = +s, being s the spin of the massless
particle. Then, a general little group transformation will act as follows on the state in the special
frame k:
—i6J° —i6h
U(Ay)lk;h) =e |k;h) = e ""|ksh) (2.8)

and equivalently for a general light-like four-momenta p:

pih)y =e | p:h) . (2.9)

U(A,)|psh) = U(L, AiL,)

We notice, comparing this expression to the more general (2.4), that the representations of mass-

leh; which is obvious, because the LG is

less LG are diagonal in the helicity basis, i.e. D,,s = §, ¢
one-dimensional, so it has only one generator and we have chosen as basis the eigenstates of such
generator. Yet, this is possible only because the helicity is a Lorentz invariant (Lorentz transfor-
mations cannot reverse the direction of motion of a massless particle). It will not be the case for

massive representations, as we will see in next section.

2.2 Little Group for massive momenta

As in the massless case, we can bring a generic time-like momentum P, PP=m’ t0a special
frame (the rest frame), through a certain Lorentz boost Lp,

LyP =K = (m,0,0,0) , (2.10)

and then we can retrieve the LG transformations for P from those for K: Ap = LKflAKLK.
From (2.10) we can realize that the LG would be given in this case by the group of three-dimensional
spatial rotations SO(3). Again we can derive the generators of the LG from the Pauli-Lubanski op-
erator (2.1),

WOZO,

VVi = meijkoMJk = —mJ’ .

Of course, the generators of spatial rotations J! by definition reconstruct the algebra of SO(3),
which is equivalent to the algebra of SU(2), i.e.

[J,J7] = i I~ 2.11)

In the rest frame, the total angular momentum, which is in general the sum of orbital and intrinsic
angular momentum, J=L+35, is given just by the intrinsic angular momentum, the spin S. The
Casimir is thus W? = J = S 2, and we choose the particle-states to be eigenstates of the Casimir,
with eigenvalues s (s + 1), where s defines the spin of the massive particle. Yet, as we know from
our quantum mechanics courses, this is not sufficient to define a basis of the Hilbert space: we
need to choose the component of the spin along one direction (which we will call J;)), and the
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corresponding eigenstates with eigenvalue o will give the complete basis. Then we can label our
massive states by s and o, and write

7|Pis,0) = s(s+1)|P;s,0) ; (2.12)
J°|P;s,0) = 6|P;s,0) , (2.13)
JE|P;s,0) = 0% |P;s,0 1) ; (2.14)

where 6© = \/(sF0)(s+1+£0), and the generators J, are defined in the standard way in order
to satisfy the SU(2) commutation relations

a7 =2, [0 0] =+ (2.15)

As announced in previous section, we notice that, since the spin projection ¢, contrarily to the
helicity, is not a Lorentz invariant (it is indeed shifted by transformations generated by J, and J_),
the representations of massive LG transformations will not be diagonal in the eigenstates of Jj:

U(Ap)|P:s,0) =Y Dy os(Ap)|Pis, o) . (2.16)

This is a crucial difference that we will have to take into account when we will try to extract
constraints for the amplitudes from the massive LG.

Commentary: the LG transformations and the amplitude

Before moving on, we want to make more explicit the link between LG transformations and the
amplitude, which is the physical object we are interested in. The fact is that, since the amplitude
is made out of a direct product of in-going (out-going) states, it will inherit the transformation
properties of the states under Lorentz transformations. Referring to expression (2.3), we can write

m({pstad) 2 (L0uqhm) )b (Apd ). 1

J
J

where the Lorentz transformation is acting on the j-th state inside the n-point amplitude M, with n
external momenta p;. In particular, for infinitesimal LG transformations it reads

HM,({pi}:{a;}) =h;M,({p;}:{a;}) , (2.18)

for p; massless, from eq. (2.8), and

J?Mn({Pi}§{ai}) = GjMn({pi};'-'ijv-“) )
J;tMn({pi};{ai}) = Gj:'tMn({pi};"'>Gj:|: 17) )
for p; massive, from eq.s (2.13) and (2.14).

The fact that the amplitude has to transform in a proper way under LG transformations yields
strong constraints on the general form of the amplitude. Yet it is not immediate to extract such

(2.19)

constraints from equations (2.18-2.19), we need to write them in a more explicit way. For such
purpose, the spinor-helicity formalism furnishes a language to translate LG equations in a ready-
to-use and effective form, in terms of simple linear differential equations.

Hence in next section we will introduce and review the spinor-helicity formalism, before mak-
ing large use of it in the rest of our discussion.
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3. Spinor-helicity formalism

The spinor-helicity formalism is an ubiquitous ingredient of the recent vague of successes in

computing scattering amplitudes with on-shell methods. Yet, it does not contain anything magic. It
11
202
tation, into a pair of Weyl bi-spinors, transforming under the (%, 0) and (0, %) representations. This

is just a language which translates null-norm four-vectors, transforming under the (5, 5 ) represen-
has the advantage of implementing by construction the massless on-shell condition, as we will see.

The essential fact behind all this is that the (proper ortochronous) Lorentz group L(R) is ho-
momorphic to SL(2,C). This two-to-one correspondence can be more naturally understood and
explicitly constructed for the complexification of the Lorentz group, i.e. L((C).3 Using the Pauli
matrices plus the identity, o* = (]I7 6), we can associate a complex two-by-two matrix to any
four-vector:

c’ — M,(C)
Po+p3 P1—iP2> I (3.1

u
pu = (Po,P1,P2,P3) +—  Cuaby = :
H aarht <P1+1P2 Po—P3

In this a way, a complex Lorentz transformation acting on a complex four-vector corresponds to
the action of two SL(2,C) transformations conjugately acting on the complex two-by-two matrix.

L(C) — SL(2,C) x SL(2,C)
3.2)

AZPMHAuvkv — ¢(A),E(A) :paaHCabpbbéba‘

Demanding the transformed four-vector to match the transformed two-by-two matrix, we derive
the defining map between A and {(A),&(A):

ro_ Ab _ Ai’4: Abv‘ Ab<v -
Paa = C(A), Pbb‘S( )a E(A)q Opiy ( )ap . C(A)abc}ié(/\)bdzcga/\v“ (3.3)

Pai = CuaPu = Cil\y” Py
The fact that the transformation matrices {, & have to belong to SL(2, C) descends from the defining

property of the Lorentz group, the conservation of the norm: (Ap)2 = pz. In the two-by-two
matrices language the norm is given by the determinant of the matrix:

det|p| = py— P> =p* . (3.4)
Then
det|p| = det|{ p&| = det|{|det|p|det|§| <« det|{|det|E|=1. (3.5)
There is a redundancy in such defining property, since we can always rescale { and & in the fol-
lowing way,
—C!
¢ ¢ with Ce C,
§—C&

3This constitutes a first reason to consider complex momenta throughout the discussion of these notes.
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without spoiling the condition (3.5). Then, if we take C = det|{]|, the redefined { gets unit deter-
minant, and so & as well must have unit determinant, in order to satisfy (3.5):

det|¢|=1=det|l|] = (,E€SL2,C). (3.6)

We have thus constructed the homomorphism between L(C) and SL(2,C) x SL(2,C). Itis a
homomorphism, and not an isomorphism, because there is still a leftover redundancy in sending
£, & into — &, —&, so that we have a two-to-one map. The quotient of SL(2,C) x SL(2,C) by Z, is
then giving a one-to-one map, i.e. an isomorphism.

If we want to recover the real-valued case, we have to impose a reality condition pL =Py
which yields in turns PZa = P as a straightforward consequence of the hermiticity of Pauli ma-
trices. Imposing hence this reality condition on the transformed momentum-matrices, we get

CpE=(Cpe) =Ept" & e=(", (3.7)

i.e.: the “right-handed” transformation must be the conjugate of the “left-handed” one. So we have
to take the diagonal SL(2,C) in the product of (3.2) in order to get the homomorphism with the
(real) proper orthochronous Lorentz group, L(R).

Finally, we can specialize to massless momenta and define the spinor-helicity formalism. A
null four-vector translates in a two-by-two matrix with null determinant. A complex two-by-two
matrix with null determinant can be always expressed as the direct product of a pair of complex
two-dimensional vectors:

5 My LA,
detlp| =0 = pua=A% (LZQL[ A/Z%) . (3.3)
In the following we will keep the tensor product implicit, using the lighter notation: p = AA.

You can notice that the advantage of writing a null momentum in such a way is that the on-
shell condition det/AA| = 0 is built-in, and any expression written in this formalism would be
automatically on-shell, with no need to enforce this condition by hand.

We define now a bunch of conventions and shorthand notations for spinor products, which
we will extensively use in the rest of these notes. First of all, we can take contractions of two
bi-spinors, which are SL(2,C) invariant in the same way as scalar products of four-vectors are
Lorentz invariant:

(o) = 2", =", (3.9)
A, 0] = An’ = e Ay | (3.10)
with €2 = 1 = ¢!, €, = —1 =g, and €*¢,, = 8. These inner products are obviously anti-

symmetric and, in particular, their vanishing implies that the two spinors are proportional. The
Minkowski scalar product translates into a product of two-by-two matrices (non necessarily with
null determinant), as follows:

2p-q =6 pdy - (3.11)

In the case of light-like momenta, we can replace the matrices by a pair of spinors, obtaining

2pi'pj:<Ai72’j>[ijai’i]5<i7j>[j7i] ) (312)

10
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where in the last passage we have introduced a shorthand notation that we will largely use through-
out these notes. Another shorthand notation that we will adopt is the following one, for the product
of a light-like vector k = kK with a generic four-momentum p:

2%k p= e k&, p,y = (K| p|R] (3.13)

which naturally reduces to something of the kind of (3.12) in the particular case where also p is
light-like.

3.1 Spinor-helicity formalism for massive particles

The main power of the spinor-helicity description for null momenta is the automatic imple-
mentation of the on-shell condition, as we have just seen. If we want to apply this formalism to
massive momenta, we loose such advantage, since we do not know how to enforce the massive
on-shell condition det|p| = m? by construction. Nevertheless, as we will see in next section, a
second advantage of spinor-helicity formalism is the simple and effective form that LG operators
take in this language. Such simplicity and effectiveness is realized both for massless and massive
particles. Moreover, if we want to consider amplitudes where massless and massive particles are
involved at the same time, it is sensible to treat them on the same footing.

There are two standard ways of expressing a time-like momentum P in terms of bi-spinors,
as discussed by Dittmaier [21]. We choose the strategy of representing P as the sum of two null
momenta, p and g:

Pu:pp+QM = Padzlai’a—i_uaﬂaa 2pq:<)’hu>[na71]:m2 (314)

Notice that there are many ways of decomposing a time-like vector in terms of two light-like
vectors. This description introduces thus a redundancy, which is not physical and will need to be
removed at a certain point. We should not confuse this non-uniqueness with the one that yet we
have for massless momenta described in terms of bi-spinors (3.8): in this latter case we can act
with SL(2, C)-transformations on A and A such that the final two-by-two matrix is left unchanged.
But these are nothing else that the physical LG transformations, which, as we will see later on, will
be precious for constraining the amplitude. On the contrary, the physical massive LG invariance
will mix up with the non-physical redundancy introduced by our ambiguous decomposition (3.14).
It will be crucial in section (4.4) to distinguish the two of them, and to remove the latter.

