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ABSTRACT: We introduce a formalism for describing four-dimensional scattering ampli-
tudes for particles of any mass and spin. This naturally extends the familiar spinor-helicity
formalism for massless particles to one where these variables carry an extra SU(2) little
group index for massive particles, with the amplitudes for spin S particles transforming
as symmetric rank 2S5 tensors. We systematically characterise all possible three particle
amplitudes compatible with Poincare symmetry. Unitarity, in the form of consistent factor-
ization, imposes algebraic conditions that can be used to construct all possible four-particle
tree amplitudes. This also gives us a convenient basis in which to expand all possible four-
particle amplitudes in terms of what can be called “spinning polynomials”. Many general
results of quantum field theory follow the analysis of four-particle scattering, ranging from
the set of all possible consistent theories for massless particles, to spin-statistics, and the
Weinberg-Witten theorem. We also find a transparent understanding for why massive
particles of sufficiently high spin cannot be “elementary”. The Higgs and Super-Higgs
mechanisms are naturally discovered as an infrared unification of many disparate helicity
amplitudes into a smaller number of massive amplitudes, with a simple understanding for
why this can’t be extended to Higgsing for gravitons. We illustrate a number of applica-
tions of the formalism at one-loop, giving few-line computations of the electron (g — 2) as
well as the beta function and rational terms in QCD. “Off-shell” observables like correla-
tion functions and form-factors can be thought of as scattering amplitudes with external
“probe” particles of general mass and spin, so all these objects — amplitudes, form factors
and correlators, can be studied from a common on-shell perspective.

KEYWORDS: Scattering Amplitudes, Higher Spin Gravity, Higher Spin Symmetry
ARrRX1v EPRINT: 1709.04891

OPEN AccESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP11(2021)070


mailto:arkani.hamed@gmail.com
mailto:tzu.chen.jimmy.huang@gmail.com
mailto:yutinyt@gmail.com
https://arxiv.org/abs/1709.04891
https://doi.org/10.1007/JHEP11(2021)070

Contents

Scattering amplitudes in the real world

The little group
2.1 Massless and massive spinor-helicity variables
2.2 The high-energy limit

Massless three- and four-particle amplitudes
3.1 Self-interactions
3.2 Interactions with other particles

General three particle amplitudes
4.1 Two-massless one-massive
4.2  One-massless two-massive

4.2.1 Unequal mass

4.2.2 Equal mass: the z-factor

4.3 Minimal coupling for photons, gluons, gravitons

4.4 Three massive

Four particle amplitudes for massive particles

5.1 Manifest local gluing
5.2  Minimal coupling
5.2.1 Compton scattering for S < 1
5.2.2 Compton scattering for S > 1
5.2.3 Graviton compton scattering
5.3 Massive higher spins cannot be elementary
5.4 All possible four particle amplitudes
5.4.1 All massive amplitude
5.4.2 Three-massive one-massless
5.4.3 One-massive three-massless
5.5 The spinning polynomial basis

(Super)Higgs mechanism as IR unification
6.1 Abelian Higgs

6.2 Higgsing as UV unification — IR deformation
6.3 Super-Higgs

6.4 Non-Abelian Higgs

6.5 Obstruction for spin 2

(@)

11
12
15

17
17
18
18
19
20
23

23
25
26
26
28
29
30
32
32
33
34
38

41
42
45
47
48
50



7 Loop amplitudes 51

7.1 g—2 for spin—% and 1 52
7.2 The beta function 53
7.3 Rational terms 55
8 Form factors and correlation functions 56
8.1 Observables in gauge theories and gravity 57
8.2 Weinberg-Witten 59
8.3 Form factors example: stress tensor/gluons 99
8.4 Current and stress-tensor correlators 62
9 Outlook 63
A Conventions 67
B SU(2) irreps as symmetric tensors 67
C Explicit kinematics 69
D Comparison with Feynman diagrams for Compton scattering 70
E The high energy limit of massive three-point amplitude 71
F Examples for 1 massive 3 massless amplitudes 72

1 Scattering amplitudes in the real world

Recent years have seen an explosion of progress in our understanding of scattering am-
plitudes in gauge theories and gravity. Infinite classes of amplitudes, whose computation
would have seemed unthinkable even ten years ago, can now be derived with pen and
paper on the back of an envelope using a set of ideas broadly referred to as “on-shell
methods” [1-9]. This has enabled the determination of scattering amplitudes of direct in-
terest to collider physics experiments, while at the same time opening up novel directions
of theoretical research into the foundations of quantum field theory, amongst other things
revealing surprising and deep connections of this basic physics with areas of mathematics
ranging from algebraic geometry to combinatorics to number theory.

Almost all of the major progress in this field has been in understanding scattering
amplitudes for massless particles. There are seemingly good reasons for this, both techni-
cally and conceptually. Technically, almost all treatments of the subject, especially in four
dimensions, involve the introduction of special variables (such as spinor-helicity, twistor or
momentum-twistor variables) to trivialise the kinematical on-shell constraints for massless
particles (see [10-12] for a comprehensive review). And conceptually, while it is clear that
the conventional field-theoretic description of massless particles with spin, which involves



the introduction of huge gauge redundancy, leaves ample room for improvement — provided
by on-shell methods that directly describe particles, eliminating any reference to quantum
fields and their attendant redundancies — the advantage of “on-shell physics” seems to
disappear for the case of massive particles where no gauge redundancies are needed.

As we will see, the technical issue about massless kinematics is just that — the tran-
sition to describing massive particles is a triviality — while the conceptual issue is not an
obstacle but rather an invitation to understand the both the physics of “infrared deforma-
tion” of massless theories (by the Higgs mechanism and confinement), as well that of UV
completion (such as with perturbative string theory), from a new on-shell perspective (see
section 6).

But before getting too far ahead of ourselves it suffices to remember that the only
exactly massless particles we know of in the real world are photons and gravitons; even the
spectacular success of on-shell methods applied to collider physics are for high energy gluon
collisions, which are ultimately confined into massive hadrons at long distances. Even if we
consider the weakly coupled scattering amplitudes for Standard Model particles above the
QCD scale, almost all the particles are massive. If the amazing structures unearthed in the
study of gauge and gravity scattering amplitudes are indeed an indication of a radical new
way of thinking about quantum particle interactions in space-time, they must naturally
extend beyond photons, gravitons and gluons to electrons, W, Z particles and top quarks
as well.

Keeping this central motivation in mind, in this paper we initiate a systematic explo-
ration of the physics of scattering amplitudes in four dimensions, for particles of general
masses and spins. We proceed in section 2 with an on-shell formalism where the amplitude
is manifestly covariant under the massive SU(2) little group. This approach allows us to
cleanly categorize all distinct three-couplings for a given set of helicities or masses and
spins. When constructing four-point amplitudes, this formalism sharply pinpoints the ten-
sion between locality and consistent factorization, which, in turn provides a portal into the
difficulty of having higher-spin massive particles that is fundamental. As we will see, every-
thing that is typically taught in an introductory courses on QFT and the Standard Model
— including classic computations of the electron (¢ — 2) and the QCD g function (sec-
tion 7) — can be transparently reproduced from an on-shell perspective directly following
from the physics of Poincare invariance, locality and unitarity, without ever encountering
quantum fields, Lagrangians, gauge and diff invariance, or Feynman rules.

There are a number of other motivations for developing this formalism. For instance,
much of the remarkable progress in our understanding of the dynamics of supersymmetric
gauge theories came from exploring their moduli spaces of vacua [13]. From this point of
view the study of massless scattering amplitudes has been stuck on a desert island at the
origin of moduli space; we should now be able to study how the S-matrix varies on moduli
space in general supersymmetric theories, especially beginning with the Coulomb branch
of N'=4 SYM in the planar limit (see [14] for early surveys).

Another motivation, alluded to above, is the physics of UV completion for gravity
scattering amplitudes. It is easy to show on general grounds that any weakly coupled UV
completion for gravity amplitudes must involve an infinite tower of particles with infinitely



increasing spins (as of course seen in string theory) [15]. This raises the possibility that
string theory might be derivable from the bottom-up, as the unique weakly-coupled UV
completion of gravity. But it has become clear that consistency conditions for massless
graviton scattering alone are not enough to uniquely fix amplitudes — deformations of the
graviton scattering amplitudes compatible with all the standard rules have been identified
(eq. (12.6) in [15]). This is not surprising, since the most extreme tension in this physics is
the coexistence of gravitons with massive higher-spin particles. Indeed (as we will review
in 3.2 from an on-shell perspective) the presence of gravity makes the existence of massless
higher-spin particles impossible. We should therefore expect the strongest consistency
conditions on perturbative UV completion to involve the scattering of massless gravitons
and massive higher-spin particles, the study of which calls for a good general formalism for
treating amplitudes for general mass and spin.

Finally, an understanding of amplitudes for general mass and spin removes the distinc-
tion between “on-shell” observables like scattering amplitudes and “off-shell” observables
like correlation functions [16]. After all, loosely speaking the way experimentalists actually
measure correlation functions of some system is to weakly couple the system to massive
detectors, and effectively measure the scattering amplitudes for the detectors thought of as
massive particles with general mass and spin! More precisely, as we demonstrate in sex. 8,
to compute the correlation functions for (say) the stress tensor (in momentum-space), we
need only imagine weakly coupling a continuum of massive spin 2 particle to the system
with a universal (and arbitrarily weak) coupling; the leading scattering amplitudes for
these massive particles is then literally the correlation function for the stress tensor in mo-
mentum space. This should allow us to explore both on- and off-shell physics in a uniform
“on-shell” way.

2 The little group

Much of the non-trivial physics of scattering amplitudes traces back to the simple question
— “what is a particle?” — and the attendant concept of Wigner’s “little group” governing
the kinematics of particle scattering. Let us review this standard story. Following Wigner
(and Weinberg’s exposition and notation) [17-19], we think of “particles” as irreducible
unitary representations of the Poincare group. We diagonalize the translation operator by
labelling particles with their momentum p*; any other labels a particle state can carry
are labelled by o. In order to systematically label all one-particle states, we start with
some reference momentum k, and the states |k, o). Now, we can write any momentum p
as a specified Lorentz-transformation L(p;k) acting on k, i.e. p, = L} (p; k)k,. Note that
L(p; k) is not unique since there are clearly Lorentz transformations that leave p invariant
— these “little group” transformations will figure prominently in what follows, for now
we simply emphasize that we pick some specific L(p; k) for which p = L(p; k)k. We also
assume that we have a unitary representation of the Lorentz group, i.e. for every Lorentz
transformation A there is an associated unitary operator U(A) acting on the Hilbert space,
such that U(A1A2) = U(A1)U(Az2). Then we simply define one-particle states |p, o) as

p,0) = U(L(p; k))[k, o) . (2.1)



Note that the o index is the same on the left and the right, this is the sense in which we
are defining |p, o). Having made this definition, we can ask how |p, o) transforms under a
general Lorentz transformation

U(M)lp, o) = UA)U(L(p; k) Ik, o) = U(L(Ap; k)U (L™ (Ap; k)AL(p; k) |k, 0) . (2.2)

Now, W(A,p, k) = L~ (Ap; k)AL(p; k) is not in general a trivial Lorentz transformation,
it is only a transformation that leave k invariant since clearly (Wk) = k. This subgroup
of the Lorentz group is the “little group”. Thus, we must have that

U(W (A, p; k))|k,0) = Doo (W (A, p; k)|, o) (2.3)

where D, (W) is a representation of the little group. We have therefore found the desired
transformation property

U(A) |p’ 0> = DJU’(W(A7P; k))|Ap7 OJ> . (24)

We conclude that a particle is labeled by its momentum and transforms under some rep-
resentation of the little group.

Scattering amplitudes for n particles are thus labeled by (pg,04) fora =1,--- ,n. The
Poincare invariance of the S-matrix — translation and Lorentz invariance — then tells
us that

M(pmga) 6P (péfl +- pan)M(pa,Ua)
paa 0a) H a0l M((Ap)a, 0'(,1) . (2.5)

a
In D spacetime dimensions, the little group for massive particles is SO(D—1). For massless
particles the little group is the group of Euclidean symmetries in (D—2) dimensions, which
is SO(D—2) augmented by (D—2) translations. Finite-dimensional representations require
choosing all states to have vanishing eigenvalues under these translations, and hence the
little group is just SO(D—2).