We have thus briefly seen how to apply the spinor-helicity formalism to massive particles in
a very simple way, which yet yields some disadvantages. Now we will see how to write the LG
equations in this formalism, bringing out the advantages of our choice.

4. Constraining the amplitude: the LG equations

The aim of this section is to translate equations (2.18) and (2.19) in spinor language, and use
them to constrain the amplitude. In this context, the asymptotic states, instead of being labeled in
terms of massless or massive four-momenta, will be labeled by pairs of bi-spinors, {4;, )L}

Since the LG for massless and massive momenta is fundamentally different, we will treat the
two cases separately. The derived LG equations yield constraints on the dependency of the n-point
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amplitude on its kinematic variables (spinor products). For the 3-point amplitude, such constraints
will be enough to completely determine the form of the amplitude, both in the massless and in the
massive case.

4.1 Massless LG equations

We have seen that the massless LG corresponds to rotations around the direction of motion.
For instance, in the special frame k, = (E,0,0,E) it is given by rotations around the third axis.
These are a subgroup of (real) Lorentz transformations parametrized by an angle 0, acting on a
four-momentum p as follows:

1 0 0o 0\ /po
Ry(8)p = 0 cos(0) —sin(0) O 12
0 sin(6) cos(0) 0O 12
0 0 0 1 D3

How this transformation translates into SL(2,C) transformations acting on bi-spinors? The answer
can be worked out straightforwardly from the relation (3.3), and is given by

s -i0/2 A
0) P2 = +e 20 =+ (€ . ! 41
CR3( )a b e ( 0 619/2> (%)7 4.1

where the sign ambiguity corresponds to the Z, ambiguity in the homomorphism between Lorentz
and SL(2,C). The special frame k in spinor language is given by

2E 0 V2E
kad—KaK‘;—<00>, with K‘a—< 0 )

Hence, whereas the momentum-matrix is trivially invariant under LG transformations, CR3kC 1& =k,
as it should be, it is not the case for each bi-spinor by itself:

.0 -0
_ -8 tot G
(k=€ 2k, K =e¢ 2K .

So the LG is acting non-trivially on the spinors (yielding a phase), and actually these transforma-
tions, which we have here derived for the special frame k, are the same for any generic frame (see
the appendix A of [8] for more details), namely

_;0 % TR
A —e 2, A — 2. (4.2)

In any case, however, the momentum matrix p is conserved under such transformations, whereas
the momentum-spinors are scaling in a precise way, and so the amplitude scales accordingly.
The differential operator that generates the infinitesimal version of transformations (4.2) is

/(.40 x 0 )_ 1( o 50 )
H=—-(2 )= (2% -12 ), 43
2( oAt "o, 2\79r T aA 43)

so that the helicity equation (2.7) becomes

(Aa—Z‘9~>|x,i;h)=—2h|/1,i;h>, (4.4)
YY)

12
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for the massless one-particle state, and consequently for the n-point amplitude, from eq. (2.18),

d 5 0 5 5

<)Lj A ) M, ({A, Ay {a;i}) = =20 M, ({4, A}, {a;}) 4.5)
oA i IdA i

when the j-th particle is massless. This equation constitutes a sort of Ward identity for the n-point

amplitude, and it is as powerful as to completely constrain the form of the amplitude for the lowest-

point case, i.e. n = 3, as it was first derived by Benincasa and Cachazo [13], and as we will see

immediately.

4.2 The massless three-point amplitude

The three-point amplitude for three massless particles has to be zero for real external momenta:
a massless particle cannot decay into two other massless particles, except for aligned momenta and
helicities summing to zero. This can be seen just by applying momentum conservation to the case
of three light-like four-vectors, as it is shown in [22]. Momentum conservation can be satisfied
only if the spatial momenta are aligned. Then, being the helicity the projection of the spin along
the direction of motion, the conservation of the spin imposes h; + 1, + h; = 0°.

If we allow for complex momenta, instead, we can have non-trivial three-point amplitudes for
arbitrary values of the helicities. The advantage of considering complex momenta and so having
non-zero massless three-point amplitudes will be clear in section 5, when we will use the power of
complex analysis to glue together two three-point amplitudes to obtain a four-point one. Sending
afterwards the complex momenta to real ones, we will get a non-zero final result, which is the
actual physical four-point amplitude with real-valued external momenta.

So we derive now the most general Poincaré-invariant three-point function with complex mass-
less external momenta, keeping in mind that it will constitute the fundamental brick to construct
higher-point amplitudes. To do that, we just consider three times the LG equation (4.5) for n = 3:

(Aj3—1j9~ >M§17h2’h3({/1,-,}1,-}):—2th§'*h2=h3({7L,.,ii}), with j=1,2,3. (4.6)
FYIErYS

The amplitude will depend only on Lorentz invariants, SL(2,C) invariants in our case, that is the
scalar products of spinors (3.9-3.10). Then it is convenient to change to those variables:

Xy = <253> y X = <371> ) x3:<172>;

1= [312]7 = [173] y Y3 = [271} 5

4.7

where we have used the shorthand notation (3.12). If we use the chain rule, i.e.

*This turns out to be a somehow sick case (see the comments on page 15), except for the case of three massless
scalars, where yet the 3-point amplitude is just a constant, the cubic scalar coupling.
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and so on, we can recast the three equations (4.6) in the following way (omitting the subscript 3 on
M from now on):

(xlal _ylél)M{h[}({xhyi}) = (hl _h2_h3)M{hl}({xi7Yi}) )
(xzaz —)’292) M{hi}({xn)’i}) (hy—hs —hy) M{hi}({xiayi}) ; (4.8)

<x383 —)’393) M{hi}({xi’Yi}) (hy —hy _h2)M{hi}({xiayi}) ;

where we have used the shorthand notations d; and d, for partial derivatives with respect to x; and
y; respectively.
The most general solution’ for this system of equations is

h, hy—hy—hy _hy—h3—h; h3—h;—h
M{ l}({xi)yi}) :)ﬁl : 3x22 ’ 11)533 b f(x1y17x2y25x3y3)

hythy—hy _hy+hy—hy hy-+hy—hs

N ) 4.9)
=¥ 35 V3 f(xlylvxl)’b x3y3)

where we have a pre-factor encoding the proper LG scaling, and an undetermined function depend-
ing on the combinations x;y;, which precisely vanishes under the action of the differential operators
X;0; — yiéi. We have written the solution in two different ways, just to make manifest that there
are many equivalent ways to write the pre-factor, and in order to retrieve the actual form of the
amplitude we need to explicitly determine the function f (or f).

Actually, we still have to impose momentum conservation, which yields relations among our
six variables. We will discuss these relations for generic n external momenta in section 4.4, but for
three massless momenta the analysis is straightforward. We obtain for instance

2 _
1=

0=pi=(—py—p3)> =2ps-p3 = (2,3)[3,2] = x1; .

So we have to choose x; = 0, or y; = 0. Let us try with x; = (2,3) = 0. This means that A, and
A5 are proportional (aligned in the two-dimensional vector space of the spinors). In addition, in
a two-dimensional vector space three vectors cannot be linearly independent, so A; = oA, + BA;.
Therefore all the ‘non-tilded” spinors have to be proportional: 4; «< 4, «< A;. Of course, if we had
started with y; = 0, we would have obtained that all the ‘tilded” spinors should be proportional.
Thus momentum conservation requires that all x; =0, or all y; = 0.

So there are only two forms for the amplitude to be finite and not trivially zero®, which are

T TR I VR
Mihi} =gy yfll2+h3—h1 y23+h1—h2 y§1+h2—h3 ’ when x; =0 Vi, (4.11)

respectively corresponding to the following values of the function f:

f=g., and f=g (xy)" " ()5 (g )T (4.12)

SThis kind of solutions for partial differential equations are standardly obtained through the method of
characteristics.

®We remind that we are considering the connected part of the amplitude, so that we know that it does not contain
any delta functions.
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It is eventually possible, by imposing an additional physical requirement, to determine which
of the two forms of the amplitude is the correct one, depending on the values of the helicities. We
remind the reader our initial remark of this section: for real external momenta the massless three-
point function is trivially zero (except for specific values of the helicities, s.t. h; 4+ hy 4+ hy = 0).
The reality conditions read y; = x;, implying that x; = 0 =y, for every i. Then the amplitude (4.10)
vanishes (and does not explode) for i; +h,+h; <0, whereas the amplitude (4.11) vanishes (and
does not explode) for h;+h,+h; >0. The choice remains ambiguous precisely for the case i +
h, + hy = 0, where actually the amplitude can be not vanishing. But except the trivial case of
three scalars, where the amplitude is just a constant, i.e. the cubic coupling, there is no known
interaction that yields a three-particle process with /; + h, + h; = 0, and actually it can be shown
that, for theories where we can construct higher-point amplitudes out of the three-point ones, such
interactions are ruled out [23].

Thus the (complex-valued) massless three-point amplitude is fixed by Poincaré invariance up
to a constant, the coupling constant g or g4, as it was first derived by Benincasa and Cachazo [13].
We stress that the results (4.10) and (4.11) are non-perturbative, since they rely only on Poincaré
invariance plus the requirement that the amplitude be non-singular. This last requirement applies
to the full non-perturbative physical amplitude, as well as tree-level amplitudes. In a perturbative
expansions, as we all know, intermediate steps are typically non-finite. Such kinds of ‘partial’
amplitudes, as long as they obey Lorentz invariance, should still obey the most general form 4.9)".

In next section we will extend the successful strategy, that has allowed us to determine the
massless three-point amplitude, to the case where one, two, or three massive particles participate
in the scattering. The derivation will be less straightforward, but just as successful.

4.3 Massive LG equations

As we have seen in section 2, an n-point amplitude that involves a massive particle has to
obey the massive LG equations (2.19) for the corresponding leg. The generators Jy, J, , J_ respect
the three-dimensional SU(2) algebra (2.15). We want to turn these equations in spinor-helicity
language, that is spinor differential operators acting on the amplitude. As in previous section we can
consider the action of a LG transformation on a four-vector, and from that infer the corresponding
transformations on the spinors.

We recall our description of a massive momentum-matrix in spinor-helicity formalism (3.14),
and for simplicity we go to the rest frame K, = (m,0,0,0), where we have

K . =

aa

m 0 ~ . 11114'#1/11 115‘44'#1112
0 = Aaa + Moty = % - % -
m M+ iy Ak, + b,

with the following conditions on the spinor components:

M+ iy, =0= LA, + L, ,
M — i, =0= i — A4, , (4.13)
MM+ =m= iy + i, .

"The general form (4.9) does not appear in the original paper [13], but has been instead proposed in [8], where an
example of loop divergent amplitude, matching (4.9) rather than (4.10-4.11), is given as well.
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The LG is given by SO(3), the three-dimensional spatial rotations. If R is a generic element of
SO(3), then the corresponding SL(2,C) matrices acting on spinors, Cg, C; , turn out to be elements
of SU(2) subgroup. This can be easily checked taking rotations around specific reference axis,
like the one in (4.1), and composing them to obtain a generic rotation, for instance by the standard
parametrization through Euler angles. Then we take

b .
(e = <_6; a*> , with o’ + [P =1, (4.14)

and we check that indeed the correct LG transformation property for K, is fulfilled:

b ~ b » b
CRabeng “= CRabAbleI;r aT CRab.ub.ubC;; a0 =K - (4.15)

The last identity holds in virtue of relations (4.13), which are specific to this frame. We also remark
that the total momentum is invariant under these SU(2) transformations, whereas )Lald and u, i,
are not separately invariant. Of course we can consider a generic boosted frame P = L;lK , and
after having found the proper formulation of boosts in terms of SL(2, C) matrices, we would obtain
the LG transformations for a generic frame:

G, GG, P GG T =P

But this road would not be convenient for us, since the generators of this group of transfor-
mations do not write in a nice form in spinor-helicity formalism. For instance the J° generator
corresponding to the transformations { reads

1 d d - d = 4 d d d d
J0:—<l— 7—17..—’- — 4+ — — [ = +~ N). 4.16
2 lall Aﬁa}b lall 2/282,2 nu'la‘ul H’Zauz Hla,ul au'2a‘u2 ( )

One can see that it cannot be written in a compact form for A, A and U, it, contrary to the opera-

tor (4.3). Let us instead consider another SU(2) transformation, namely

(ﬁ) _>U<ﬁ> ) (i ﬁ) - (1 ﬂ)U*, with U € SU(2) . (4.17)

Our massive momentum is always invariant under such transformations, independently of the
frame:

(/1 u)UTUT"’ (2) - (l u) (2) — A+ i (4.18)

So these transformations U are perfect candidates as massive LG transformations. Moreover,
U is actually a four-by-four matrix, which is an actual SU(2) matrix composed with the two-by-two
identity, i.e.:

al, B, . 2 2
U= , th |o =1. 4.19
(_B*Hz a%) with [ +[B| (4.19)

So, in (4.17), U is acting in the same way on both components A; and A, of the bi-spinor A, and in
the same way on both components y; and L, of the bi-spinor t. Then the infinitesimal generator
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Jy for these transformations® reads

1 d d 7 d 3 d dJ d . d _d )
5 < 19}»1 7‘2822 lazl AQ&?LQ Hy o ﬂzauz Hy o, ﬂzaﬂz

1/.90 9 d ~a>
S A UL
2< on "or HauMon

So this operator recasts in a nice form in terms of A and p, analogous to that of the helicity
operator (4.3). The same holds true for the other generators, and we can summarize:

1.0 o 30 _d

A Ay P ), 4.20
2( or Hou "or TMon *20)
d z 0

Jr=—ul 42—, 421
TR 4.21)

_ d _ 0

J =2 +p% . 4.22
u A 22

We underline that there is an isomorphic map between the U-transformations and the SU(2)
transformations (x. It can be derived explicitly in the rest frame (and then extended through boosts

/()= ()

component by component. So these U-transformations are full-fledged LG transformations, and we

to any frame), imposing the identity

will legitimately use operators (4.20—4.22) to constrain the amplitude. For a more formal derivation
of such representation of the LG generators, the reader can check Section 2 and Appendix A of [24].

We eventually remark that these groups of transformations, either U or (g, are the physical
LG transformations, but they are not the largest group of transformations that leave P = A+ Wit
invariant. Indeed we can keep A, A unchanged and scale u, fi as follows

w—rtp, it (4.23)

or the other way round. Such transformations leave P invariant, but they are not SU(2) transforma-
tions, neither of the form (4.19) nor of the form (4.14). This ambiguity is related to the redundancy
in our description of a time-like momentum in terms of null ones (3.14), as we have already stressed
there: we can of course apply the respective massless LG transformations on each of the null mo-
mentum in the decomposition independently of the other; but this strictly depends on the given
decomposition, while the actual massive LG transformation cannot depend on how we choose to
decompose the massive momentum. So these additional transformations are not physical and we
will have to demand the amplitude not to depend on them.

But let us first proceed to the analysis of the constraints given by the massive LG equations on
the three-point amplitude.

3 1,.2 _ .
8 A basis of generators of SU(2) matrices is given by J* = & = (§ ©,),J" = &Hi& = (0 1), j~ = 9ic" — (9
from which the respective differential operators are derived.
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4.4 The massive three-point amplitude

The starting point are the massive LG equations (2.19), which we rewrite here for the three-
point amplitude:

IiM;({p;}s....05,...) =07 My({p;}i....0;£1,...) . (4.25)

As we have remarked in advance around equations (2.16), the massive LG equations are such that
the eq. (4.24) is an eigenvalue equation exactly as the helicity one (2.18), whereas the eq.s (4.25) are
relating different amplitudes. Of course, we would like to have a maximal number of differential
equations for the same function, in order to hope to solve the system.

The smart thing we can do is considering the amplitude where all massive particles are in the
lowest value of their spin projection, 6; = —s;, so that the action of J_ annihilates such amplitude:

Then we have two simple equations for this amplitude for each massive particle: this last one, and
the one corresponding to the action of J, (4.24). With the operators Jf we can then raise the value
of spin projections o;, and obtain all the other amplitudes with higher values of ¢;. Moreover, once
we get to the highest value of the spin projection, o; = +s;, we can act one more time with J;r and
again we annihilate the amplitude:

) My ({piy ey —sj.0.) = 0. 4.27)

This is yielding an additional constraint on this amplitude, but it is much more involved than (4.24)
and (4.26). So we will keep it for the end, considering for the moment only the simpler equations
for J,Q and J; .

Summarizing, we want to consider the three-point amplitudes involving massive particles that
are in the lowest value of their spin component, o; = —s;, as well as massless particles with arbitrary
helicity, h; = +s;. Taking into account the expressions of the massive LG operators in spinor
formalism (4.20-4.22), together with the helicity equation (4.6) for each massless legs, we have the
following system of equations for this ‘lowest-component’ amplitude:

{a;} _ {a;} . o i
H]M _h]M y if Clj—hj,
Pml) — g ped (4.28)

i
Again we have omitted the subscript of M to make notation lighter.
We now treat separately the cases with one, two, and three massive external states, from the

simplest to the most involved. But before proceeding we discuss briefly the kinematic constraints
coming from momentum conservation and on-shell conditions.
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4.4.1 Kinematic constraints: momentum conservation and on-shell conditions

Since we use one pair of spinors for each massless momentum and two pairs for each massive
one, we will need four pairs of spinors for the one-massive, two-massless case, five pairs for the
two-massive, one-massless case, and six pairs for the three-massive case. Anyway, for all three
cases momentum conservation turns into momentum conservation for (four, five, six) massless
momenta. In general, momentum conservation for m massive momenta and n — m massless ones in
our description is equivalent to momentum conservation of n 4+ m massless momenta.

We consider thus the general case of n massless momenta, which means n ‘non-tilded” and n
‘tilded’ bi-spinors. Out of 2n spinors we can build %n(n — 1) ‘angle’ products (3.9) and %n (n—1)
square products (3.10).

First, the massless on-shell condition for each of the » momenta is automatically implemented
thanks to spinor-helicity formalism, and this translates, as we have already seen in section 4.2, into
the geometrical statement that three bi-spinors cannot be linearly independent, i.e.

This fact goes under the name of Schouten identity. We can then choose for instance A, and A, as
projecting directions, and use (4.29) to express any of the angle products involving neither A; nor
A, in terms of

(1,2), (1,i), (2,i), withi=3,...,n. (4.30)

These are 2 (n—2) + 1 = 2n—3 independent variables.
We can then consider momentum conservation, which in spinor-helicity formalism reads

Y XA =0. (4.31)
i=1

If we contract this equation with A; and A, respectively, we obtain

5 n(i,2) 5 5 n(1,0) 5
A o=— A, and A, =— . (4.32)
: ,-223<1,2> ,.:Z3<1,2>

We see that in this way only the angle products that we have chosen as independent variables
in (4.30) appear in the relations (4.32). With them we can express all the square products involving
either 11 or /712 in terms of

[, j] with 4,7 # 1,2, (4.33)

which are 4 (n—2)(n — 3) variables. When > 5, the variables (4.33) are not all independent since
there are Schouten identities relating them, so we can further reduce the number of square products
to2(n—4)+1=2n-17.

Thus, thanks to massless on-shell conditions and momentum conservation, we have reduced
the total number of independent variables from the initial n(n— 1) to

2n—3 + $(n—2)(n—3) = In(n—1) ifn<s

. (4.34)
2n—3 + 2n—17 =2(2n-95) itn>5
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# of massive legs 0 1 2 3

# of LG equations 3 4 5 6

# of indep. var.s 3 5 8 11

Table 1

This conclusion is completely general, and holds for any kinematic process with n conserved
massless momenta. In our case, since we want to consider massive momenta, we have one addi-
tional condition per each massive particle, the massive on-shell condition (3.14).

If we refer to our counting of LG differential equations for massless and massive external
particles (4.28), we can already compare the number of equation to the number of independent
variables for each case. For three massless particles we had three equations and three independent
variables. For one massive and two massless particles we have four equations from (4.28), and
six independent variables from (4.34), which further reduce to five because of one massive on-
shell condition. For two massive and one massless particles, we have five equations and eight
independent variables. And for three massive particles we have six equations and eleven variables.

Such an unfair comparison (clearly displayed in Table 1) could make us believe that we will
hardly be able to completely determine the amplitude as in the fully massless case. Nonetheless,
we are going to see how this is indeed possible.