So much for the basic kinematics of particle scattering amplitudes. It is when we come
to dynamics, and in particular to the crucial question of guaranteeing that the physics of
particle interactions is compatible with the most minimal notion of locality encoded in the
principle of cluster decomposition, that a fateful decision is made to choose a particular
description of particle scattering, introducing the idea of quantum fields. Beyond particles
of spin zero (and their associated scalar fields), there is a basic kinematical awkwardness
associated with introducing fields: fields are manifestly “off-shell”, and transform as Lorentz
tensors (or spinors), while particle states transform instead under the little group. The
objects we compute directly with Feynman diagrams in quantum field theory, which are
Lorentz tensors, have the wrong transformation properties to be called “amplitudes”. This
is why we introduce the idea of “polarisation vectors”, that are meant to transform as
bi-fundamentals under the Lorentz and little group, to convert “Feynman amplitudes”
to the actual “scattering amplitudes”. For instance in the case of spin 1 particles, we
introduce €% (p), with the property that e (Ap) = ALe”,(p) Do (W), so that e (p) M, (p, - - )



transforms properly. For massive particles, such polarization vectors certainly exist, though
they have to satisfy constraints. For instance we must have p,e% = 0 for massive spin 1,
or for massive spin 1/2, we use a Dirac spinor W7 with (T*p, — m)3¥® = 0. These
constraints are an artifact of using fields as auxiliary objects to describe the interactions
of the more fundamental particles. For massless particles with spin > 1 the situation
is worse, since “polarisation vectors” transforming as bi-fundamentals under the Lorentz
and little groups don’t exist. Say for massless particles in four dimensions, if we make
some choice for the €/ for photons of helicity +1, we find that for Lorentz transformations
(Ap) = p, (Aex)* = el + a(A, p)p*. So polarisation vectors don’t genuinely transform
as vectors under Lorentz transformations, only the “gauge equivalence class” {€/} |} +ap#}
is invariant under Lorentz transformations. This infinite redundancy is hard-wired into the
usual field-theoretic description of scattering amplitudes for gauge bosons and gravitons,
and is largely responsible for the apparent enormous complexity of amplitudes in these
theories, obscuring the remarkable simplicity and hidden infinite-dimensional symmetries
actually found in the physics.

The modern on-shell approach to scattering amplitudes departs from the conventional
approach to field theory already at this early kinematical stage, by directly working with
objects that transform properly under the little group (and so at least kinematically deserve
to be called “scattering amplitudes”) from the get-go. Auxiliary objects such as “quantum
fields” are never introduced and no polarization vectors are needed. It is maximally easy
to do this in the D = 4 spacetime dimensions of our world, where the kinematics is as
simple as possible. Here the little groups are SO(2) = U(1) for massless particles, and
SO(3) = SU(2) for massive particles, which are the simplest and most familiar Lie groups.

In four dimensions, we label massless particles by their helicity h. Massive particles
transform as some spin S representation of SU(2). The conventional way of labelling
spin states familiar from introductory quantum mechanics is by picking a spin axis 2.
and giving the eigenvalue of J, in that direction. This is inconvenient for our purposes,
since the introduction of the reference direction Z breaks manifest rotational (not to speak
of Lorentz) invariance. We will find it more convenient instead to label states of spin
S as a symmetric tensor of SU(2) with rank 2S; this entirely elementary group theory
is reviewed in appendix B. Let’s illustrate the labelling of states by considering a four-
particle amplitudes where particles 1,2 are massive with spin 1/2 and 2, and particles 3,4
are massless with helicities +3/2 and —1. This would be represented as an object

M{Il}v{‘]l7J27J37J4}7{+%}7{_1}(pI’p27 p37p4) (26)
where {I1},{J;} are the little group indices of particle 1 and 2 respectively, and the ampli-
tude transforms as

M{Il}7{‘]17J27J37J4}7{+%}7{_1}
I J Ja 3 —2 3 ({K1},{L1,L2,L3,La} {+3},{-1} (27)
= Wik, YWsr, - Wor )(ws)? (wq) "M AELERES BATTT2 S,

where the W matrices are SU(2) transformation in the spin 1/2 representation and w = €%

is the massless little group phase factor for helicity +1/2.



2.1 Massless and massive spinor-helicity variables

Our next item of business is to find variables for the kinematics that hardwire these little
group transformation laws, this will be simultaneously associated with convenient represen-
tations of the on-shell momenta. As usual we will use the o/, matrices to convert between
four-momenta p* and the 2 X 2 matrix p,q = puagd.l Note that detp,q = m2, so that
there is an obvious difference between massless and massive particles.

For massless particles, we have detp,s = 0 and thus the matrix p,s has rank 1. Thus
we can write it as the direct product of two, 2-vectors A, A as?

Paa = >\oz)\dc (28)

For general complex momenta the Ay, \q are independent two-dimensional complex vectors.
For real momenta in Minkowski space paq is Hermitian and so we have \q = +(Aa)*, (with
the sign determined by whether the energy is taken to be positive or negative).

Often the introduction of these “spinor-helicity” variables is motivated by the desire
to explicitly represent the (on-shell constrained) four-momentum p,g by the unconstrained
A, Aa. But the spinor-helicity variables also have another conceptually important role
to play: they are the objects that transform nicely under both the Lorentz and Little
groups. Thus while amplitudes for massless particles are not functions of momenta and
polarization vectors (or better yet, are only redundantly represented in this way), they are
directly functions of spinor-helicity variables.

The relation to the little group is clearly suggested by the fact that it is impos-
sible to uniquely associate a pair Ay, Aq with some paq, since we can always rescale
Aa — w_lAa,S\d — wj\d keeping pog invariant. The connection can be made com-
pletely explicit by attempting to give some specific prescription for picking )\&p ), X&p ), which
leads us through an exercise completely parallel to our discussion of the little group. We
first choose some reference massless momentum k.4 and also choose some fixed )\((f), S\&k)

so that kqs = )\&k) S\&k). For every other null momentum, we choose a Lorentz trans-
formation L£(p; k)2, L(p; k‘)g such that pag = L(p;k)2L(p; k‘)gkﬁg, and we then define

AP = L(p; k)g)\ék) AP = L(p; k)gj\gc) Having now picked a way of associating some

«
8’ ), 5\83 ) with Pac, We can ask for the relationship between e.g. )\&Ap ) and )\gj ) for some

Lorentz transformation A; what we find is
MM = w (A, p. k) AGAY (2.9)

For general complex momenta w is simply a complex number and we have the action of
6

GL(1), for real Lorentzian momenta we must have w=! = 4(w)* so w = €? is a phase
representing the U(1) little group. Most obviously we can perform a Lorentz transformation

W for which Wk = k, we simply find A\ — w™'X. To be explicit, let

2F 0 1\ - 1
kg = ( ; 0), Aa:\/ﬁ<0>,xd:\/ﬁ<o> (2.10)

LFor our conventions of signature and spinor indices, see appendix A.
2The use of this fact for the computation of scattering amplitudes goes back to [20-23].



represent a massless momentum in the z direction. Then a rotation around the z axis
(which leaves k invariant) is

ig/2 0 o —ip/2 0
B_|[¢€ B_|[¢€
(7 (7 ) "

under which obviously A, — et/ 2Aas S\a — e/ 2;\a-
To summarize, amplitudes for massless particles are Lorentz-invariant functions of
Aa, Aq with the correct little-group helicity weights,

M(w™ A wh) = w? M, N) (2.12)

We now turn to the case of massive particles. There is no essential difference with the
massless case; we simply have the p,s has rank two instead of rank one, and so can be
written as the sum of two rank one matrices as

Pac = M Aar (2.13)

where I = 1,2. Note that
p? =m? — detA x detA = m? (2.14)

We can use this to set detA = M, detA = M with MM = m?2. It is sometimes useful to
keep the distinction between M, M, but for our purposes in this paper we will simply take
M = M =m. Of course X, \; can’t uniquely be associated with a given p, we can perform
an SL(2) transformation A — WIX A; — (W~1)7X;. Note that we could extend this
SL(2) to a GL(2) if we also allowed (opposite) rephrasings of the mass parameters M, M,
but by making the choice M = M = m does not allow this. This is not a disadvantage for
our purposes, since the object M/M transforms only under the GL(1) part of the GL(2)
and can be used to uplift any SL(2) invariant into a GL(2) invariant if desired.

For real Lorentzian momenta we have W should be in the SU(2) subgroup of SL(2)
and gives us the action of the little group. We can make the connection explicit just as we
did for the massless case, by defining )\é, 5\@ 1 for a reference momentum k.4 and boosting
to define them for all momenta. A summary of this elementary kinematics is given in
appendix B.

We conclude that amplitudes for massive particles are Lorentz-invariant functions for
M X7 which are symmetric rank 25 tensors {1, -, Isg} for spin S particles. Note that we

”, €7 to raise and lower indices so that we can e.g. write pas = )\é)\éeu.

can obviously use €
Also note that clearly

Paa A = m)\gé s Pac A = —m 5\5 (2.15)

If we combine (A}, A®T) into a Dirac spinor ¥, this is of course the Dirac equation (T*p,, —
m)BWL = 0. But there is no particular reason for doing this in our formalism: even the
usual (good) reason for introducing Dirac spinors — making parity manifest in theories
which have a parity symmetry — can be more easily accomplished without using Dirac
spinors in our approach. We will thus not encounter any I' matrices in our discussion.
Note also that using (paa/m) allows to freely convert between A. and A variables. We



will sometimes find it useful, especially in the context of the systematic classification of
amplitude structures, to use this freedom in order to use e.g. only A to describe a given
massive particle. Then we can write the symmetric tensor as

M s} )‘21 e )\£22SSM{0£1'“C¥25} (2.16)

where M{e1025} ig totally symmetric in the « indices.?

Let us illustrate our notation for writing amplitudes by returning to the example of
a four-particle amplitude with (1,2) being massive with spin (1/2,2), and (3,4) massless
with helicity (+3/2) and (—1). Let’s give examples of “legal” expressions for these ampli-
tudes, that is objects with the correct little group transformation properties. Two possible

terms are
[27:3][2723][273] k(17274 (4] (p1p) [4) + &' (417)(2744) ) + symmetrizein { /1 23,4} (2.17)

It would clearly be notationally cumbersome to have our formulas littered with explicit
SU(2) little group indices, fortunately it is also entirely un-necessary to do so. We will
simply denote the massive spinor helicity variables in BOLD, and suppress the SU(2)
little group indices. Since these indices are completely symmetrized, putting them back in
is completely trivial and unambiguous. In this way, we re-write the above expressions as

(23] (k(12)(4|p1p2|4) + K'(41)(42)) (2.18)

We stress again that there is no notion of the usual “helicity weight” little group for the
massive particles; we can freely have expressions (as in the above) that from the viewpoint
of massless amplitudes look like they are “illegally” combining terms with different helicity
weight. As we will later see this reflects a beautiful feature of this formalism, making it
trivial to see how massive amplitudes decompose into the massless helicity amplitudes at
very high energies.

We pause to note the relation between our discussion here and a route to massive
spinor-helicity variables taken by a number of other authors [25].# This approach begins
by noting that we can always represent pag = AaAa—(m?/(An) [M]])7aTia, for some reference
spinors 7,7.° The states are then labelled by giving the spin in the direction picked
out by the lightlike directon n7). Of course this corresponds to a particular choice for
our (AL, AL), but making this choice at the very outset obscures the Lorentz and little
group transformation properties of the amplitude. Practically speaking, given some formula
written in terms of the X, \,n,7, this makes it difficult to ascertain whether or not it is
kinematically a legal expression for an amplitude, and thus the program of systematically
classifying and constructing on-shell amplitudes is difficult to pursue in this formalism.

3The amplitude as a function of massive spinors can be viewed as a natural consequence of choosing the
space-cone gauge Feynman rules [24].

“For applications, see for example: [26-31].

®The formalism here obviously have some parallels with the 6D spinor-helicity formalism [33, 34], but
here the little group is a single SU(2) instead of SU(2)xSU(2) as in six-dimensions, and thus there are no
“unnecessary” symmetries.



Let us further illustrate our notation by presenting some classic scattering amplitudes
in these variables. We will simply state the results here and derive them from first-principles
later in the paper; here we are only illustrating the notation and its utility for understanding
the physics. Consider for instance the result for tree-level Compton scattering (127374)
where particles 2,3 are photons of helicity (—,+) while 1,4 are charged massive particles
of spin 0,1/2,1. The amplitudes are given by

2 (2(p1 — pa)|3]? [spin 0]
x q (2l(p1 — pa)[3] ((12)[43] + (42)[13])  [spin 5]
((12)[43] + (42)[13))* [spin 1]
(2.19)
Note the absence of v matrices for the spin 1/2 case — the common complaint amongst

M(1273%4) = ?