4.4.2 One-massive two-massless amplitude

We first consider the three-point amplitude with one massive particle and two massless one.
We decide to parametrize the involved momenta through four pairs of spinors in the following way

Pi=MA+MAy,  pr=Ah, Py =235, (4.35)
with the mass condition reading

(L,4)[4,1] =m> . (4.36)

From the system (4.28) we can write four equations for the three-point amplitude MM

which we will denote simply by M. Using the expressions (4.20—4.22) for the massive LG opera-
tors, and (4.3) for the helicity operators, we can write

<7L a 1487_1187~+148~ )M_+281M, (lla—i4a~>M_0,

Yoa, toa, oA, ol YRRV
(zﬁ_ﬁq c )M_ 2, M (437)
dhy  TdA
9z 9
M= — — | M = —-2h; M .
( 7R A“a;g) ’

As we have done in section 4.2, since we know that the amplitude can only depend on SL(2,C)-
invariant products of spinors, we can denote
X1 = <273>7 Xy = <371>7 X3 = <172> y X4 = <174>7 X5 = <274>7 X6 = <374>;

4.38
= B2 =13, = 2], ye= ], ys= 42, yo= 43, 0
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Then we can use the chain rule to translate the differential operator in (4.37) in terms of these
twelve variables, obtaining

<X3f95 — %205+ 605 —}’533> M=0,
)M

(Xzaz + X303 — X505 — X6 — V205 — ¥303 + Y505 + Y6 0%
B B (4.39)
(xlal +x305 + X505 — y1 01 — 305 —)’535> M= =2h,M

(xlal + X205 + X605 — ¥10) — 205 —y6<96> M= —-2h;M

where again we have used the same shorthand notations as in (4.8) for partial derivatives with
respect to x; and y;. From the discussion of previous section, we know that only five variables over
twelve are independent. It is convenient to choose A, and A5 as reference directions in (4.29) (and
consequently ﬁ,z and 13 in (4.32)), expressing in this way all the variables in terms of x, x,, X3, X4,
x5 (this choice is completely arbitrary, but it will reveal as the most convenient to express the result
in its simplest form). We get the following expressions for the other variables:

2 2 2
m m-Xxs m- XXy + XpXs5
Mi=—_5 = I R
_ XiXgtxpXs X1 XXy XXy X3 (4.40)
6~ X ’ 2 2 2 :
3 m m X, m X3
Y4 = y V5= y Yo = :
X4 X1X4 X1X4

Now we can use the chain rule the other way round to express the system in terms only of the
chosen independent variables, obtaining

85M — 0 5
(x282 +x383 —X585) M = +2S1M : (4 41)
(x1071 +X383 +x5(95)M = —2h2M s ’
(Xlal "‘Xzaz)M = —2]’13M
Indeed the chain rule for the changes of variable (4.40) yields
X1X, m2 = m2x = mzx X5 = m2X = mzx =
X0 0 — 29— — 0 - =20+ —22 0y — 2y —2 9,
X3 X1 X1X4 X1XygX3 X1X4 X1X4
2 2
x232 —>X282 — x2x5 8 — m szs 9 + m XZ 95 s
X3 X1X4X3 X1X4
X1X4 + XX mzxx+xx~ m’x; =
x383 —>x383+ 174 2 536+ 174 2 583—1- 3867 (4.42)
X3 X1X4 X3 X1X4
X1X, m2X = mzx X5 =~ m2 m2x = mzx =
x40y — X0 — 22 g — 20y — 22y - — — — 205 — —3 0 |,
X3 X1X4 X1X4X3 X4 X1X4 X1X4

2 2
XX m X5 x m X,Xs =
205+ ——0y——05.

X505 — X505 — 2
X3 X1X4 X1XgX3

If we substitute these rules into (4.41), we get precisely the system (4.39). Notice that it is not
granted at all, that the operators in (4.39) can be obtained from the operators (4.41), namely contain-
ing only differentials of the independent variables, upon the application of the constraints (4.40).
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Some magic is happening, reflecting the compatibility of the constraints (4.40), coming from
Poincaré invariance, with our LG differential operaltors.9 It can be taken as a confirmation of
the consistency of our treatment.

Let us now solve the system (4.41). The first equation tells us that the amplitude does not
depend on x5, so that the other three equations yield exactly the same system as in the massless
case (4.8)! (with h; replaced by —s;) Moreover, we note that x, is not appearing in the equations,
so that there is no constraint at all on the dependency of the amplitude on that variable. Thus, the
most general solution for the one-massive-leg lowest-component three-point amplitude is

M*Shhz»hz _ x;51*h2*h3 x’;z*h3+51 xé’3*h2+51 fi (x4) s
— (1.2 hy—hy+s) 213 —s1—hy—hs 3.1 hy—hs+s) 1.4 (4.43)
- < ) > < ) > < ) > fl (( ) >) )

where f; is an arbitrary function, which depends on (1,4) and on other parameters of the inter-
action, like the mass m and the coupling constant g. The mass dimension of f; is fixed since the
three-point amplitude must have mass dimension equal to one. Then we can factorize the dimen-
sionful part of fi,

F1({1,4)) = gt 7 (09 (4.44)

m

where g is the coupling constant of the interaction and [g] is its mass dimension. In this way
the function f; is now dimensionless, depending only on the dimensionless argument (1,4) /m.
Furthermore, we will argue that f; is just a constant.

Indeed, we notice that the argument (1,4) is related to our ambivalent choice of decompo-
sition of the massive momentum P;. Following the considerations on page 17, we can apply the
transformation (4.23) on A4, and make it scale, whereas we leave A, untouched: in this way, re-
quiring the amplitude to be independent of such unphysical scaling is equivalent to demanding f;
in (4.44) to be constant. We can then absorb it into the coupling constant, obtaining the following
final expression for the physical one-massive leg three-point amplitude [8]:

M*Sh/’lz:hz _ gmlf[g]f.v1+h2+h3 <1’2>h37hz+sl <273>7S]7h27h3 <3’ 1>hth3+sl : (4.45)

which is thus completely determined by Poincaré invariance, exactly as its massless sibling. But
contrarily to its massless counterpart, this amplitude is non-zero even for real kinematics, represent-
ing the decay of a massive particle into two massless ones. So, it constitutes a full non-perturbative
result, being derived only from symmetry-based considerations.

The attentive reader might remember now of the cumbersome constraint (4.27), and wonder
how it could further constrain the amplitude, as it is already ‘fully’ determined. Actually, if one
acts 2s; + 1 times on the amplitude (4.45) with the spin-raising operator for particle 1, i.e.

d d

J=2A2—+2Z, 4.46
1 on Mok (4.46)

°If we take for instance the differential operator xd, + yay with the constraint y = xz, it cannot be expressed as
x0dy, which instead with this constraint is giving xd, — xd, +2yd,. It would be interesting to explicitly show why the
constraints coming from Poincaré invariance happen to be compatible with the LG differential operators, at least in all
the cases discussed here.
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and require the result to vanish, the following condition on the helicities of the two massless parti-
cles is obtained [8]:

hz—h3:{—Sl,—s1+1,...,s1—1,s1}. (447)

Such condition on the difference of the helicities of the two massless particles is a very basic
relation descending from the conservation of angular momentum. Indeed, we can quickly see the
case where the difference between the helicities is maximized, that is the frame where the spatial
momenta of the three particles are aligned:

P, | P2 | D3]

Then, from angular momentum conservation, J; +J, +J; = 0, and using the definition of helic-
ity (2.6), we have

J5- P - - P Jr - p
TR (S - D) 2 = Fhy = T2 =550 & iy =
|| Py |72

in agreement with (4.47).

We conclude this section with a nice, straightforward application of the formula (4.43). A
renowned fact in particle physics is the impossibility of a massive vector boson to decay into two
photons, which goes under the name of Landau-Yang theorem [25, 26]. We can indeed take the
result (4.43), set s; = 1, and consider the two cases where the helicities of the massless spin-1
particles have either the same sign or opposite sign:

e (LG o Cias L (L2E D (1,20 T
M =Ny @A) M= <<371>> |

You can see that in both case, if we switch particle 2 and particle 3, the amplitude flips sign. But
since particles 2 and 3 are identical bosonic particles, their exchange should not affect the ampli-
tude. We conclude that this amplitude has to be zero. The simplicity and shortness of this proof
should be appreciated, compared to traditional derivations of the Landau-Yang theorem. Moreover,

notice that with the formula (4.43) the statement can be easily generalized to massless particles of
higher spin: a spin-1 massive particle cannot decay into two massless identical bosonic particles
(i.e.: of any arbitrary integer spin).

4.4.3 Two-massive one-massless amplitude

The case of two massive and one massless particles goes in a completely analogous way as the
one we have just considered. We take

Py =02+ A4y Py =2+ Ashs Pz =k, (4.48)
with the mass conditions

<174>[4’1] = Wll2 ) <275>[552] :m22 . (449)
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For the amplitude where the two massive particles are in their lowest spin component, the
system of LG equations reads

E 9 9 9 9 50
Ml Al ALt AL \M=+25, M, A Wl \M=0;
( 7 aA4 ‘ax 431) . ( Yor 4axl>
E 9
— — + A M =425, M , — - M=0; (450
(Maag 5315 AQ EY 5azs> 2 (2’2315 53%) 40

<)L@%— 513>M: M

So we have five equations, and from the five pairs of spinors in (4.48) we can form twenty
spinor products, which reduce to eight independent ones after applying the kinematic constraints (4.34).
We choose as independent variables the following ones,

4.51)
X5 = <2a5> y X6 = <274> y X7 = <175> y Yg = [574] .

so seven angle-products and one square-product. Again, the LG equations can be perfectly recast
in terms of differential of the independent variables only, obtaining

x1OM = (s3—s51—h3)M , IeM =0,
XzazM = (Sl — 5 —l’l3)M s 87M =0 y (452)
(X305 +y305)M = (51 + 55+ h3) M
The most general solution to this system is [8]
Mfsl.fsQ,h3 _ xxl'zfsl —hy x‘;‘ —s7—h3 x‘;‘ +55+hs £ (X4, X, i%)

5,4
1,2)

(4.53)
_ (1,2 (3 1y g 3y (<1,4> 2.5), )

We recognize again a factor carrying the proper Lorentz-wise scaling, again similar to that of the
massless amplitude, together with an undetermined function f;, of three variables. We can repeat
the dimension-based considerations of (4.44), and rewrite f, as

15,4\ 1(gs, sty z [ (L,4) (2,5) [5,4] my
f2<<174>7<275>7<1’2>> _gml § f2< m, ) m, a<1’2> ’n’l]> 3 (454)

so that f, is dimensionless. We notice that the first arguments of f, (or f,) are the angle-products
related to the mass, so we can expect the function not to depend on them, because of the argument
about the non-physical scaling of A, 14 (and /15,15), that we have already applied to f|; but the
third argument contains actual kinematic information.
We can then resort to the constraints of the form (4.27). We have two of them in the present
case, I.e.
(JlJr)Zlerlesl,—sz,m —0, (J2+)2S2+1M*317*32~,h$ =0, (4.55)
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whose respective actions on the amplitude (4.53)10 determine the following two rational expres-
sions for f5:

fZ*ZCk ):(2,5)) 2

V- < <ni§ >?,
2” ( L {LA)2.5) [5

S +52+1’l3 —k
) , (4.56)

4]

2)

’ 4] §1+8sy+hy—k
1,2) > '

)

)

fr= Z ck ,(2,5)) > (4.57)

my

The coefficients c,(:), c,(f) are still undetermined functions of their arguments, but now they depend

only on the ‘mass’ variables, and so, requiring the amplitude to be invariant under the non-physical
scaling of Ay, A, (As,2s) independently of A;,A; (A,,2,), we obtain that they must be constants.
Notice that on the other hand the remaining combinations of variables appearing as the power
bases in (4.56-4.57) are invariant under the non-physical scalings of A4, 14 and As, 15, consistently.