(s —m?2)(u — m?)

students first doing these computations — “why are we dragging around four-component
objects when the electron has only two spin degrees of freedom?” — is entirely absent here.
Similarly for the spin 1 case there are no polarization vectors. Indeed these expressions
are the most compact representation for these amplitudes possible, directly in terms of the
physical degrees of freedom of the actual particles, with no reference to fields as auxiliary
objects.

2.2 The high-energy limit

It is very easy to relate the massive and massless spinor-helicity variables, and especially
to take the high-energy limit of scattering amplitudes and see how massive amplitudes for
particles with spin decompose into the different helicity components. To do so, we note that
it is convenient to expand . in a basis of two-dimensional vectors ¢/ in the little-group
space. In other words, we can expand

A= Al nal!
Ny = Xl +iac! (2.20)

where

€IJC+]<_J =1, <>‘77> =m, P‘ﬁ] =m (221)

Note, as explicitly given in the kinematics appendix C, in a given frame we naturally have

¢*! as the eigenstates of spin 1/2 in the direction of the spatial momentum p, and we can

identify Ao = VE + pCf, 1m0 = VE — p¢; and similarly \s = VE + p(; 6 = VE — plF .
Clearly, in the high energy limit /E + p — v/2E while /E —p — m/v/2FE, so that both
71,7 are proportional to m and vanish relative to A, X. Said in a more Lorentz-invariant
way, to take the high-energy limit we take

No = M, Na = mﬁd; with (A7) = [A\j] =1 (2.22)

with all dimensionless ratios of the form

-0 (2.23)



Note that any scattering amplitude naturally decomposes into different spins states in the
spatial direction of motion, via

I I -
MItas = 37 ((CHFCT)S) T My A, ) (2.24)
h
where trivially
Mp(w ™" X wh; wn, w™ ') = w? My(A, As, 77) (2.25)

Thus, the different helicity components in the high-energy limit are just given by
Helicity h component = Lim,, oM, (X, \; n = ma, 7j = ma) (2.26)

As a simple exercise for taking the high-energy limit, let’s consider the coupling of a
massive vector to two massless scalars. This amplitude is simply:

(31)(32)

o (2.27)

Let us consider the high-energy limit of this amplitude. Substituting eq. (2.20), the (—, 0, +)
component of the vector are separately given as

1)  ———  (21)

0 (81)(32) o ((131)(32) + (132)(31))
' 21y ——— 2(21)
(31)(32) (n31)(ns2) _ [3lpa[1)[3]p1|2) _ [32][31]
(21) HE 3<21>3 B 3712<21>1 o [21] (2.28)

We see that only the plus and minus helicity amplitude survives, and as ns3 scales as m,
the longitudinal mode is sub-leading in m.%

Especially in the context of the rather degenerate kinematics of three particle am-
plitudes, simply setting the 1,7 — 0 can give rise to 0/0 ambiguities, and this proper
definition of the high-energy limit we have specified should be used. But for more generic
situations, and for any expressions that is manifestly smooth as m — 0, we can simply
set n,7 — 0 to take the high-energy limit. There is an especially easy way of doing this

with the “BOLD” notation we have introduced above, that shortcuts the need for any

SThese results can also be obtained by converting the conventional polarization vector representation
of the three particle amplitude to the massive spinor helicity basis. First, being a Lorentz vector and a
symmetric tensor in SU(2), the on-shell form of the polarization vector is fixed to (see also [32])

)\{11 Nz}

= (2.29)

€aa =

Pdﬁ

m

Contracting with the momenta then converts the polarization vector to pure chiral indices, €. = €qa
Taking the high energy limit, one straight forwardly obtains the three helicity sectors:

— _AaAs o _ AalgtTeds 4 Talls
EQ/BZT’ EQBZT, Eaﬁ:T, (230)

in the chiral representation.
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explicit expansion in terms of (! as we have indicated above. We simply unbold the char-
acters!” Let us illustrate how this works for the case of Compton scattering of a charged
spin one particle in eq. (2.19), and see how the massive amplitude decomposes into its
helicity constituents. Expanding out the square of the numerators we find

(12)2[34)2 +(42)2[31)? +2(12)[34](42)[31]

231
(1,4) havehel.(—1,+1) (1,4)havehel.(+1,—1) (1,4)havehel.(0,0) (2:31)

Note that as helicity amplitudes “adding” the components in this way would be illegal,
but this is exactly how we can pick out the different pieces of the massive amplitude that
unifies the different helicity amplitudes together into a single object, in the high-energy
limit! Note also that quite nicely the (0,0) helicity components reproduce the HE limit of
the scalar Compton amplitude, reflecting the fact that the longitudinal component of the
charged massive spin 1 particle is just a charged scalar at high energies.

3 Massless three- and four-particle amplitudes

Having dispensed with kinematics, we now move on to determining dynamics. We will
follow a familiar strategy, starting by determining the structure of all possible three-particle

h, h, 2 S2
?}W hy : — $3 2 — 53 E —3
hl hl hl Sl

When many species Nj ,,, of particle of the identical mass and spin/helicity, we will label

amplitudes:

(3.1)

them with an index “a”.We will always think of these as real particles, and assume that the
“free propagation” does not change the a index, i.e. that free propagation has an SO(Nj )
symmetry. This choice is hardwiring the most basic physics of unitarity. Note that it is
trivial to have (non-unitary) Lagrangian theories that violate this rule, for instance we
can have grassmann scalar fields ¢, with free action J abauwaauz/;b with antisymmetric Jgp.
Here the free propagation is proportional to J, @1 which vanishes for ¢ = b, and the free
theory has an Sp(IV) rather than SO(N) symmetry.

Moving beyond three particles, the central constraint on higher-point tree amplitudes is
unitarity, in the form of consistent factorization. For massless or massive internal particles
goes on shell, spin s goes on-shell, we must have

MahMa —h Mz {Ilwbs}ME
LPiQR [massless], M —

{I1---I2s}
P2 _ M2

M — [massive] . (3.2)

We will impose this consistency condition at 4 points, which must factorize onto a product
of three-particle amplitudes.

As is by now well-known, these conditions are incredibly restrictive for massless par-
ticles. The kinematics of three-particle momentum conservation forces either A1, Ag, A3 to

"This is analogous to the replacement of k — k” in the massive spinor helicity formalism of [36].
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be all proportional, or A1, A2, A3 to all be proportional. Thus the three-particle amplitudes
must either be of the form [12]%[23]°[31]¢ or (12)%(23)*(31)¢ in these two cases respectively,
and the powers are fixed by the helicities of the three particles. The amplitudes are given by

g[12)mtha=hs[93)heths=hi[31]hs+hi=h2  when hy + hg + hg > 0

Mhihehs )
g(12)hs—m—h2 (93 hi—ha=hs (31\h2=hs=h1  when hy 4 hy + h3 < 0

(3.3)

Note that only by symmetries we could use either of the two expression regardless of the
sign of h1 4+ ho + hsz, but we also demand that the amplitudes have a smooth limit in
Minkowski signature where the brackets also go to zero. We see that, up to the overall
couplings g, g, the three-particle amplitudes are entirely fixed by Poincare symmetry.

We now move on to determining four-particle amplitudes from consistent factorization.
The obvious strategy for doing this is to simply compute the residue in e.g. the s-channel by
gluing together the three particle amplitudes on the two sides of the channel; then multiply
this residue by 1/s. Adding over the channels should then give us an object that factors
correctly in all the channels. This trivially works for ¢3 theory where the coupling is simply
a constant ¢, and the residue in each channel is simply ¢g?. Then an object with the correct
poles in all channels is g?(1/s + 1/t + 1/u). Of course in addition to this we may have
contact terms with no poles at all, whose form is not fixed by the three-particle amplitudes.
But we will only be concerning ourselves with the parts of the four particle amplitudes that
are forced to exist by consistent factorization given the three-particle amplitudes.

Let’s repeat this exercise for the slightly more interesting case of Yukawa theory, where
the three-particle amplitude for fermions 1,2 of helicity —1/2 to a scalar 3 is simply y(12).
Let us compute the s-channel

2\ /3

ﬁ L\ . Ry = (1D)[14] = (1|pr|4], (3.4)
_ +

1 4

where here and in what follows we will suppress the trivial coupling constant dependence.
This can be simplified using that p; = p; + p2 = —ps — pa, to (Up2l4] = —(1|psl4] =
$(1|(p2 — p3)|4]. The residue in the u channel is the same swapping 2,3. So finally the
consistently factorizing amplitude is

(1](p2 — p3)|4] n (1/(p3 — p2)[4]

. (3.5)

3.1 Self-interactions

Let’s now try a different example: consider a theory of a single self-interacting particle

. . . —So—s9+8) : (12)3s
of spin s. The three particle amplitude for (1752753%%) is ()

feature of this expression, which we did not encounter in either the ¢3 or Yukawa theory

Note a remarkable
cases: already the 3 particle amplitude appears to have poles! Thus in a sense, these

amplitudes are not as “local” as we might have expected. Now of course this peculiarity
is un-noticed in the usual Minkowski space, since the three-particle amplitude vanishes
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in the Lorentzian limit. It is not a coincidence that this subtle sort of “non-locality”
appears for precisely the same theories that, in a conventional Lagrangian description, must
introduce gauge redundancies for consistency. But returning to our problem of determining
four-particle amplitudes by imposing consistent factorization, this feature introduces an
important obstruction. The strategy of computing the residue in the s-channel, multiplying
by 1/s, then summing over channels, is no longer guaranteed to work; as we will see
because of the poles in the three-particle amplitudes, the residue in the s channel will itself
have poles in the other channels, making it non-trivial to be able to find an object that
consistently factorizes in all channels. Indeed, while we can define massless three-particle
amplitudes for any helicities, it will be impossible to find consistent four-point amplitudes
for all but the familiar interacting theories of massless spin 0,1/2,1,3/2 and 2 particles.
This exercise has been carried out in systematically in [37, 38],® here we highlight some
aspects of this story before moving on to carrying out the similar analysis with massive
particles.

Let us return to the theory of self-interacting massless particles of spin s; we will
consider the four-particle amplitude (1752753734%8). The residue in the s-channel, reached
when [12] — 0 and (34) — 0, is

2+S =
3
- (1) \°( 41 \° (13)2[24]%°
?w ﬁv»i ) RS:<<12>(2I)> <[I3][34]> :< t ) (3.6)
1—5 4+S

which, again using that e.g. (1I)[I4] = (12)[24] = —(13)[34], can be simplified to (%)S.
We can similarly compute the ¢, u channel residues, and we find

R, = <<13>2[24]2>S Ry = (WW>S’RU — <<13>2[24]2>S (3.7)

t S t

For s > 1, we encountered the challenge alluded to above: the residue in one channel itself
has a pole in another channel. Let us start with s = 1. Given the structure of the residues,
any consistent amplitude must have the form

(3.8)

st tu  us

(13)%[24)* (A M C)

Note that as s — 0, we have t = —u, e.g. the residue in s is A/t + C/u = (A - C)/t. In
this way, we find that matching the residues in s, ¢, u demands that (A — C) = 1,(B —
A) = —1,(B — C) = 1, which is impossible since the sum of the three terms would have
to vanish. We conclude that it is impossible to a single self-interacting massless spin 1
particle! But suppose we have many of these particles labelled by the index a; thus the
self-interaction of a1, as,as is further proportional to a coupling constant f@1%2%3  Note

8 A pedagogical discussion can be found in the 2011 PiTP lecture Robustness of GR. Attempts to Modify
Gravity given by one of us (N-A-H). A link to the video can be found at https://video.ias.edu/pitp-2011.
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3
that for s = 1 the three particle amplitude (1712713%1) = 127 g anti-symmetric in

exchanging 1 < 2, implying f%%2% taking on the same p1r0p61r<tl;.> %Szctendmg to all helicity
configurations one can conclude that f®2% must be totally anti-symmetric. Next consider
the four particle amplitude with labels a1, as, as, a4, the residues in the s, ¢, u channels have
additional factors of f@192€ f€@394 gnd similarly in the ¢, u channels. Now the ansatz for the

four-particle amplitude has the form

Aa1a2a3a4 Ba1a2a3a4 Ca1a2a3a4
(13)%[24)* ( ) (3.9)
st tu us
and matching the residues in s, ¢, u tells us that
Ca1a2a3a4 _ Aaiaz2azaq _ falagefea3a4
AM620304 _ pa1a2a3a4 _ fa2a36f6a4a1
Ba1a2a3a4 _ C(l1(l2(l3(l4 — falagefea4(z2 (310)

and now, we can solve for A%1920304 R01G20304 (761020304 if and only if the f®19293 gatisfies

the Jacobi identity
fa1azefea3a4 + fagagefea1a4 + fa1a3efea4a2 -0 (311)

Let’s now move on to a single particle with s = 2. Naively, since the residue in the
s—channel is proportional to 1/u?, we might think that it is impossible for the four-particle
amplitude to have crucial properties of having only single poles! However, this 1/u? is the

1

residue just as s — 0, and so it could also be represented as —;-. Thus there is a unique

possibility for the four-particle amplitude for a single massless spin two particle:

— 7<13>4[24]4 (3.12)
stu
which evidently has all the correct residues in all three channels! We can further investigate
the possibility on several massless spin two particles, with a coupling constant g#12%3; the
same analysis as for spin one then gives us quadratic constraints on the ¢#1%293 that are
solved only by ¢’s that, up to change of basis, are only non-vanishing for a; = as = as, i.e.
which are mutually non-interacting.

We have thus seen that the only consistently interacting massless spin one particles
must have a Yang-Mills structure, and the only consistent massless spin 2 particles does
not non-trivially allow more than one such particle, and gives us the standard gravity
amplitude. Of course we have done more than simply show the amplitudes are consistent,
we have computed them!

For spin s > 2, the residue in the s-channel is at least 1/u?, and so there is no way
to have a consistent four particle amplitude with only simple poles in s,t,u. We thus
conclude that there are no consistent theories of self-interacting massless particles of spin
higher than two.
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3.2 Interactions with other particles

Let’s move on to determine what sorts of self-consistent interactions other particles can
have with massless spin 1, 2 particles. Let’s start with the coupling of a spin s particles to
spin one particle, for which the three particle amplitude is (12)2571(23)1725(13)~!. Let us
now consider the residues for the (1752t374%%) amplitude; we get residues in the s and u
channels from gluing these three-particle amplitudes together. These residues are trivially
computed to be

Rs = %((13> [24))*[2|(p1 — pa)[3)°7%, Ry = %((13) 24))%[2](p1 — pa)[3)>7% (3.13)

We see there is a qualitative difference between s < 1 and s > 3/2. For s = 0,1/2,1,
while the residues in one channel have poles in the other, we can write down a consistently
factorizing four-particle amplitude:

((13)[24])%*[2[(p1 — pa)[3)*~2°

(3.14)

But for s > 3/2, the residues have (increasing powers of) the spurious pole in [2|(ps—p1)|3),
and so no consistent four particle amplitude is possible. Thus we recover the correct
Compton-scattering expressions for particles of spin 0,1/2,1 scattering off photons, while
also seeing that it is impossible to have a consistent theory of massless charged particles
with spin > 3/2.

When there are several species of spin s particles ¢ coupling with several spin one
particles a, we attach an extra coupling T7; to the vertex. Consider (1; 2;3; 4;) scattering;
writing the residues R in any channel as R = ((13)[24])?%[2|p1|3)272% x 7, we have

+ a b - + a b-
k k W 1 ab 1 ba
, re=—(TT")ij, ru=—(T"T%,
k k u S
~i +i - + ]

(3.15)
where (7s,7,) satisfies s = 0 and u = 0 kinematics respectively. Note that if (T“Tb)ij =
(T®T®);, or the commutator [T, T?] vanishes, we can get a consistent amplitude as with
our Compton scattering example, with poles only in these s and u channels, but this is not
possible if [T, T%] # 0. This means that the 1/u in 75 and the 1/s in r, must secretly be
1/t instead, i.e. must also include a pole in the ¢ channel. Of course fortunately we can
have a residue in the ¢ channel, using the cubic self-interaction for gluons. Quite nicely
the same kinematical factor appears in R;, and we find (writing this residue in an s,u
symmetric way):

S o m= QX (316)
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Thus, if we have
fUTs = [T, T, (3.17)

and using the fact that when ¢t = 0, s = —u, we find that the following amplitude indeed
consistently factorizes in all channels:

(a2 (000 ) (3.18)
ts tu

This agrees with the result in [35]. Also, clearly once again no consistent amplitudes are

possible for spin s > 3/2. Thus we have discovered the familiar structure of Yang-Mills

theories for particles of spin 0,1/2, 1.

The same sort of analysis extends to gravity, since the details are virtually identical
we will leave them as enjoyable exercises for the reader. We can consider the coupling of
two particles of spin s to a graviton, with strength g. The residues in the s, u channels
are no longer equal, and the only way to make a consistent four particle amplitude is to
also have a pole in the ¢ channel, using the graviton self-interaction k = ﬁm‘ Thus once
again the poles for the amplitude is forced to come in the combination 1/stu. This implies
that the coupling constant appearing in the spin-s exchange channel must be identified
with that of the graviton exchange. That is, consistency between the three factorization
channel forces the universality of couplings to gravity, g = k, with the following form for

Compton scattering:

o ((13)[24)%[2) (1 — pa)|3)*
stu '
Now we see that for s > 2 one again develops spurious pole, and one reaches the conclusion

(3.19)

that for spin greater than 2, the particle cannot consistently couple to gravity. In other
words, even if higher spin particles are non self-interacting and free, the moment one turns
on gravity it ceases to be consistent in flat space. Thus we find that the only possible
consistent theories that can couple to gravity can only have spins (0,1/2,1,3/2).%

We can also discover the need for supersymmetry when massless particles of spin 3/2
are present. Consider for simplicity the case with a single spin 3/2 particle 1. Now let’s
imagine we also have a massless scalar ¢. Both of these particles have a universal coupling
to gravity, so there is inevitably an amplitude for 111 ¢p2¢9 scattering mediated by gravity.
We can again compute the residue in the s-channel, and find that it has a pole in the ¢
channel. But since there is no (1, ¢, graviton) coupling (amplitudes must be grassmann
even), we can’t have any t-channel poles, and so this theory is inconsistent. The only way
to have a consistent amplitude is if we also introduce a massless fermion y, now we can
have a (¢, ¢, x) interaction with the same gravitational strength 1/Mp;, which provides
the needed pole in the t-channel. The full amplitude is then given as:

(3|(p1—p2)|4]3 '

(1,2,372,472) = 42
st

(3.20)

9As we remarked in our discussion above on self-interacting spin 2, via a basis change it is always possible
to say that the spin 2 particles are effectively in different universes with no mutual interactions; in each
one of these decoupled sectors the gravitons can be coupled to their own spectrum of particles with spin
(0,1/2,1,3/2).
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Thus we see that we must have a bose-fermi degenerate spectrum, with the couplings of
the “gravitino” i to particles and their superpartners of universal gravitational strength.

We have given a lightning tour of some of the arguments leading to the determination
of all consistent theories of massless particles via the “four-particle scattering” test. It
is remarkable to see the architecture of fundamental physics emerge from these concrete
algebraic consistency conditions in such a simple way. A more complete and systematic
treatment can be found in [37, 38].

Before moving on to considering massive amplitudes, let us briefly comment the (in)con-
sistency of theories with three-particle amplitudes for helicities satisfying hy + ha + hs = 0.
Apart from the case of all scalars h;y = ho = hy = 0, we have “phase” singularities in the
couplings, for instance we have a coupling of the form (13)/(12) or [12]/[13] for a spin zero
particle 1 to particles 2, 3 of helicity £1/2. This peculiar interaction is unfamiliar, and
does not arise from Lagrangian couplings. But, as expected, it is also impossible to find a
correctly factorizing four-particle amplitudes with these couplings [37, 38|, so consistency
forces the couplings to vanish.

4 General three particle amplitudes

In this section we will categorize the most general three-point amplitude with arbitrary
masses. As discussed in section 2, the amplitude will be labeled by the spin-S representation
of the SU(2) little group for massive legs and helicities for the massless legs. For amplitudes
involving massive legs, it will be convenient to expand in terms of )\é, since any dependence
on A can be converted using eq. (2.15). For example for a general one massive two massless
amplitude, with leg 3 being a massive spin-S state, we have:

M?J’[[l...jzs}7h1,h2 L LD M;’[oqu.azs}ﬁhhz’ (4.1)

3,01 3,a2s

where (h1,hs) are the helicity. We will be interested in the most general form of the
stripped M?;{al"'az*g}’hmh?’, which is now a tensor in the SL(2,C) Lorentz indices. The
problem thus reduces to finding two linear independent 2-component spinors that span
this space, which we will denote as (vq, uq). The convenient choice of (v, u) will depend
on the number of massive legs in a given set up and we will analyze each case separately.
We note that a similar classification of three-point interactions using a different basis can
be found in [39, 40].

4.1 Two-massless one-massive

Let’s first begin with the two massless and one massive interaction:

h,

((11...025) Mh1h2

{a1az-azs}

h,

Since both legs 1,2 are massless, their spinors can serve as a natural basis:

(Uom Ua) = (Alou /\2a) (4.2)
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The helicity weight (hi, he) then completely fixes the degree-2S polynomial in A, Ay up to
an overall coupling constant:

hih _ 9 S+ha—h1 yS+hi—h S+hi+h
M ih2 {a1ag-—ass} = T2SFhitha—1 ()\1 2 1)\2 1 2){061&2“.0625} [12] 1the (43)
where with appropriate factors of m such that it has the correct mass-dimension. Note
that we can trade [12] for (12) using [12] = (7;‘—; When the massive leg is a fermion, i.e.

S e %Z, we must then require precisely one of the massless legs to be a fermion as well.

The fact that the structure of this three-point amplitude is unique implies no go theo-
rems for certain interactions. For example, for identical helicities the factor [12]9+2"1 will
attain an extra factor of (—1)!72" under 1,2 exchange for odd spins. This will result in the
wrong spin-statistics, thus a particle of odd spin S cannot decay to identical particles with
the same helicity. Now suppose the particles have opposite helicity, namely h; = —ho = h.
If we take into account that the exponents of A\; and Ay must both be positive, we con-
clude that the amplitude vanishes if |h| > S/2. For massive spin one states, this is Yang’s
theorem — that a massive spin one particle cannot decay to a pair of photons. We also
learn that a massive spin three particle cannot decay to a pair of gravitons. Note that we
have invoked spin-statistics without giving its on-shell origin. As we will see in the com-
ing subsection 4.3, when considering the three-point amplitude of identical massive spin-S
states to gravity, spin-statistics is immediately forced upon us.

4.2 One-massless two-massive
For two massive legs, the three-point amplitude is now labeled by (h, Sy, S2)
h

(t0++0ng) h
"M {a1ag-azs, }, {B1PB2-B2s, } (44)

(By++Bys)

The analysis depends on whether or not the masses are identical. For equal mass, the
kinematics becomes degenerate and one expects some form of superficial non-locality. The
reason is that the equal mass kinematics occurs precisely for minimal coupling, where its
massless limit contain inverse power of spinor brackets as discussed in the previous section.
As we will see, for this case we need to introduce a new variable x that encodes this
non-locality.

4.2.1 Unequal mass

For unequal mass, one of the basis spinor can be A of the massless leg, while the remaining
can be chosen to be A contracted with one of the massive momentum. For example one

can choose:

plaB~/B>
as Ua) = | Aa, A 4.5
(v 1) = (s 72 (4.5)

Unlike the one massive case, here the amplitude is not unique. The helicity constraint only
fixes the polynomial degree in u and v to differ by 2h. For S; # S5 there are then a total of
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C = S1+S52—|S1—S2|+1 different tensor structures, and the general three-point amplitude
is given by:

C
h _ (2/S1+S2+h, S1+So—hy (i)
M {araz-azs, },{B1B2B2s,} — ;gl(u Py ){QIQQ...QQSl}7{5152.../3252} (4.6)
1=
where ¢ labels the different structure and g; is the coupling constant for the different tensor
structures. Note that the number of possible tensor structures is determined by the lowest
spin. For example for one S; = 1 S5 = 2, we have three tensor structures. For a minus
helicity photon these are given by:

(vovv)(uw), (vovu)(vu), (vouu)(vw). (4.7)

where the parenthesis indicates the grouping of the symmetrized SU(2) little group index.
One can also compare this with a Feynman diagram vertex Fj ,,€5”0,€), where €1, € are
the polarization vectors for the massive particles. Again, substituting the on-shell form
of the masslesss polarization vectors €; = ‘Z[zl[]’i‘ |, ej = %

spinors, and massive ones in eq. (2.29), one finds:

, where |fi],|u) are reference

2
mi 1
M3{a1012}{/31525354} = %m%—m% {ml(uu){alm}(uuvv){51525354}
- mg(uv){alaz}(uuuv){/glﬁgﬁg&}} . (4.8)
Indeed the three-point amplitude for the vertex can be expanded on the basis in eq. (4.7),
as it should.