We can go further realizing that these two expressions for f, have to be equivalent, since they
describe the same function. Let us first assume different masses, m; # m,. Then, if we develop

<[1 2]> and require the coefficients of
(i)

equal powers to match, we will be forced to set to zero some of the constants ¢, ”. And in particular,

both expressions (4.56-4.57) in powers of the common variable

when |h3| > s, + 55, all of them will have to be zero. Again we find a constraint on the possible
values of the helicity of the massless particle, namely [8]

hy={-s1—5, —s;—s+1,....51+5— 1,5 +5}, (4.58)

and again for a case where the amplitude is physical, i.e. non-zero for real momenta, as the masses
are different.

Let us then consider the case where the masses are equal, which corresponds to a kinematically
forbidden process. Up to truncating the longer of the two series, the expressions (4.56) and (4.57)
are automatically matching, without need of any restriction on /5. This parallels the massless case,
where the amplitude is also forbidden for real kinematics, and indeed we had no constraints on the
values of the helicities.

So, we have completely determined also the three-point amplitude with one massless and two
massive legs, up to now several constants, corresponding to some different kinds of coupling. But
how many of them? If we take for instance s; < s,, we can convince ourselves that from the
matching of (4.56) and (4.57) the following number of surviving (non-zero) constants c;, is given,
depending on the values of the helicity of the massless particle [8]:

§1 s, —hy+1 if s—s <hy<s,+s
# of couplings = ¢ 25, +1 if —sy+s; <hg<sy—s1 (4.59)
s1+85+hy+1 if —s5—851 <y < —s,+5
which is always no more than 2s; + 1, with s; = min{s,,s, }.
Let us conclude with an example, to see in practice how these different couplings can arise.

Consider the QED three-point vertex, that is two massive spin-% fermions interacting with a mass-
less vector boson. Here the electrons/positrons have the same mass and same spin, so we are not

105ce Appendix B of the original paper [8] for details of the calculation.
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facing a physical amplitude representing the decay of a massive particle, but nevertheless we have a
three-point vertex which intervenes in intermediate steps of the perturbative calculation of physical
higher points amplitudes.

Let us take both fermions in their lowest spin component — %, and consider a photon of helic-
ity —1. The formula (4.53) and (4.56), with s; =5, = % and h; = —1, yield
co+ey+coé with £ — (1,4><22,5) [5,4] ’

M2 e T (23)(3,1 :
em (23BN T . (1.2)

(4.60)

and where we have renamed the coupling constant e, foreseeing future identification with the elec-
tromagnetic coupling. We see that we have indeed two independent constants and two different
functional structures.

If we want to construct the same amplitude through a Lagrangian approach, we realize that in
the Lagrangian of QED we have just one three-point vertex, i.e. e yy"*A u V., with a single coupling
constant related to the electric charge of the electron. However, the quantum corrected three-point
vertex exhibits, already at one loop, a second piece, proportional to y*" = %[y’u AR

N 2
F‘Z)ops = Y# Gl (P3) + %Vuvpb‘v GZ(p3) .

This latter quantum-generated term is responsible for the anomalous gyromagnetic moment of the
electron'!

Considering the following expressions for the polarization vector of the photon of negative
helicity12 and for the wave functions of the Dirac fermions in spinor/helicity formalism,

- A3 A - (2.5) 3
e p) =g B = (G ) =T )L e

we can write the electron-electron-photon three point amplitude from the QED renormalized cu-
bic Lagrangian, Zjzp = W(ey"A, + 5% iy F,, )y, which is taking into account the quantum
contributions. We obtain

M =5 (p) (ey“ + % i}’”vpgv> &y (p3)u_(P)

" (4.62)
eaen ().

which is precisely matching the expression (4.60), once we recall that the electromagnetic coupling
is dimensionless. To complete the matching we have to choose ¢y = 5§ —1and ¢; = 1.

We hope with this example to have shown how different Lorentz structures can arise for the
same external particle content, and this independently of the adopted formalism.

"'This is standard material of any textbook on Quantum Field Theory. Check for instance Chapter 6 of Peskin-
Schroeder’s book [27], or Sections 10.6 and 11.3 of Weinberg’s book [9].

2The polarization vector is defined in spinor helicity formalism by means of an arbitrary reference spinor, that
here we choose to be A4. This ambiguity of definition is related to gauge transformations, and one particular choice
corresponds to a gauge fixing. The final answer is gauge invariant, and so not depending on this choice. For instance, it
can be easily check that choosing 15 instead of 14 as reference spinor would not change the result.
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4.4.4 Three-massive amplitude

The three massive case is completely analogous to the previously considered cases, just more
involved due to the increasing number of variables, so we review it very briefly. We have here three
pairs of spinors, which describe the three massive momenta,

Pr=MA+20Ay,  P=hh+Asds,  Py=Xdy+Aghs .
with <174>[47 1] :m12 ) <275>[5’2] = WlZ2 ) (376>[376] :m32 5

thus we have thirty spinor products, eleven of which are independent. Since we have six LG
equations in the system (4.28) for three massive legs, then we expect the amplitude to depend on
an undetermined function of five arguments. From the previous examples we can already guess
that three of these arguments will be the angle-products related to the mass (that we are able to get
rid of by imposing the non-dependence of the amplitude on the non-physical scaling), whereas the
other two arguments would contain some square-products. Indeed, the final result is [8]:

. (4.63)

—s F5 — s 5,4] [4,6]
_ 172 S1+5)—83 371 3481 =8 2’3 Sy +83—51 < 1,4 , 2,5 , 3,6 , [ ’ , ) .
(1L2)"7 )T 230 (1), (223,360 5
We find again the by now usual pre-factor embodying the LG scaling, and then the expected un-
determined function of the remaining five variables, which we can again make dimensionless as in
the previous cases:

<1 4> <275> <376> [5a4] [4’6] L m3> (4.64)

f gml [8]=s1—5; Sxf( , ,

my T omy T omy T (1,2)(3,1) my my

We can now expect this function to be specified by applying the spin-raising operators as for
the two-massive case (4.55), which is true, even if more complicated. Indeed the three spin-raising
operators, corresponding to particle 1, 2 and 3, are in this case

d .z d 9 . 9
Jh=-2<+2, 2, LA YA
! o ol oA 9

Iy = =2

9%

As you can see, the second operator acts only on the argument containing 15 in the function (4.64),
the third operator acts only on the argument containing 16, whereas the first operator acts on both
of them. This makes the solution to the equation (Jl+ )Z‘Y"HM = 0 easy to find for i = 2,3, but vary
hard for i = 1.

For i = 2,3 respectively, the following expressions can be obtained [8]:

25, §1—5r—s3+k
154 46l _ v @ .46 54] 6] o\
f3<”" 12)’ (371>) o ZC" ( (371>) (<2’5><172> +3,6) (3,1 + <1<,14>>

§=0
Z ( . [54] ) (<2 5) 5.4] +(3 6>M+le>sl—sz—s3+k
= L% ) 2y T T s ’

where the dots stand for the variables (1,4),(2,5),(3,6), which we know that the amplitude will

be eventually independent of. But you see that in this case the coefficients c,(f) and c,(f)

are not
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necessarily constants, since they depend also on a square-product, % and % respectively. Of
course, if we require the matching of these two different expressions of the same function, and
impose the additional constraint coming from the action of Jfr, we could in principle fully specify
the form of f3, and extract as well some restrictions on the allowed spins. But in practice this is
unfortunately too cumbersome, and it is unlikely possible to obtain a final expression for arbitrary
spins, as for f, (4.56-4.57). However, it is (easily) feasible to work it out case by case, with given
(little) values of the spins.

We conclude this section remarking that also this amplitude will eventually depend on several
constants. If we take s; to be the highest of the three spins, then we can be quickly convinced
that the number of constants cannot exceed s, - s3. Of course, it would be interesting to precisely

determine this number.

5. Britto-Cachazo-Feng-Witten recursion relations

Recursion relations for scattering amplitudes are in general relations connecting n-point am-
plitudes to lower-point ones, that can be thus applied recursively to construct arbitrarily-high-point
amplitudes from lower-point information. You see that if we dispose of such a powerful tool, then
the three-point amplitudes, which we have determined in chapter 4, constitute the fundamental
starting point from which we would be able to recursively construct any other higher-point ampli-
tude.

Before proceeding, we clarify that recursion relations are (so far) based on arguments that are
valid order by order in the perturbative expansion. So, the methods we will discuss in this chapter
are not non-perturbative, as those discussed in the previous one, which were based on symmetries.

The first principles that we will use to derive the on-shell recursion relations are locality,
analyticity, unitarity.

Locality enters the discussion through the cluster decomposition principle, which we have intro-
duced in Chapter 1, page 4. This assures that the amplitude, once we have singled out the
delta function of momentum conservation, exhibits no other delta-like singularities. Yet,
locality of interaction will not be explicitly manifest in this context, as it is in a Lagrangian
formulation of quantum field theory; actually, it can be violated in some intermediate stepsB.

Analiticity is the assumption that the amplitude is an analytic function of the kinematic variables.
This eventually means that its singularity structure, since we have ruled out delta functions, is
made of poles and branch cuts. Moreover, we are allowed to analytically continue the ampli-
tude to complex momenta, in order to exploit the power of complex analysis and determine
it from its singularities.

Unitarity is essential to sensibly define a probability amplitude. For the S-matrix, as we have
already seen, unitarity results in the condition (1.4). This implies in particular that at the

BIn the Lagrangian approach, the price for manifest locality is the gauge redundancy: Feynman diagrams are gauge
dependent, even if the final results, after precise cancellations among different terms, is of course gauge invariant. In
BCFW recursions some intermediate pieces can present non-local singularities, which are removed from the final result
by mutual cancellations. On the other hand, gauge invariance is assured along each step.
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locus of a singularity, which corresponds to one or several of the involved particles going
on-shell, the amplitude factorizes into sub-amplitudes with lower number of external legs
and/or at lower perturbative order. It is clear that this factorization property is the crucial one
to have recursion relations, and so we will discuss it a bit more in detail.

Consider an n-particles scattering process. Imagine that a subgroup K of the n external mo-
menta, containing k of them, squares to one of the physical masses of the considered asymptotic
states: s

i= (X p) =n’. (5.1)
pieK
This would corresponds to the production of an intermediate particle, which would then decay into
the remaining n — k particles, with the amplitude factorizing into two sub-amplitudes, with k4 1
and n — k+ 1 external legs respectively, exchanging the intermediate particle. Of course we need
2 <k < n—2, for each of the sub-amplitudes in (5.2) to have at least three legs.