4.2.2 Equal mass: the z-factor

If the masses are identical, then v and v are no longer independent, since:

3|p13
oy = SPBL (4.9)
m
Thus (u®,v®) are parallel to each other and pick out just one direction in the SL(2,C)
space. There is however a crucial piece of additional data in the constant of proportionality
between u and v, which we will call “z”:

Ao — Pladya A3 P Asa
T = TN T T

(4.10)

Note that x carries +1 little group weight of the massless leg. Furthermore, x cannot be
expressed in a manifestly local way. Indeed contracting both sides of the above equation
with a reference spinor ( yields:

— m{¢3)’

so while z is independent of {, any concrete expression for it has an apparent, spurious

pole in (. In the next section, as we glue the three-point amplitudes to get the four-point,
it will be convenient to choose ( to be the spinor of the external legs on the other side.
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The denominator then yields a pole in other channels! This yields non-trivial constraint
for the four-point amplitude to have consistent factorisation in all channels.

Now the only objects we have carrying SL(2,C) indices are A3, as well as the anti-
symmetric tensor aag.lo We can then express the three-point amplitude as:

(S51+S2)

h
M {alag---a2S1}7{,8162"'5252} = Z g
i:‘51—52‘
(S1+52) T\ ¢
. m
i=[S1—S2] {a1ag--azs, },{B1B82-B2s, }
(4.12)

h+i(y2i _S1+S2—i
i T (e T Z){Oqaz---azsl},{5152---5252}

where the superscript on \, e, pA /m indicates its power. For later purpose we present it in
two equivalent representations.

4.3 Minimal coupling for photons, gluons, gravitons

We have seen that while there is a unique structure for massless three-particle amplitudes
once the helicities are specified, for couplings of e.g. two equal mass particles of spin S to
a massless particle there are (25+1) independent structures, each term with n factors of
e with m = 0,---,25. Let us take the massless particle to be a graviton. Note that ¢ is
antiysymmetric with respect to the exchange 1 <> 2. Furthermore while the definition of
x in eq. (4.10) implies that it picks up a minus sign under the 1 <+ 2, this is irrelevant for
gravitational couplings which are proportional to 2. Thus we see that one gravitation two

25+1 under the exchange of the spin-S

identical spin S amplitude will have a factor of (—)
states. This is nothing but the spin-statistic theorem!

Now one of the (25+1) structures is special, and corresponds to what we usually think
of as “minimal coupling” to photons, gluons and gravitons. The defining characteristic of
“minimal coupling” is physically very clear. For massless particles, the mass dimension
of the couplings is given by 1 — |h1 + he + hg|, and so the leading low-energy interactions
with photons, gluons and gravitons — those with dimensionless gauge couplings e, g or
gravitational coupling 1/Mp;, involve massless particles of opposite helicity. The definition
of “minimal coupling” for massive particles is then simply the interaction whose leading
high-energy limit is dominated by precisely this helicity configuration. As we will see the
remaining (25+1) —1 = 25 interactions represent the various multipole-moment couplings
(such as the magnetic dipole moment in the coupling to photons.)

In our undotted SL(2,C) basis, the amplitude with a positive helicity state can be
viewed as an expansion in A\. The leading piece in this expansion, namely that where the
SL(2,C) indices are completely carried by the Levi-Cevita tensors, precisely corresponds to
minimal coupling! It is instructive to see why this is the case. Using the simplest example,

10Note in the unequal mass case, since u, v provided a basis, we didn’t need to separately introduce €44
since (uaVg — uUgVa) = (UV)eqap. However as mi — mo these invariants vanish. This also shows the absence
of a singularity in eq. (4.8) as m1 — ma.
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a photon coupled to two fermions, we find:

EMEaray — 2(12) = (12) (Clp113] _ (2€)[31] + (1¢)[32] (4.13)

m(¢3) (¢3)

Taking the high energy limit, we see that the leading term indeed correspond two possible

pairs of opposite helicity fermion,

(20)[31] + (1¢)[32]
<<3> E. [12] + m + (’)(m) . (4.14)

In general the minimal coupling between photon and two spin-S states is simply:

28
Mt {a1asg}{B1+Bas} — XM (H €a;8; T Sym) )
=1

28
n_1 o m .
MR {éa-cas}{BrPas} = o (H € + Sym> ) (4.15)
i=1

where we’ve also included the negative helicity photon in its simplest dotted representation.
The proper amplitude (with little group indices) is then given as:

Mmin,Jrl _ <12>2S Mmin,fl _ 1 [12]25
- m25’—1’ - meS—l

x (4.16)

For gravitons, we simply introduce an extra power of Mﬂmx The fact that in this formal-
ism, minimal coupling is as simple as A¢> heralds its potential for simplification. It is
also instructive to see how such simple representation emerges from the usual vertices in
Feynman rules. Here we present examples for scalar, spinor and vector at three points:

+
Scalars : €3+ p1 = <§<’§33] = —mz, (4.17)

where we’ve used the identity xmAs = p1|3]. Similarly for spin—% and 1, we have:

+
. :\3‘55 5 1
yao 0 - Pas ~
. a _ o p2 a9 A <3£>
Fermons : 2 U1 3vg = ( m 757 ) _5\5@ 0 ( 5&?,8 >
; (3¢)
(ll
— 0102 (4.18)
+
31c1 P26z
( p P
Vectors : af) L [63 "P1€aian€onds T P20 €306 — P1a2a2€3a1a1] 2
(o)
— —max (€a1a2€ﬂ152 + sym(a < /3)) . (4.19)
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The fact that minimal coupling is literally the “minimal” interaction in the undotted
SL(2,C) representation indicates the A expansion should directly correspond to the presence
of couplings through higher-dimensional operators. These precisely are the magnetic and
electric moments. Let us begin with the magnetic dipole moment. Since this corresponds
to a coupling of the particle with F*¥, it can only occur for particles with spin. Thus we
can extract the electric dipole moment by separating the minimal coupling into a piece
that is universal, and pieces that only exists for spinning particles.

Recall that the field strength in momentum space becomes Fj,,, — )‘a)‘ﬂgaﬁ' + 5‘0"5‘6'50‘5‘
This implies that couplings through the field strength will be transparent in the undotted
frame for negative helicity photon, and dotted frame for the positive photon. With this
in mind we convert the minimal coupling for spin—% and negative helicity photon into the

dotted frame: _

e Jeles AQN\?

Pr_ <m5d5> P _ M <5a5+x33> . (4.20)
m \x m T m

Here the piece %50‘6 is the same as that for scalars, sans the ¢®? factor which is necessary to

carry the SL(2,C) indices, and thus a universal term. The extra piece )\g)\g then represents
the magnetic moment coupling, with the amplitude given by

(13)(32)

s (4.21)

Thus we immediately see that g = 2 for the magnetic dipole moment.'" Thus for minus
helicity photon, the general Spin—% amplitude has the simple expansion:

- 1 (9—2) (A3A3)au
M 10,410.42 = ;mgdldz_ 1 x2a1a2 ,

where we’ve manifestly separated the minimal coupling and the (g—2) part of the magnetic

dipole moment. It is straight forward to see that % in the undotted frame, is simply

(4.22)

AsAsz. For the plus helicity, one has:

(9—2)
4

One can trivially extend this to higher spin. For example for spin-1, the minimal

Mt aray = MTEqan+ $2()\3)\3)a1a2 . (4.23)

coupling now contains both the magnetic dipole moment and electric quadrupole moment.
The minimal coupling yields:

B1yB
m (5041042 _ :CW) <€/51/32 _ Q:W) + (al 4 51)
x m m

BB
= _@50‘1{‘12552}51 — 5a1{a2)\§2})\§1 _ BB )\gz})\gl + wa ]
T m

(4.24)

1 As a comparison, for the positive helicity and insisting on the undotted frame, we can make the
separation after contracting A’s. More precisely:

TEap — x% = % (:r[12]+[137]7£32]) .
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We again see that the first term is the universal piece, the terms quadratic in A is the
dipole moment where as the terms quartic in A is the electric quadrupole moment. Thus
the general three point amplitude for the charged vector and a photon is:

_ 1 €& {a25\35 }5\33 €3 {p 5\3a2}5\3a1
1 o . . 1 2 2
M= (aapiyaabey = 3 @caCpy5 T (972) ( 2t
36 A3cig A . A
+2(g/ + 1) RT3 T (4.25)

ma3

where (g—2) and (¢’+1) is the anomalous magnetic dipole and electric quadrupole moment
respectively.

4.4 Three massive

For all massive legs, we no longer have massless spinors to span the SL(2,C) space. This
implies that the space has to be spanned by tensors instead. The fundamental building
blocks are now

Oaﬂ = pl{aBPZ,B} 57 Eap - (426)

Note that since Ong0~5 — 015045 ~ €ayEgs, pairs of e,5 can be traded for products of
Oap- The general form of the three-point amplitude is:

(yl'"YZS3)
((‘Ll...()zsl)
(ﬁl"'ﬁzsz)
1 AN
Moy 1 sy s, = (0 +srsigi)”
a 04251751 6252’71 1253 Zzgo—l {041“‘04251}7{61“‘/8252}7{71"‘725‘3}

=0 03

(4.27)

where i = 0, 1 represents the number of es and o; labels all distinct ways the SU(2) indices
can be distributed on Os and should be summed over. It will be interesting to see whether
the higher spin interactions from string theory, see [41] for recent results, spans the space
of all interaction allowed.

5 Four particle amplitudes for massive particles

Now that we have determined the structure of all possible three-particle interactions, we
would like to proceed to investigating the consistency of four-particle amplitudes. Just
as we did for all massless particles, we ask: given a spectrum of particles, and a set of
three-particle interactions, is it possible to find a four-particle amplitude that consistently
factorizes in all possible channels? We stress that this is a completely sharply defined and
straightforward algebraic problem. To be maximally pedantic, suppose we have a set of
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particles with masses (zero or non-zero) given by m;. Then the most general ansatz for the
four-particle amplitude has the form

N
[L,(s — m?)(t — m?)(u — m?)

and we simply wish to determine whether there is a consistent numerator N that allows

(5.1)

this function to factorize correctly in the s, t,u channels'?

Ly . glasd2s pra

My tpy1)E R{J1-Jos}
PQ _ M2 .

M —

(5.2)

As we’ve shown before, it is convenient to expand the amplitude on the ! basis, in which

case the contraction of little group indices now translates to the contraction of undotted
SL(2,C) indices:

IyJ

AaA3

€1J = €ap - (5.3)

To make contact with the usual Feynman rules, the numerator of the vector propagator is

G = N — 2%, which in SL(2,C) undotted representation is:

PacPs PSP
2

m2 m2 Cadps = Ca{fEqd}s (5.4)

Gaa,ﬁﬁ' = 250‘55@8 —

as expected. This is not surprising, as we’ve discussed in the introduction, the transverse
traceless-ness, which determines the numerator of the propagator, simply translates to
symmetrization of the SL(2,C) indices.

In practice, we don’t need to work with this slavishly systematic ansatz for the ampli-
tude with the giant denominator consisting of all possible simple poles. Instead, following
the same steps as in the all massless case, given the spectrum and the three-particle am-
plitudes, we will first simply compute the residues R(7)s, R(i)¢, R(4)y, in the s, ¢, u channels
from the exchange of the ¢’th particle. If these residues are local, we are trivially done,

(i) i) (i)
S R U
> (s ——+ =+ 2) (5.5)

2 2
m; t—m; u — m;

since the object

(2

manifestly matches the poles in all the channels. This is the case for the massive g¢3
theory where these residues are all simply Ry = R; = R, = ¢g°. But as we already saw
in the massless case, there are more interesting cases where the residues in one channel
themselves have poles in another channel. With massive particles this will occur whenever
we have minimal coupling and the “z” factor. In this case an ansatz separately summing
the channels cannot work, and we must use building blocks that have simple poles in more
than one channel. For massless particles, the requirement of four-particle consistency was
so strong as to simply make certain theories (of high-enough spin charged or gravitating

120f course the amplitude cannot be uniquely determined in this way, since we can always simply have
contact terms that are simply polynomials with no poles at all (corresponding to piece in N that cancels
all the poles). To avoid clutter, we will suppress the possible contact terms in what follows.
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massless particles) impossible. It also enforced universality of the couplings to gravitons
and the usual Yang-Mills structure for coupling to photons and gluons. We will see the
analogue of these statements for massive amplitudes. Once again, consistent factorization
will demand the standard couplings to photons, gluons and gravitons, will also see that
any self-interactions have to be invariant under the (global part) of the gauge symmetry.
But with these restriction met, it is possible to find consistently factorizing four-particle
amplitudes for any masses and spins. This is of course expected, since almost all interesting
objects in the real world are massive particles of high spin! But of course as we will also
see, the impossibility of consistent amplitudes for massless particles of high spin shows up
in a singularity of the massive high spin amplitudes in the high-energy (or m — 0) limit,
giving a very concrete sense in which particles of high spin cannot be “elementary”.