Any intermediate state through which this factorization can occur is call factorization chan-
nel. Such splitting of the total process into two sub-processes is not only possible, but infinitely
more likely than all the particles interacting together at once. This infinitely greater probability
is embodied by a simple pole singularity in the amplitude, located in momentum space where the
on-shell condition of the intermediate particle is met. In formula:

My o~ Y My My (52)
K b —m
where M, is at a given perturbative order, and py is the one defined in (5. 1).14

The formula (5.2) is potentially defining an on-shell recursion relation, that is it can be used in
the opposite direction (from right to left) to build an n-point amplitude from lower-point on-shell
information. We stress on the word on-shell (both of the pieces that the amplitude factorizes in
are physical, gauge-invariant, on-shell amplitudes), since there exist off-shell recursion relations as
well, where the amplitude is reconstructed recursively, but from off-shell information (Berends-
Giele recursion relations [28] are an example).

Of course we should consider the possibility of more than one particle exchanged in the factor-
ization channel, and so two or more internal propagators going simultaneously on-shell, yielding
a branch cut, instead of a simple pole. This actually corresponds to loop contributions, whereas at
tree-level we can only have simple poles. That is why we restrict to three level from now on, where
we are completely able to establish recursion relations for the amplitude.

Now we have to provide an operational method to actually compute the contributions of the
poles in (5.2), in order to realize recursion relations. That will be achieved by using the power
of complex analysis and Cauchy theorem, by virtue of the assumed analyticity of the S-matrix.
On-shell recursion relations entail indeed complex deformation of some of the external momenta.
Britto-Cachazo-Feng-Witten is a particular form of recursion relations, where only two (the min-
imal amount) of the external momenta are deformed. They were first discovered by Britto, Cac-
hazo, and Feng [29] in the context of one-loop Yang-Mills amplitudes, and then directly proven for
generic tree-level amplitudes by the same three authors together with Witten [30].

For a formal derivation of the factorization property from unitarity of the S-matrix, you can check Chapter 4 of the
book “The Analytic S-Matrix” [11], or Section 1.6 of Conde’s lecture notes [7].
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Let us then consider a tree-level amplitude with n external (real) momenta, and let us shift two
of them, for i = a, b, in the following way

Pa — Pa—29=Dg, P, — Pp+29=Dpp, with z € C. (5.3)

Of course this kind of shift does not affect momentum conservation, Y ; p; = 0. But we want to
preserve ‘on-shellness’ as well, then:

~2 2 2 2 2 2

Pa=Pa=229'Pat2°q =P, g =0

., S : (5.4)
Py=pPpt229-py+t2°q =py q-Pa=0=q"pp

So the shifting momentum ¢ must be light-like, and orthogonal to both p, and p,,. In four or higher
dimensions, such a g always exists, if we allow it to be complex.

Then the amplitude, expressed in terms of these shifted momenta, gets a dependency on the
complex variable z. It is by construction an holomorphic function of z, and it matches for z = 0 the
original amplitude. Then, moving away from the origin in the z-complex-plane, we will intercept
the singular points, eventually corresponding to physical poles. The gain of deforming momenta
is indeed that of translating the physical poles in the kinetic variables into poles in the unique
holomorphic variable z. Then we can use Cauchy theorem on the ‘shifted’ amplitude M,(,”’b) (z), and

state o (ah)

. ] + M (0), (5.5)
g#0 T z

where zj are the locations of the poles, R;, represents the residue at complex infinity, and we have
singled out from the sum the residue in zero, which is actually the physical, non-shifted amplitude
that we want to determine.

The residues at finite z can be determined in a general fashion, whereas the residue at infinity
can be an issue. In some specific cases it can be proven to be zero, or explicitly computed, either
resorting to Lagrangian-based arguments, or to other principles. More in general, the existence or
not of the residue at infinity depends on the pair of momenta, p, and p,, that we decide to deform.
So, as we will see, it may occur that for some particular shifts the residue at infinity vanishes,
letting us to safely apply the recursion formula, whereas for some other shifts it does not vanish. In
any case, we have to deal with this issue, if we want to apply these techniques.

Let us assume from now on that we are in a case where the residue at infinity vanishes for
the chosen shift (a,b). Then any pole z; would correspond to a factorization channel, and so to
a partition of the external particles into I and I (complement of I), and from the factorization
property (5.2) we can write

. M(mb)
M, :M ”b Z Res[ z } Z M;(z) MH(ZH) . (5.6)
2170 < 270 pi—

Besides the sum over the poles, that is over specific partitions I of the external particles, we have
also to take a sum over all possible internal states (different masses m, helicities, spins, etc...),
which we have omitted here. Of course, the partition I must contain at least two momenta and at
most n — 2 of them, since the sub-amplitudes cannot have less than three legs.
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In order to be able to explicitly write down (5.6), we need to determine the locations of the
poles. To do so, we require the shifted internal momentum to go on-shell at the location of the
pole. Of course, for any given shift (a,b), only partitions where the shifted momenta p, and p,
are on opposite sides give a shifted internal momentum, thus contributing to the sum. So let us
call A a subset of external momenta containing p,, and B the complementary subset, which is
containing p;,. Then the internal momentum will be given by py =3, ca p;, which will inherit the
same shift (5.3) as p,: Py = pa —zq. The location of the pole z, is the value of z such that the
shifted momentum p, goes on-shell, that is:

2

. 2q-p z pi—m
0=9p2 —m? = (p2 —m? <1_Z“>: 2 m? (1-) = z4= . (5.7)
Pa (pa ) i (b ) A A7 g,

Then we can finally rewrite (5.6) as

M, = Y M (2s) ———5 My (za) 5.8
A pa—m
where z, is given by (5.7), and again we are omitting the sum over different internal physical states.
We have thus a very general picture of how on-shell recursion relation can be derived for
tree-level amplitudes. We stress that, whereas the rest of these notes is firmly grounded in four
dimensions, the derivation depicted here does not rely on anything specific to four dimensions, and
it holds indeed in higher dimensions as well”®. Furthermore, our discussion is valid for massive
particles as well as for massless ones, even if the original BCFW papers [29, 30] were dealing
only with massless Yang-Mills theory. The extension of BCFW recursion to massive particles is
due to Badger et al. [32, 33]. At the same time, the amplitudes and the involved momenta could be
equivalently expressed in spinor-helicity formalism as well as in four-vector language. However, in
particular for massless particles, since we are dealing with complexified and on-shell momenta, the
spinor-helicity formalism is the ideal tool for expressing on-shell recursion relations; and indeed it
was used in the original papers [29, 30].
So, before moving to some practical applications of BCFW recursions (for massless particles),
we briefly reformulate the BCFW shift in spinor-helicity language.

BCFW shift in spinor-helicity formalism

Let us consider the shift (5.3) when both p, and p,, are light-like. Then we can write p, = kaia,
and p, = lbib. The shifting momentum ¢ has to be light-like anyway, so we also write ¢ = ufl.
Then the BCFW shift (5.3) rephrases as

)Laia - Aaia _Z.u.a ) Abib — lbﬁ’b +zuﬂ ) (59)
and the additional orthogonality conditions for g read

(1 Ag) Ay 1] = 0 = (u, 4)) (A, f1]. (5.10)

5In lower dimensions there is the issue that the shifting momentum g with the required properties does not exist.

However, in some cases recursion relations can be generalized to three dimensions, as for instance for Chern-Simons
theories with matter [31].
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There are two distinct solutions satisfying such conditions, that is either g = 7La/7Lb, or g = lbia.
Notice that for both solutions only one spinor for p, and only one spinor for p, are shifted, namely:

N A = A — zib . Ay = Ag—2A,

g=Ady = T g=hA = (5.11)
A’b — sz‘i‘ZAa )'b — lb—i-zla

The first option is conventionally referred to as [a, b)-shift, while the second one as (a, b]-shift.

We are now ready to apply these techniques to build up tree-level massless amplitudes.

5.1 Parke-Taylor formula

Parke-Taylor formula is a stunning result for n-point tree-level gluon amplitudes, which was
‘empirically’ inferred by Parke and Taylor in 1986 [34]. It is a formula for maximally helicity
violating (MHV) n-gluon tree-level amplitudes in Yang-Mills theory. MHV means that all gluons
have the same helicity, except for two of them. It is maximally helicity violating, since actually
amplitudes where all gluons have the same helicity or at most one has different helicity both vanish
for any number of external particles:

(£, E)=0, (5.12)
A, (F,+,...,£)=0, (5.13)

where we have used the letter A, rather than M to specifically indicate a tree-level amplitude, and the
same we will do from now on. Moreover, we are here considering color-ordered gluon amplitudes,
which means that the color structure, coming from traces of the generators of the non-abelian gauge
group, has been singled out, yielding an amplitude where the order of the particle is fixed, yet still
enjoying a symmetry under cyclic permutations of the external legs. It is thanks to this cyclic
invariance that we have always the right to move the gluon of different helicity to the first position.

These results are recovered by Feynman graph calculations after cancellation of various (gauge
dependent) terms. They can be proven by Lagrangian techniques based on Lorentz structures (see
for instance Section 2.7 of [1]). At loop-level, these amplitudes are not vanishing anymore.

The first non trivial tree-level amplitudes are the MHV ones, where two gluons have different
helicities from all the others, and Parke and Taylor realized that, even with increasing number of
external legs, they keep a very simple form, i.e.:

(i,.J)*
(1,2(2,3) -+ (n—1,n){(n,1) ’

L.t
[1,n][n,n—1]---[3,2][2,1] ’

(5.14)

where we have omitted the powers of the coupling constant for the sake of neatness. This very

simple results is again coming out of precise cancellations among different Feynman diagrams,

. . oy . 16
whose number dramatically increases with increasing number of external legs n:

165ce Appendix A of [35], if you really want to check it...
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n 3 4 5 6 7 10

# of diagrams 1 4 25 220 | 2485 | --- 10525900

The formula (5.14), guessed by Parke and Taylor, was first proven by Berends and Giele [28]
through their off-shell recursion relations. We will show here the inductive proof [30] based on
BCFW on-shell recursion relations.

The starting amplitude is the three-point one, which we can write, for two negative helicities
and two positive helicities respectively, from the expressions (4.10-4.1 1)17. Again omitting the
coupling constant, we have

(1,2)"

e e B Gt B AN
Ay(+,+,—) =M = ﬂ (5.16)
3+ + =) =M, 2,1][1,3][3,2] ’ .

which indeed match the Parke-Taylor expressions (5.14) for n = 3.

So, we already have that Parke-Taylor formula holds for n = 3. Now we want to use BCFW
recursion to prove it for arbitrary n. We assume that the formula holds for n — 1, and we will obtain
the formula for n external legs. Another ingredient that we will use is the fact that all the amplitudes
with at most one different helicity vanish (5.12-5.13). We postpone the proof of that at the end of
this section, for the sake of readability.

We choose to show the computation for the ‘mostly-plus® MHV amplitude, M. (-, —,...),
the computation for the ‘mostly-minus’ being completely identical. First of all we have to assure
that there exists a shift that makes the residue at infinity vanish. As it was shown already in the
original BCFW paper [301'8, this is the case for gluon amplitudes with the shifts [-,—) ((—,~]), [-,+)
((+=1), [++) ((+,+]). On the contrary, the term at infinity does not vanish for the shift [+—) ((—+]).
As an indication that something is wrong with these latter combinations, we can check a fortiori
on the results (5.14) that they explode for z — o precisely when we shift the ‘non-tilded’ spinor of
a negative-helicity leg and the ‘tilded’ spinor of a positive-helicity leg; on the contrary, under all
other shifts, we find a fall-off as zfl or faster.

We choose the valid shift (n*,17], that is, from eq.s (5.11),

Ay = Ay—zA, A = A 424, (5.17)

which will turn out to make the computation particularly simple. Then we consider the factoriza-
tion formula (5.6): since the amplitude factorizes around poles in z, then the shifted legs 1 and 7
have to appear in opposite sub-amplitudes, otherwise the internal momentum would not be shifted.

" The reader can notice the all-plus or all-minus amplitudes can be non-zero from (4.10-4.11). However, they would
have a coupling of different dimensions with respect to the coupling of the amplitudes (??), corresponding thus to a
different kind of cubic interaction, if considered as tree-level vertices. As we have already underlined, all-plus and
all-minus amplitudes vanish only at tree-level in Yang-Mills theory, but they can be non trivial at loop-level. Expres-
sions (4.10-4.11) are non-perturbative, so they of course take into account beyond tree-level possibilities.

B The argument of [30] is based on Feynman rules. In [36, 37] the large z behaviors under different shifts for
four-dimensional Yang-Mills theory have been determined also by non-Lagrangian approaches.
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Moreover, since we are considering color-ordered amplitudes, the position of the external legs
cannot shuffle. Thus we write

n—2
A JUEA 1 Al ol o
An(l 2 7)22 ZAnfk+2(k+1+7"'7n+7p2k)pTAkJrl(l 2 7"'7k+7_pkhk)7 (5.18)
k=3 == k

where p;, = p;+---+ pp = —(pry1 + - + pn)- You see that the exchanged momentum p; has to
appear with opposite sign and helicity in the two sub-amplitudes, since it is incoming on one side
whereas is outgoing on the other side.

Then we notice that the sub-amplitude on the left side has at most one negative helicity, so
for (5.12-5.13) it vanishes for any number of external legs but three. The three-point amplitude for
all positive helicities is zero as well, so the only non-vanishing contribution is for k = n — 2 and
h, = —1, that is

A,(17,27, ) =As(n—1" 7", —p,) iz A, (727 on=2"+p)), (5.19)
n
where p, = p, + p,_;. You see that the n-point Parke-Taylor formula is indeed recovered from the
n — 1 version, together with the basic three-point block.

Inferring the expression for the three-point amplitudes from (5.16), and using the Parke-Taylor

formula (5.14) for n — 1, we obtain

-1 1 (1,2)*
[n_17ﬁn][ﬁn?n] pl% <172>"'<n_2a_ﬁn><_ﬁnvl>

A(17,27,. )= : (5.20)

where we have already used /] = n] and 1) = 1), since our shift (5.17) affects A, and A,, and not 4,
and A;. A technical point would be the choice of sign in expressing —p,, = | —p,,) [—P,| = —|P,) [P, ]
in terms of spinors. The Z, ambiguity in the definition allows us to attribute the minus sign either
(o the “angle’ spinor (| —,) = —[p,), [—f,l = [f,
no difference, since | —§,) appears an even number of times in (5.20).

), or to the ‘square’ spinor. However, it makes

Then, we have

przz = 2pn'pn—l = <I’L,I/l— 1>[n_17n] )
(1= 2,8,) Bl = (1= 21, 1] = (1 =21 P+ poy 1] = (0 —2,m— D — 1],
<ﬁn71>[n_ lvﬁn] = <1|ﬁn|n_ 1] = <l,ﬁ>[n,n— 1] = (1,n>[n,n— 1} )
where we have used the definitions (3.9-3.13), and in the last line the fact that (1,7) = (1,n), which

comes straightforwardly from (5.17).
Putting all this into (5.20) we immediately get the desired result:

A y- L2t

<1,2>~--<l’l,1>

The simplicity and conciseness of this proof is one of the neatest demonstration of the power
of BCFW recursion for tree-level amplitudes. The key element of such power is that the different
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contributions to BCFW recursion relation are made up of gauge-invariant objects: the on-shell
sub-amplitudes and the exchanged propagators. The gauge redundancy of local Lagrangians leads
to a proliferation of gauge dependent contributions, the Feynman diagrams. Gauge invariance is
restored in the final result upon cancellations among the various gauge dependent terms. So, the
gauge redundancy is somehow the price to pay for manifest locality, which we have in a local field
theory.

On the contrary, in on-shell factorization, locality is not manifest: it underlies in the fact
that singularities come from poles of propagators. However, in more involved calculations than
this one, where more than one contributions sum up, some additional ‘spurious’ poles can arise,
meaning poles which are not those of the physical factorization channels. These non-physical poles
eventually cancel out among different contributions in the recursive formula, in an analogous way
as gauge dependency is cleared up by sum of different Feynman diagrams. However, generally on-
shell recursive techniques (where they apply) drastically reduce the number of contributions with
respect to Feynman diagrams.

Moreover, we have noticed that, provided we can assure that we have no residue at infinity,
we are free to choose the BCFW-shift among various possibilities. Of course, different shifts must
yield the same result for a given amplitude, yet the number of contributions and the simplicity of
the computation may depend on the chosen shift. So, it is often possible to choose a more favorable
shift that optimizes the BCFW computationlg.

On the other hand, this possibility of computing the same amplitude through different BCFW
shifts can also be used to constrain the amplitude. Indeed, in some cases different shifts give
different results for the same amplitude. Requiring the final answer to be unique thus gives some
conditions on the considered amplitude, and so on the form of the relative interaction. It is the idea
at the core of the four-particle test, which we illustrate in the next section.

Before moving to next section, let us show that starting form the three-point vertices (5.15-
5.16) we cannot obtain non-vanishing amplitudes with at most one different helicity (5.12-5.13),
which completes our proof of Parke-Taylor formula.

Quite straightforwardly, the four-amplitudes with all negative or all positive helicities cannot
be generated from the considered vertices (5.15-5.16), since, as we have seen, the intermediate
particle must have opposite helicity on opposite sides. If A,(F,F,F,F) = 0, then recursively all
other amplitudes with all equal helicities are zero as well.

In order to prove that also the amplitudes where only one helicity differs from the others are
zero (5.13), we have to show that certain BCFW contributions vanish. In particular, we will see
that any three-point sub-amplitude of the form (5.15-5.16) where one of the shifted spinors appears
explicitly is zero.

This can be intuitively understood recalling that in an on-shell ‘holomorphic’ three-point
amplitude (4.10) the relative ‘tilded’ spinors are all proportional (all the square-products vanish-
ing), while in an on-shell ‘anti-holomorphic’ three-point amplitude (4.11) the relative ‘non-tilded’
spinors are all proportional (all the angle-products vanishing). We have already seen in the deriva-
tion of the Parke-Taylor formula that the shifted momenta have to be on different sides of the

PFor instance, we invite you to derive again the result (5.1) by the [n— 1+,n+) or [17,27) shifts. You would
encounter one difficulty more with respect to the computation presented here.
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factorization in order to contribute: in such case we use the shifting variable z to put the exchanged
momentum on-shell, so getting on-shell amplitudes on both sides of the factorization. With the
BCFW shift, we shift only one ‘non-tilded’ spinor and only one ‘tilded’ spinor. The shift of the
‘tilded’ (‘non-tilded’) spinor makes all the square-products (angle-products) vanish at the location
of the pole, so that the ‘holomorphic’ (‘anti-holomorphic’) three-point sub-amplitude is on-shell
and non-zero, whereas the ‘anti-holomorphic’ (‘holomorphic’) sub-amplitude would contain the
shifted ‘tilded’ (‘non-tilded’) spinor and be zero.

Let us see this in a practical case, which will be a bit tedious, but useful to be convinced once
for all, and then automatically discard these kind of contributions in any future computation. Let
us thus consider a BCFW contribution of the kind

A a3
PR L B . L M (5.21)
Pij (@, 7)7.Pij) vij
where §;; = p; + p;, and the dots stands for the other on-shell sub-amplitude which completes
the factorization. We are performing a ( j+,kh"]—shift (which is a ‘safe’ shift, independently of the
value of /;!), with p, being of course in the sub-amplitude in the dots, and so we are shifting the
‘non-tilded” spinor of p;:
Aj = Aj—zhy . (5.22)

We want to prove that the three-point sub-amplitude in (5.21), which explicitly exhibits the shifted
spinor A, is made of spinor products that all vanish at the location of the pole, and so vanishes as
well (three powers in the numerator dominate over two powers in the denominator).

Requiring as usual the intermediate momentum to be on-shell, we find the location of the
pole z;;,

0= 2 = (i, DLl = [l (G )) 2 0K)) & 2= 2;{; . (5.23)

Therefore at the location of the pole the angle-product (i, j) goes to zero. Then we have

A 3 3 3 <k’l>2‘+<17]>2’k~ b <J7k>~
(oK) (5.24)
J.’ i'y

(i,k) 7

where we have used the Schouten identity (4.29) in the last step of the first line. Thus, we have that

= |pj)=A, [pyl= A+

(J,B:j) = (J,i), which goes to zero at the location of the pole (5.23). To deal with the numerator
in (5.21), we multiply and divide® for [i, ﬁij]3, and use

[0, P 1(Psj»8) = (il Py i = (i, 14l
which is also proportional to the vanishing angle-product (i, ).
Thus, as announced, all the spinor products of the three-point sub-amplitude in (5.21) go to

zero at the location of the pole as (i, j) o< z — z;;. In virtue of one power more at the numerator, the
three-point sub-amplitude vanishes, and so the whole BCFW term (5.21).

290f course, we have to worry about whether we are multiplying and dividing for something vanishing. Using the
value of [f;;] in (5.24), it can be immediately checked that [i, p;;] is not zero at the location of the pole.
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With identical procedure, it can be checked for all the cases where the ‘non-tilded’ shifted
spinor explicitly appears in a ‘holomorphic’ sub-amplitudeand for all the cases where the ‘tilded’
shifted spinor explicitly appears in a ‘anti-holomorphic’ three-point sub-amplitude. We summarize
these useful results, which will be helpful already in next section:

As(—Pij i 77) = As(—h;; 7 ,i") = As(i™,j7,—$;)) =0, when A, is shifted;
(5.25)
0,

Ay (=P I k7) = Ay (=Bl kT, 17) = A (kT 1T —py) = when A, is shifted.