5.1 Manifest local gluing

We first begin with the construction of amplitudes without any z-factor non-localities. Let’s
begin with Yukawa amplitude, i.e. one massless scalar two massive fermion amplitude. The
three-point amplitude is simply

/

9 113)[23] + L (23)[13] (5.6)

my my

where m; is the mass of the fermion. The gluing in the s- and u-channel yields:

P, s ¢ ,

/2 VAR
W, W, P, Wy

_ 9°(12)(34)[32] ;f(/g[i%;;)@'m] T L 263), (5.7)

where by c.c. we are exchanging A <+ X and ¢ <+ ¢. As one can see, since the three-point
amplitude was local, the resulting four-point amplitude can be written in a manifest local
way with two separate channels.

A “slightly” more complicated example would be the process v~ +t — gra™ +t, via
a massive spin—% exchange:

_|_
Y, gra,

32

ty b (5.8)

Here, t14 are the massive top quarks with their mass denoted by m;. The three-point
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amplitude on both sides are:

Vi = 5 (o712 + L5012 (p2p2)
g/

Vg = 7,[43][1)3]3- (5.9)

There are two tensor structures for Vi, reflecting the two distinct way the SL(2,C) indices
can distribute. The resulting four-point amplitude is then,
9"[43][21](2|pa|3]* + g'9"[43](12) (2|pa[3]*[32]

6 +(2+3), (5.10)
(s —miz)my

where myp is the mass of the spin-3/2 particle.

In the above examples, the residues are manifestly local as it is inherited from the
three-point amplitude. The only place potential non-locality can occur is when factors of
x appear for the three-point amplitude, for example the minimal coupling. Thus in the
next section we will focus on minimal coupling for massless spin-1 and 2 particles.

5.2 Minimal coupling

In this subsection we will consider the gluing of minimally coupled higher spin particles.
We will first begin with charged particles, which entails the three-point coupling of two
massive spin-S state and a positive or negative helicity photon. The three point amplitude
is given in eq. (4.15), which after dressing with external spinors, the complete amplitude is:

p(12)%9
251

1 [12]*°

MI" = == :
S zh m2S—1

Mgh

(5.11)

5.2.1 Compton scattering for S <1

Let us begin with scalar. Here one simply has:

>~ ~< m? L2, (5.12)

Here the subscripts on x serve to distinguish between different three point vertices. Now
since

P12 Blp1l2]  pal3) A 1 (3|p4|2]
Trde =T TR (32y)m’°  m T34 - 34 [23]m 7 (5.13)

we see that the residue is given by:

2

T34 t
Again the s-channel residue is non-local and must be interpreted as a pole from the other
channell We now have a choice, it can either be interpreted as a massless particle in the
t-channel, or an u-channel massive particle since —t = v — m? when s = m?. For there to
be a t-channel massless pole, the vectors must be gluons instead of photons, and we leave
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this possibility to the later part of this subsection. For the case where one has a u-channel
massive pole, the amplitude is simply:

(3|p1 — pal2?
4(s —m?2)(u —m?2)’

M(p175 3 ¢a) = (5.15)
As the amplitude is symmetric under 1 <> 4 exchange, it is guaranteed to be consistent
with the u-channel factorisation. It is straight forward to see that at H.E. one obtains the
usual two adjoint-scalar two gluon, and two charged scalar two photon amplitude.

Let us now consider Compton scattering for general spin. The s-channel gluing yields,

2+1 3_1
1 x
p P ~ 12 I 28
>~ 4< 1) g (P [Pra))* (5.16)
1 4

Recall that g—;ij = —(3|p1]2)?/t, if we rewrite t as u — m? and put back the s-channel
propagator, this has the property that it is symmetric under 1 <> 4 (it is the scalar ampli-
tude after all). This means that if f;—zi matches to the u-channel residue then we are done!
Finally using the identity:'?

(1 Prla] _  (43)[12] + (13)[42]

m S @ (5.19)

one derives the following ansatz for the four-point amplitude of minimally coupled general

spin-S amplitude,
(3|p1[2)°~2*

(s —m?)(u — m?) ((43)[12] + <13>[42])QS . (5.20)

Note that the final result has an extra (—)?% sign for spin-S under 1 <+ 4 exchange. This
tells us that charged half integer spins must be fermions, while integer spins are bosons.
Thus we’ve recovered spin-statistics from the principles of Poincare symmetry and unitarity.
The result in eq. (5.20) contains spurious singularities which cancel for S < 1. This signals
that there is something fundamentally different for charged particles of S <1 and S > 1.
For S =1/2,1 we recover the Compton scattering:

(3[p1—p4|2]
2(s —m?2)(u — m?)
((43)[12] + (13)[42])?
(5~ mB)(u— m?)

1 _ 1
M(]-Qv/)/;rla’}/?, 1742) =

({43)[12] + (13)[42])

M@ Ayt 4t = (5.21)

13This identity can be derived as follows: |P?)[P;| is the internal momentum that satisfies the s-channel
on-shell constraint,
PMXS‘ = —mx12X2q, Pa(i}\? = MT34A3q, P?=m? (5.17)
The solution is given by: '
—m°Azadoa + (P10 N5) (PaasA5)
(3Ip1[2]

Pog = (5.18)

Contracting with A} and A! yields eq. (5.19).
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In appendix D we reproduce this result using Feynman diagrams for fermions. By studying
the H. E. limit, one can easily verify that this is correct. At H.E. for § = 1 one obtains
three terms, two of which are contributions where legs 1 and 4 are opposite helicity gluons,
and a final one which is when they are both scalars, which are the Goldstone bosons that
were eaten in the Higgs mechanism! Note that this is telling us that the Higgs mechanism
provides a way to “unify” the independent massless amplitudes in the IR. We will discuss
this phenomenon in more detail in section 6.

Now in the above discussion the result from the s-channel gluing can be matched to the
u-channel if we have a single species of spin-S. If there are multiple species, then similar to
the massless discussion in section 3, we should assign a matrix T} to each vertex, and due
to [T, T b] # 0, the matching to the u-channel will be off by a piece that is proportional to
f“bCTi‘é-. This mismatch is a sign that the t-channel pole from the s-channel factorisation
should be assigned into a physical massless pole, i.e. revealing the presence of an non-
abelian vector. For this to hold we should show that the s-channel residue admits this
interpretation. Indeed taking a scalar for example, (3|p1]2]?/(s — m?)t can be matched to
the t-channel residue since

T payiagy e - —m2 u—m?

(P2)(23) 214m(P2)

2+l 3—1
LEJ; P)3 P TT®  T°T°
<3 > ab c<3‘p1|3]<3|p1| ] <3|p1‘2]2 (S )
pﬂ
1 4

(5.22)
The last equality utilizes the fact that when ¢ = 0, s—m? = —(u—m?). Thus the final
amplitude is given by:
- 1 (TaTb)A. (TbTa)..
3|p1|2)272% ((43)[12]+(13)[42])> = J < 5.23
(3lpa |22 (@3) 12} +(13)fa2)) - | E 0 E (5.2

5.2.2 Compton scattering for S > 1

The ansatz for general minimal coupling in eq. (5.20) appears to contain non-physical poles
for § > 1. Of course this cannot be the final story since there’s an abundance of charged
higher spin-states in nature, and although we know that they are not fundamental, it has
no bearing on the existence of S-matrix for low energy scattering. In deriving eq. (5.20),
we started from the s-channel residue and analytically continued P; to a form that is
manifestly 2 <+ 3 and + <> — symmetric, and thus can be directly matched to u-channel
residues. This is not entirely necessary, since the full amplitude can contain terms that only
contain s and not u-channel pole. Thus the very fact that eq. (5.20) gives us non-physical
poles for S > 1 is precisely telling us that such terms must be present.

To see this subtlety in detail, let’s consider minimal coupling for spin-3/2, for which
the gluing from s-channel yields:

_ Blp2? (<43> [12] + (13) [42]>3
t (3lp1[2]

(5.24)
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First note that by using eq. (2.15) one can rewrite the internal propagator in a mostly local
form:
(43)[12] 4 (13)[42] _ ([14] n (42)[21] — <12>[24]> t[21](34)
(3[p1]2] 2m?(3p1 /2]

The first two terms, denoted as A, are local at the expense of introducing extra inverse

=A+B (5.25)

m 2m?

powers of m and are anti-symmetric under 1 <> 4, inheriting the symmetry properties of
its parent. This guarantees that the local terms can be combined with the pre-factor and
reproduce the correct residue on the u-channel pole. The last term, denoted as B, while
being spurious, does not contribute to the u-channel residue and thus we are free to rewrite
it in a local form using s-channel kinematics:

£[21](34)
2m?(3|p1/2]

_ o) 20

s=m?2
Now expanding (A + B)3, only the A3 term will contribute to both s- and u- propagators,
while terms with B will contribute solely to s-channel propagators. Putting everything
together, one finds the following local form for the amplitude:

@lp2* s {<3lp1\2][21]<34> "
(u—m?2)(s — m?) 2m?2(s — m?)

<3 A2 34 83)3221) <43>2[32]2<21>2> oo 4)}

2m3 4mb

3 — 3
M(1277;1773 1742) =
(5.27)

We now see that in the final local form, all terms contain 1/m factors and becomes singular
in the H.E. limit. In other words, the obstruction of taking m — 0 reflects the absence of
a consistent massless high energy amplitude. For example the leading term in 1/m that
will contribute to M (1*%73 L Y3 L 4*3) at high energies is given by:

(Bpaf2]*  [14]® | (31)*[12)* [14]°
(u—m?2)(s —m?2) m3 T us m3

(5.28)

As we will elaborate below, this is the concrete sense in which charged particles with spin
S > 3/2 cannot be “elementary”, the same conclusion holds for any particles at all of spin
S > 5/2 that can consistently couple to gravity.

5.2.3 Graviton compton scattering

Let us again begin with scalars, with the massive scalars are on legs 1,4, a positive and
negative helicity graviton on legs 2, 3 respectively. The s-channel residue is given as:
m* L%2 _ (3|ps|2]* (5.29)
2.2 2 :
Mpl T34 tszl
where M, is the Plank mass. As with the massless discussion we now have double pole in
t, which can be identified as the massive pole 1/(u — m?) and a massless 1/t pole. Thus

the four-point amplitude is simply

_ (3lp1[2]*
(s —m?)(u — mz)tMZ?l )

(5.30)
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It is instructive to verify that the massless pole is correct. Let us take the residue at ¢t = 0,
in the kinematics where (ij) = 0. The residue of eq. (5.30) is

(3lp13](2lp1 (21017,
Since (ij) = 0, the massless three-point amplitude should be MHV, and one has
93 95
[23]2[3P]? xﬂMﬁl [23]2[3P]2m2M51 [SP]QMIEZ
P, o,
where P is the massless internal momenta. Finally using the identity
2PP _ RPIRpIP) R (23 -
BP]>  [3P][3[p:|P) [Blp112)[2lp1[3) (3lp113)(2[p1[2]

where in the last line, we’ve applied Schouten on the denominator, keeping in mind that
(23) = 0. Thus we see that eq. (5.30) yields correct factorization in all channels.

For massive higher-spin particles, we again use the mixed representation. The s-
channel residue yields:

9-; 9;
Ty (PIQ S) (5.34)
2 2 25 ’ :
T34 Mpl m o1--025,601 -+ Gog
18 4°

Using the explicit form for Py in eq. (5.18), we find that the residue, after contracting with
the external (A, \]) is simply

(3lp112)* <<43>[12] +(13) [42])25 (5.35)
t2M, (3|p1]2]
Thus for S < 2 we find a perfectly local four-point amplitude given by:
_ (3lp1[21* <<43>[12] +(13) [421)25 (5.36)
(s = m?)(u — m?)tMp, (3lpa[2] '

For S > 2, we see that the formula ceases to be local. Similar to our photon coupling
analysis, this indicates that the residue of s-channel must be separated into pieces that will
combine with other channels and pieces that don’t.