With these results we can now analyze the four-point amplitude where all helicities are equal
but one. Such four-point amplitudes necessarily factorizes into two three-point sub-amplitudes
of the same kind, that is either both ‘holomorphic’ (5.15), or both ‘anti-holomorphic’ (5.15). In
both cases, since the shifted momenta have to be on different sides of the factorization, one of the
two sub-amplitudes contains the ‘non-tilded’ shifted spinor, and the other one contains the ‘tilded’
shifted spinor. So, either they are both ‘holomorphic’ or both ‘anti-holomorphic’, one of the two
sub-amplitudes will explicitly exhibit one of the shifted spinors, and so it will vanishes. Thus, the
whole four-point amplitude where all helicities but one are equal is zero. Then we straightforwardly
obtain by induction that all higher-point amplitudes of the form (5.13) vanish as well.

5.2 Four-particles test

In principle, if we compute a given amplitude through BCFW with different shifts, we expect
to obtain the same result. However, if we specify to some particular form of three-point interaction,
different shifts can give different results for the same amplitude. This of course is not sensible, and
so we require the two results to be equivalent, deriving some condition on the kind of interaction we
are considering. Essentially, we demand the four-point amplitude to be compatible with the chosen
form of three-point interaction. This requirement, very similar in spirit to what is done in the
bootstrap paradigm, was dubbed ‘four-particle test’ by Benincasa and Cachazo, as they introduced
it in their work [13].

We present here as an example a particularly nice application which was worked out in that
paper [13]. We consider the cubic vertices of Yang-Mills gauge vector bosons (without color-
ordering), that is vertices made of three spin-1 massless particles of various species (colors). The
four-particle test in this case requires the coupling constants of such vertices to satisfy the Ja-
cobi identity, letting emerge their connection with the structure constants of a non-abelian gauge
group. This result is quite surprising, since in our basic initial ingredients (the existence of Lorentz-
invariant three-point amplitudes of massless vector bosons of different kinds) there is no assump-
tion of an underlying Lie algebra.

The three-point vertices we are going to consider are thus

. 03 . a3
My jy k) = eIt k) = ke (5.26)
( asJb ke ) abc <J,k> <k, l> ( asJb ke ) abc [l,k] [k, ]]
whose form is given by (4.10, 4.11), where we allow for different coupling constants depending on
the species of the external particles. On the contrary, we take the coupling to be the same for both
expressions in (5.26), that is for vertices with the same species of particles but opposite helicities.
This corresponds to consider a parity-invariant interaction (sign inversion of the spatial part of
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momentum produces flipping of the helicity). Since the two vertices are connected by complex
conjugation, we also have that the couplings are real. Moreover, these amplitudes flip sign when
we exchange two particles, so the couplings must be completely antisymmetric in order not to
violate the crossing symmetry (changing labels should not affect the amplitude). Finally, from the
fact that the three-point amplitude has mass dimensions one, we have that the considered coupling
is dimensionless, [K,;.] = 0.

We want to build four-point amplitudes out of this type of three-point interaction, using BCFW
techniques. As we have seen in detail at the end of previous section, because of (5.25), the four-
point amplitudes where at most one helicity differs from the others are all zero. So the only remain-
ing possibility is the configuration with two positive and two negative helicities. Let us explicitly
work out the case M,(1,,2},3.,4,), first using the [1~,2")-shift, then the [1~,4")-shift, and
eventually requiring the two outcomes to be equal.

For the the [17,27")-shift, we have the following two contributions®'
M (17.25.,3.,40) = (5.27)
R PSRN | Al A A I | N
:M(pl4j72b+73c ) TM(la 7_p14e 74;) +M(27;74;7p13e) TM(?’C ) la 7_pl3j)
Pia pi3
A 13 A \3 3 3
Kdae Kbce [2,]3]4] <17p]4> Keae Kpde [4 2] <37 1>

<174>[471] [51473][372] <ﬁ1474><471> <173>[371] [Z’ﬁIS][ﬁ1374] <17ﬁ13><ﬁ1373> ’
with P4 = p; + ps = —po — P3, and py3 = p; + p3 = —p,> — p4. The location of the poles is given
by

0=pls=(1,4)([4,1] - 24[4,2) = z4= E’ﬂ = —gii ; (5.28)
0=p = (13)(3,1]—z[3.2)) = nggz—gj. (5.29)

For the first term in (5.27), we then work out

<17ﬁ14>[ﬁ1472’] = <1>4>[472’] ’ (530)

PN A 1,4 1,4
@i = @3 =~ s e = Bpypa, 6oy
[2,4] 2,4]
where for the second line we have used the expression of the location of the pole z;4 (5.28) and the
Schouten identity (4.29); and

<17ﬁ13>[ﬁ1374]:<173>[374} ) (532)

<3vﬁ13>[ﬁ1372] = <37 1>[172} = <3v 1>[1’2] ) (5.33)

for the second term in (5.27). We obtain so

M“’2>(17 2+ - 4+): KdaeKbce <174>[274]4 + KcaeKbde <173>2[274]3
4o NarThoTe (1,4)[4,1] [2,1][3,2][3,4]  (1,3)[3,1] (1,3)[2,1][3,4] ’

2IWith the first contribution we could have considered also the one with flipped helicity for the intermediate mo-
mentum P4: but this term is zero, again because it involves three-point amplitudes that explicitly contain the shifted
variables, A; and A4,, which thus vanish at the location of the pole, as one of (5.25).
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This expression can be simplified further thanks to momentum conservation, since

(1,4)[2,4] = = (1 p4[2] = (1] p1 + P2 + p312] = (1,3)[3,2],
(1,3)[3,4] = (1 p3 [4] = —(1,2)[2,4],

and it finally nicely reads

1,3)°[2,4]
M£172>(1;,2b+73;a4;) :7< a3> [ ) ] (KdaeKbce + KcaeKbde> ’ (534)

S t u
where the standard definitions of the Mandelstam variables are employed, i.e.:
2 2 2
s=(p1+p)°, t=(Pi+tprs)°, u=(pi+p3). (5.35)

We now compute the same amplitude through the [1_,4+)—shift. Similarly to the previous

case, we have the following two contributions

MM (17,2530 ,48) =

AL A N | N oA PN | Al
:M(4;7p12j73c)TM(_p12e7a72;)+M(2;74;7p13e)TM(1a73(:7_p13Jer)
P12 P13

~ 3 A 3 3 3
Kabe Kede [p1274] <p127 1> Kace Kbde [4? 2} <1’ 3>

(1,2)[2,1] [4,3][3,p12) (1,2)(2,812)  (1,3)[3,1] [2,B13][B13,4] (3,B13) (3. 1)

The location of the poles are now given by

0= L = (L) (2 1] - 2pl2d]) = 2= E ﬂ =—g‘1‘§ : (5.36)
0=ph = (13)(3.1]—Z23[3.4]) = 2= Ej& =—§‘1‘§§ . (5.37)

With completely analogous manipulations as in the previous computation, we get

4 2 3
a cde <172> [274] Kace Kbde <173> [274]
(1,2)[2,1] [1,4][4,3][3,2] = (1,3)[3,1] (1,3)[3,2][1,4]

_ <1,3>i[2,4]2 <Kabechde N KaceuKbde) . (5.38)

Kabe K

M£1,4>(1;72;7 ;74+) =

We have repeated the computation for completeness, but notice we could have obtained the expres-
sion (5.38) from (5.34), by simply exchanging the labels 2 with 4 and » with d.

Now we have nothing else to do than comparing the two different results for My, (5.34)
and (5.38), and require them to coincide. This yields

<173>2[274]2 < KaceKbde(s+t)>

1,2 1,4
0= Mz[t 2 —Mz[t > = Kabe Kede — Kdae Kpee +

st u
(1,3)"[2,4)°
= T <Kabe Kede T Kude Knce T Kauce de€> R (5.39)
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where we have used the antisymmetric property of k, and the fact that s+t + u = 0 by momentum
conservation. We have so retrieved the Jacobi identity for the coupling constants, as announced,

Kabe Kede + Kace Kabe T Kade Kpce = 0. (5.40)

We know that from Yang-Mills theory the coupling constants of the gauge vector bosons are ex-
pressed as gy fupes Where f,;,. are the structure constants of the Lie algebra of the underlying
non-abelian gauge group, which indeed satisfy by definition the Jacobi identity.

With this charming result, which is a simple but surprisingly non-trivial test of BCFW tech-
niques, we conclude our limited review of applications of BCFW. We hope that we have given the
reader the starting tools for continuing the exploration of such a promising technique.

Epilogue

We have arrived to the conclusion of our short travel through the world of scattering ampli-
tudes. We hope these notes be a self-consistent story, which can be read in a whole, from the
beginning to the end. At same time we wish them to be easily accessible at any point by the reader
who is looking for a specific information.”> Before bidding farewell to the reader, we shortly
summarize the outlines of our discussion.

After having recalled the basic properties of a scattering amplitude deriving from a consistent
S-matrix theory, we have assumed Poincaré invariance as the symmetry of the spacetime. The
representation theory of Poincaré group allowed us to define the asymptotic states corresponding to
fundamental particles participating in the scattering process, and provided some constraints for the
amplitude. These constraints are coming from the Little Group transformation properties, which
are distinct for massless and massive particles. Nonetheless, for the simplest case of the three-
point amplitude, the Little Group equations, together with momentum conservation and on-shell
conditions, are able to completely fix the kinematic dependency of the amplitude, either the external
legs are massless or massive. Some of these results vanish for real kinematics, but some others
correspond to physical processes, constituting thus non-perturbative expressions.

Then we have gone beyond the three-point case, thanks to BCFW recursion relations, which
on the other hand are based on the validity of a perturbative expansion. We have used them at
tree-level to prove by induction the Parke-Taylor formula, and to derive the Jacobi identity for
non-abelian Yang-Mills couplings.

As already mentioned, the BCFW shift has been generalized to massive particles [32, 33],
so a natural continuation of the subject presented here would be to use the massive three-point
amplitudes (4.43, 4.53, 4.63) as building blocks to construct higher-point massive amplitudes.

The reader may wonder about the extension of recursive techniques to loop-level. Actually, it
is a very though open question, due to the much more involved singularity structure of loop level.
First of all, loop-level recursive techniques apply to the integrand rather than the whole amplitude.
Then, several on-shell analytic methods for loop integrands exist (see [38] for a relatively recent
review), but the direct extension of BCFW to loop-level presents some obstructions (well illustrated
in Section 7 of [1]). In the special case of the planar limit of .4 = 4 super-Yang-Mills, such

22We would be grateful to the reader for any commentary or remark, to be addressed to the author.
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obstructions have been overcome, and full recursive formula for all-loop amplitudes have been
derived, based on momentum-twistor duality and the positive Grassmannian [39].

In conclusion, we hope to have given a flavor of the fact that on-shell methods, non-perturbative
as perturbative ones, if they are far from replacing local quantum field theory, as it was maybe the
intention of the original S-matrix program, constitute at least a practically useful and theoretically
enlightening alternative, which complements and extends Lagrangian-based techniques.
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