5.3 Massive higher spins cannot be elementary

We have seen that Compton scattering amplitudes for particles of high enough spin do not
have a healthy high-energy limit, growing as powers of (p/m). Of course so long as the
gauge/gravitational couplings are small, these amplitudes do not become O(1) till energies
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parametrically above the particle mass m, so in that sense no inconsistency is encountered
in the effective theory of a single massive higher spin particle till a cutoff parametrically
above its mass. Nonetheless, the sickness of the m — 0 limit does show that a single
massive higher spin particle cannot be “elementary”, and that any consistent theory for
such particles must also include new particle states with a mass comparable to m. As
an example, suppose we have some strongly-interacting QCD-like gauge theory; can such
a theory have a spectrum consisting of bound states of high spin, with a parametrically
large gap up to higher excited states? Our analysis suggests that this is impossible. We
can imagine weakly gauging a global symmetry of the theory, or coupling the system to
gravity. The total cross-section for e.g. 4y — X should be bounded by o < C x e*/s for
some constant C' characterizing the current four-point amplitude. But if we have a charged
higher spin particle, just the cross-section for its production would grow as e*/s x (s/m?)",
and if there is a parametrically large gap up to other particle states this will exceed the
bound when (s/m?)" > C. Of course this is a somewhat qualitative argument, but we
believe it captures the essence of why higher-spin massive particles must be composite. A
sharpening of the argument may be able to give a more quantitative bound for the scale
beneath which new particles must appear.

We can ask if the presence of new states in the propagator can tame this high-energy
behaviour by cancelling the 1/mS singularity in eq. (5.28). In other words consider the
case where one has a new spin S’ state with the similar mass as the S = %, then one can
include the contribution:

2+ 1 3—1

(5.37)

Ly, 46,8,

If S’ # S, then in the degenerate mass limit, it is easy to see that the three point amplitude
cannot involve the pure x dependent pieces and thus the residue must be local. This then
tells us that the contribution of such terms in the high energy limit must take the form

5 + o5 for some «, and ng, n, is some local function in kinematic invariants. This has
a distinct high energy behaviour than eq. (5.28) which behaves as 1/su, and thus cannot
cancel.'* For S’ = S, if the masses are not identical then the residue is again local and we
have the same issue. If the masses are the same, then one simply obtains the exact same
form as eq. (5.28) with identical signs, and the H.E. behaviour is again untamed.

Thus even with finite number of states with comparable mass, the sick H.E. limit still
rules out isolated charged higher spin state as a fundamental particle. The above analysis
does provide a loop hole: one can have an infinite tower of ever increasing higher spin
states. While their presence in the propagator only produces terms with single poles in the

H.E. limit, an infinite sum of ns/s terms can produce poles in u if the degree of polynomial

18trictly speaking, due to our helicity choice eq. (5.28) really only has an s-channel pole at H.E. The
bad H.E. behaviour in both channels will be present for other helicity configurations.
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for ng unbounded. That is, if the exchanged state has unbounded spin. This is precisely
what happens for string theories which contain massive higher spin states.

5.4 All possible four particle amplitudes

Having discussed the four-particle amplitudes associated with the most familiar and impor-
tant three-particle interactions, let us finally turn to computing all possible four-particle
amplitudes. As we have seen when there are no “x” factors involved, we have local residues
and the construction of four-particle amplitudes is trivial. We will therefore concentrate on
discussing the cases where consistent factorization is non-trivial, which involve having at
least one minimal coupling with an “z” factor, but now allowing for the most general set of
other couplings. We will see (once again) that consistency demands that the minimal cou-
plings have the standard Yang-Mills/gravitational forms, and that the other interactions
have to be (globally) Yang-Mills invariant. But it is then possible to find consistently fac-
torizing four-point amplitudes for any choice of three-particle interactions satisfying these
conditions.

5.4.1 All massive amplitude

This is the simplest, since we only need to consider the massless exchange. Consider the
exchange of a massless-photon, for external scalars we have:

2 3
m? (m + m) : (5.38)
T34 12
1 4
where the two terms correspond to the two different helicities. Using x190Ap = %|P],

w3y p = 2|P] and P = p1 + pa, we find:

1 2 (9512 n 5534) 1 (<77!p1|P]<P|p3|§] <77’p3|P]<P|p1|§]> 2(p1 - p3)

v o) s\ (P[P wppe ) s o B8

where one uses the fact that (P|p;|P] = 0 for any external momenta p;. This is not the

M from minimal coupling. The difference is s/s

complete answer, as one expects
and thus have no factorization poles. The correct answer can be inferred from symmetry

arguments under 1 <> 2 exchange. Thus the correct completion is

1 _ .
m? (“312 i m) _ (pr=p2)-p3 , (5.40)
S T34 x12 S

For the exchange of a general massless spin S state, we simply get a factor of ((p1 —p2)-p3)®
for the numerator.

Now we let the external particles carry spin. For simplicity we will consider the case
where all four particles are of the same spin. Then the residue for the most general coupling
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is given by:

25—-1 25_i s
T [<12>”+ > (aiazw (AP gy (2PILP) )1
=0

[[34]25 + 2521 (bz-[34]i ((3137>n[413])25_i + b;[34] (W)zs_iﬂ (5.41)
=0

m

X

T34

where a;, b;, @;, b; parameterize all possible coupling to the photon, and for parity invariant
theories we have a; = b; and a; = Bl Since besides the leading term in the square brackets,
each of the terms contains |P](P| which can readily convert 212 into local forms, thus we
only need to worry about the term

1 (9612 28710 4128 | T34 o108 25)
—— [ —(12 34| + —[12 34 , 5.42
v (2125347 + 22 12 (34) (5.42)

where we’ve included the contribution where the photon helicity is flipped. Finally, using
the identity:
1|P|2
12) = (12) + 102 (5.3
m
introduces | P](P| that can again be used to absorb the z-factors leaving behind

(12)25(34)%5 <x12 :c34) (12)25(34)%°
— g\t )= —(1—p2)- 5.44
m25—2 Za | 71 28 (p1 —p2) - p3, (5.44)

where we’ve used eq. (5.40). Thus we see that the massless gluing of any three point vertex
can be converted into a local form. For more general external spins, the analysis is the
same albeit more complicated.

5.4.2 Three-massive one-massless

If we have three-massive legs, the dangerous x-factors can occur in two types of diagrams
for the s-channel residue:

277 3 2 3

(a) (b)

Let us first consider the case where the solid lines are massive scalars, and the wavy line

(5.45)

is the positive helicity photon. Diagram (a), (b) gives:
2P]* _ [2P][2|ps|P) 2|p1]€)
= b = . 5.46
(a) o - ,(b) maxip 26) (5.46)

The first is manifestly local. For the second, let’s consider the all massive vertex being

¢¢'¢" vertex, and the photon only couples to ¢ and ¢’ with coupling e,e’. Then gluing
leads to:

2|p1]€)  [2[pal€)

e +e [2[p4|€) [2|pap1|2]
) (s —m?) ¢ ey — m)

=t ) Byt — ) T T mP)(u—m?)

(5.47)
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where legs 1,4 are ¢, ¢’ respectively. We see that only when the charge is conserved, i.e.
e+ ¢ =0 does the (2§) pole cancels and the amplitude becomes local. If the scalars were
all charged with charges e, e’,e”, the same analysis would tell us that e + ¢ + ¢’ = 0.
Next suppose the photon was instead a gluon, with the scalars carry indices 1,4’,7” and
the three-point amplitude given by c¢;7;». We have already seen that consistency demands
the couplings to the gluons 15,15, T gn be generators in some representation of the
Yang-Mills group. Then we discover that we must have T3jc;iin + E?j,cij/iu + T, 3 " =
0, in other words the cubic interaction must be invariant under the (global) Yang-Mills
symmetry. Finally, for graviton, gluing to a ¢* vertex leads to:

[2]p1]€)? [2|p3]€)? [2]p4|€)?
. Mpl<25>21(8 —m?) o Mpl<2§>23(75 —m2) P My (28)%(u — m?2)’

(5.48)

where we’ve let all three scalars couple to gravity. Again after rearranging the terms, one
finds that the auxiliary spinor drops out only if g1 = g2 = g3, and one arrives at:

g1 [2]p1ps[2]?
My (5 — m?)(u — m?)(t — m?)

(5.49)

Thus we see that coupling to photons, the consistency of the four-point amplitude requires
charge to be conserved, for a gluon it requires the particles to be in the adjoint repre-
sentation, and finally for a graviton, it leads to the equivalence principle. Note that this
discussion does not refer to any gauge redundancy and the independence there of. On the
other hand, the astute reader will recognize that the factor % can be identified with
€2 - p1 from Feynman rules, where )¢ is the reference spinor for the polarization vector
€2. Indeed from the photon and graviton soft-theorem [43, 44], it is precisely this factor
whose gauge invariance (Ward identity) demands the conservation of charges and equiv-
alence principle. Here, there’s no gauge redundancy, the auxiliary spinor A¢ is simply a
projection of eq. (4.10), and the independence thereof is the requirement that factorization
is consistent to all solutions of x defined through eq. (4.10).

Again the same applies if we consider external spinning particles. For example for
massive spin-1, diagram (a) yields,

3 2
@ P2PPaReP) 1 <<34>_$34<3P7>7§4P>>

md T34
= [2P}2<12><1P>[2|Z£’LP> (<34> - <4‘p3752] <3P>>2 (5.50)

where again the residue is local. For diagram (b) the only non-locality originates from the
minimal coupling piece, and hence one recovers the same condition as before.
5.4.3 One-massive three-massless

So far we have found that all potential non-localities can be converted into local expressions,
and hence the residue of one-channel does not encode information with respect to other
channels. For three massless particles things are more interesting. The potential s-channel
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factorization diagrams are:

R (5.51)

(a) (b)

For our purpose, only minimal coupling is relevant for the two massive one massless vertex
in (a). We will consider a massive scalar coupled to abelian and non-abelian vectors.

First for the abelian case we only need to consider diagram (a). Taking all vectors to
be plus helicity, one finds the s-channel residue given by

o (Bpl2342 _ m[42)[34]
m(23) (23)

(a) X192 [34] (5.52)

The appearance of (23) seems to indicate an illegal massless pole. However since s = m?,

2

this can be identified as a u-channel massive pole, u — m* = —t. Thus one can write the

amplitude as
m[42][34][23]
(s — m?)(u — m?)

Note however the extra — sign under the 2 > 3 exchange will lead to the violation of

(5.53)

spin-statistics for identical vectors. Thus we see that minimally coupled scalars are incom-
patible with a di-photon coupling. Indeed from the action point of view, this is simply
the statement that the U(1) symmetry of a charged scalar forbids the appearance of ¢F?
coupling. Thus there is no such four particle amplitude for the abelian theory. For the
non-abelian case, one must also consider diagram (b), which yields

[2P)?  [34)3 m3[34]

O L BAP T @) (5:54)

We gain find the illegal pole 1/(24). Since we are considering the non-abelian theory we can
consider the colour stripped amplitude and convert the spurious pole into a legal ¢-channel
massive pole. This suggest us to write

My(1,27,37,47) = (5.55)

m?2

m3[24][23][34] 1 1 1
st ((t—m2)+(s—m2)+ )’

where we've added the massless t-channel image, and the extra 1/m? is to guarantee that

both massless channels factorises correctly. One can check the s-channel massive residue,

which was given in eq. (5.52), matches when taken into account that (34) = %. Note that
the amplitude vanishes as m — 0 as it should.

Now let’s move on to the case where there are external spins. For example, one can

consider a massive spin-1 particles couple to th\r'ee massless vectors. If the vector is abelian,
)

Yang’s theorem tells us that there is no % vertex to consider, and thus there are no
factorizable four-point amplitude to consider. We instead begin with a massive vector and
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three gluons. We will start with colour stripped all plus-helicity gluons, whose residue for
the massless s-channel is given as:

+ +
2 3
3 3
/ — (12)(1P) U;Qj X [45’]4[]133] : (5.56)
+
15=1 4

Now since the vertex on one side contains high power of momenta, there are different ways
of rewriting this residue which are equivalent on the kinematics (34) = 0. We will choose
the representation where one separates the various pieces that contain information on other
channels. More precisely, we have:

3 3 2
(12)(1P) [1;21 3 41[3]4[]]33] _ a2yapyppg Ll 3]53%44]—3 ][534?1][23])
34 (2[1!p2|71n>£42][23} [42];12@?;:;\1) [23] 22%225;'”) (5.57)

where the last equality sign is understood to hold on (34) = 0 kinematics. We see that
unavoidably there is an 1/(24) pole in the s-channel massless residue, which is spurious
unless it can be interpreted as a t-channel pole 1/(t — m?). Thus the massless residue for
the amplitude tells us that there must be a two massive vector, one gluon matrix element
that must be present to explain the apparent spurious singularity. The contribution of this
matrix element for the s-channel is given by:

+ +
2 3
R <x12<12>2 « (P3)(P4) [ﬁf) _ [421[3<4;§£§p4\1> (5.59)
‘
4

15=1

This suggests that we begin with the following piece which factorises correctly on the s
and t-channel massive pole:

[42][34](1|pspal1)  [42][32](1|pspal1)
<32>(s_m32);2 - <34>(t—mé)i712 ‘ (5.59)

Note that the above is symmetric in (2 <> 4) and contains (34), (23) poles as well. Taking

(34) — 0, only the second term in eq. (5.59) contributes to its residue:

e [ -2l 23] (1[paps|1)

BHE—mm? ||y o @m? (5.60)

This is nothing but the spurious residue appearing in eq. (5.57)!

Putting the information built from the s- and ¢-channel massive, and s-channel massless
residue together, leads to:

M(IS:12+3+4+) —

[42][23][34] {1 <<1|p3p4!1> 2<1\p1p4\1>> 4 {lpap2|1)

m2 ¢ (3—m2) m?2 st
o4 (G oty
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The matching to the massless t-channel is straight forward given that the above is symmet-
ric in (24+3). Note that unlike the uniqueness of the one massive two massless amplitude,
a priori the coupling between the two massive and one massless vector does not have to
match that of minimal coupling. It is the consistency between the massless and massive
factorisation that fixes this choice. A quick recap: beginning with the massless residue, for
which the three-point coupling involving the massive spin-1 is unique, the anti-symmetric
property with respect to the massless legs tells us that the massive state must be in ad-
joint rep of the color group. Then the presence of an 1/(24) singularity becomes spurious
unless it arises from the massive propagators evaluated on degenerate kinematics. Thus
the massless residue in one channel encodes the massive residue in the other.

For the other helicity components, the derivation is simpler as one can construct the
full amplitude from the residue of the massive channel, and we simply list the results:

2 37T
_, Blp1[2)(23)[34][13][14]
mit(s — m?)

1S:1 4+
2" 3

_, [12)14] iiﬁgj2<32>(43> ' (5.62)
S=1 4+

1

In the first line, we’ve listed the amplitude in the dotted frame for simplicity. One can
check that the leading contribution for the H.E. limit of this amplitude yields the amplitude
generated by the tr(F3) extension of Yang-Mills theory.

As a final example, let’s consider a possible singlet massive spin-2 particle that interacts
with gluons via a higher-dimensional operator RF?. For the one massive three positive-
helicity gluon amplitude, we expect that the final result is cyclic invariant in (2,3,4). The
massless s-channel residue can now be written as,

2+ 3+
4 3
/ - 2 ap [4%3[]]33]
s
15=2
_ [43][1]p2[2)? ([42] | [32]
N m3 <<23> * <24>> ’ (5.63)

where we’ve suppressed the symmetrized SL(2,C) indices, keeping in mind they are dis-
tributed amongst the (p; - p;j)s. Putting back the massless propagator, this suggest that we
start with:

[1lpa|1)? [ [42] | [32]
m3(34) <<23>+<24>>‘ (5.64)
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The above result contains other additional poles, which under cyclic rotation (2, 3,4), will
generate terms that will modify the original <3—14> residue. Thus before summing over its
cyclic image, we should augment eq. (5.64) with terms that kill the extra poles in (24) and
(23). Putting everything together, we find:
1|po|1)? [43][32][42]  [21]? /(24)[43][32 23)[43][42
[1lp2|1)~ [43][32][42]  [21] (( )143]] ][41]2+ (23)[43][ ][31]2>

M(15=22+3+4+) — o
m stu m3 st sU

+cyclic(2,3,4) . (5.65)

We give further examples of massive amplitudes involving one massive higher spin and

non-identical spin massless particles in appendix F.

5.5 The spinning polynomial basis

The fact our on-shell formalism provides a convenient basis to classify distinct three-point
couplings lends itself to another important application: construction of a basis polynomial
to expand the four-point amplitude. A well known example for such a polynomial is the
Gegenbauer polynomial, or its four dimensional representation the Legendre polynomial,
as a basis for the four-point scalar amplitude. The Gegenbauer polynomials arises from the
exchange of a spin-S particle for a four scalar amplitude. Note that we have one polynomial
for a given S because the three-point coupling between two scalars and a spin-S particle
is fixed.

As we’ve seen in the previous discussion, the three-point amplitude for one massive,
two massless particles is also unique. This implies that we can similarly construct “spin-
ning” Gegenbauer polynomials for massless scattering amplitude, where each polynomial
correspond to a different spin exchange. To see how this works let’s consider the residue for
a spin-S exchange in the s-channel for M (17"2%737"4+h) We can write down the unique
three-point amplitudes on both sides:

)\Alsv+2h>\2572h[12]s )\§+2h)\272h[34]5
m25S—1 ' m2S—1

Such coupling only exists for S > 2h. Now when we glue the two tensor structures together
the indices on A1, Ay must be fully contracted with those on Az, A4. This can be done in
many ways, each with its own pre-factor counting the number of equivalent contractions.
The gluing procedure is thus a sum over all possible contractions with suitable combinatoric

factors:
[12)°[34)°

5o D Cas,5+2n,a(13)(14) 270 (23) 5 H2hma(gq)0—dh (5.66)
m
a

where the summation a ranges from 4h to S + 2h, and

(S +2h)12(S — 2h)!?
25,5420 = 1S ¥ 2h — a)2(a — 4R)! T

(5.67)

It would be useful to convert this polynomial into a function of the scattering angle in the

1
center of mass frame for particles 1 and 2. We write A\ = m2 <0> , Ay = ms (1) , A3 =

— 38 —



1 fcost 1 ( sind . - .
im2 | 5], =1m?2 ¢ |- The spinning Gegenbauer polynomial is then given as:
sin 5 —COs 5
2 2

R 1 (S +2h)!12(S — 2h)!? (c039 — 1)“_% (COSQH>S+2h—a
PS(COSQ) - (S')Q za:a'(5+2h—a)'2(a—4h)l 2 5
(5.68)
As a few example (with x = cosf):
Piw) = S -1 Pi@) = 2e - 122+ 50)
Pi(z) = g(x —1)?(1 +7z(1+ ). (5.69)

The universal prefactor (z — 1)? can be identified with (13)2[24]> which takes care of the
overall helicity weights of this amplitude. Taking ¢ = 0 and we indeed recover the Legendre
polynomials Pd(z) = Ps(z).

For completely general helicities h1, ho, h3, hy of external massless particles, we have:

Phl(aj)_ 1 Z (S+h4—hg)‘(5+h3—h4)'(5+h1—hg)'(S+h2—h1)'

ST (SN2 &= al(S + hy — hy — a)!(S + ha — b1 — a)l(a + hy + hg — ha — hy)!
h1+hg—ho—hy S—a— h1+hg—hg—hy
2 2

()T e

This reduces to equal spin polynomial if we take all |h;| to be equal.

Three-point couplings with more than one massive leg are no longer unique. This
means that for a given spin-exchange, one instead has a symmetric matrix where the rows
and the columns label the independent three-point vertices on both sides of the factorization
channel. We illustrate this for the two massive spin-1 and two massless spin-1 amplitude.

Now the three-point coupling involved in the factorization involves a massive spin-1
spin-S and massless spin-1 amplitude. The number of such coupling is determined by
the lowest spin massive particle, which in this case is 1 and there are three independent
coupling. To give an explicit example, consider S=2

(1az)

(B1528304)

The building blocks of tensor structures will be {1, PyA;} = {v, u}. If the massless particle
has — helicity, we have three tensor structures listed in eq. (4.7). Now imagine gluing the
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two three-point amplitude:

(1az) (7172)

(B1528354)
(B1523304)

1~ 4=
The residue will be a polynomial of (ur, vy, ugr,vg) with
uf = (P )Y, 0f = A
ufy = P(Py) N, v = A
By gluing them we contract the internal indices in all possible ways, then sum them up

with appropriate combinatoric factors. We can distribute indices carried by exchanged
particle into a bunch of w’s and v’s:

#(ur) + #(vr) =28

#(ur) + #(vr) = 25
where S is the spin of exchanged particle. For a contraction with (ur)* and (ug)*? on
exchanged leg, suppose uj, and ug are contracted together ks times. Then we have
ka ( ks

k‘27k‘3< 2N —ky—ko+ks (570)

ULUR) ULUR) ULUR)

(Z) (2]:7 - ;f;) (kD)U(2N — ko). (5.71)

The first two factors come from choosing which uys and ugs are to be contracted together.

(upup)

which means a factor of

Since we can always redefine coupling constants for interactions, the k3-independent factors
shall not concern us here. Summing this factor over ks one gets (2/V)!, the total number
of permutations on 2N indices.

Assigning a coupling constant g; for each three-point vertex, the residue of the four-
point amplitude can then be expanded as g;M;;g; where each element in M;; is a polynomial
given by the contraction of the corresponding three-point amplitudes. Since we have two
external spin-1 particles, M;; is a 3 x 3 symmetric matrix irrespective of the exchanged
spin. For the case where one exchanges a spin-2, the matrix elements are given by:

My = 24(vpor)* (up1)? (up4)?

My = 24{vpug) (vpvg)* (up1)? (up4) (vR4)

M3 = 24{vpug)? (v vg)* (up1)? (vp4)?

Moo = (18(urvg)(vrur)(vLvr)® + 6{urur)(vrvr)?) (up1)(vp1)(upd)(vrd)

Moz = (12<uLvR (vpur)?*(vpvR) + 12<uLuR><(vLuR><vaR>2) (up1){vp1) (vp4)?

Mss = (4{urvr)®(vrur)® + 16(upug) (urvg) (vpug)(vLvr) + 4upug)® (vog)?) (v1)* (vRd)?.

(5.72)

where we’ve contracted each entry with the external A, Als.
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For convenience, we will also give the representation in terms of scattering angle. We
can parameterize the kinematics as

= (z,0,0,x)

V22 +m3,0,0,—x)

y2 +m3, —ysin 6,0, —y cos )

p1=(
p2 = (
p3=(—
pa=(—

N [ B [ BT
4t —4t

2

e

y,ysind, 0,y cosf)

where

One can explicitly check that >, p; = 0, p? = m7. In this parametrization, the matrix

elements then take the form, where we’ve stripped the external spinor dependent terms:

6+ 122 + 622  12(1 +2)V1 — 22 24 — 2422
12(1 +2)V1— 22 12 — 122 — 2422 —48zv/1 — 22 | . (5.73)
24 — 2472 —48zv/1 — 22 —32 + 9622

6 (Super)Higgs mechanism as IR unification

Our exploration of consistent four-particle amplitudes has given us an almost complete
understanding of the broad architecture of particle physics. Theories of massless parti-
cles are incredibly constrained, allowing only helicities (0,1/2,1,3/2,2), and limited to the
(super)gravity coupled to (super)Yang-Mills theories. Massless higher spins are made im-
possible by the mere presence of gravity. We have also seen that the amplitudes for massive
particles of sufficiently high spin have sick high-energy limits — as expected, since there is
no consistent theory of massless high-spin particles they can match to at high-energies —
so such particles cannot be “elementary”.

The final case to consider is then that of massive particles of low spin S < 2. Here
of course there is in principle a consistent high-energy theory to match to, but as we
will see in this section, doing so puts non-trivial restrictions on the particle content and
interactions of the theory. This investigation will lead to the on-shell discovery of the Higgs
and Super-Higgs mechanisms.

Note that we will not simply be rephrasing well-known “bottom-up” facts, such as the
high-energy growth of scattering amplitudes for longitudinal components of massive spin
one particles, and the attendant need for the Higgs particle to tame this growth, in an
on-shell language. It is of course perfectly possible to do this, and the on-shell methods do
simplify the explicit computations, but the advantage is purely technical and does not add
anything conceptually new to this standard textbook discussion.

We will instead take a different, “top-down” point of view, where as described above
we insist that massive amplitudes manifestly match to consistent massless amplitudes in
the high-energy limit. As we will see this gives us a satisfying understanding of the Higgs
mechanism that is at least psychologically quite opposite to the usual picture of gauge
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symmetry “breaking”. Indeed in textbook language, the gauge symmetry is “broken” or
“hidden”, and becomes more manifest only at high energies. By contrast in the on-shell
picture, the massive “Higgsed” amplitudes do not “break” or “hide” the (non-existent in
this formalism!) gauge redundancies. Instead, they unify the different helicity components
of massive amplitudes, the Higgs mechanism can be thought of as an infrared unification
of massless amplitudes, and this unification is more disguised at high energies!

We will see this beginning already at the level of three-particle amplitudes. Here,
the non-locality associated with the poles in massless three-particle amplitudes gets IR-
deformed to 1/m poles. Such 1/m poles non-trivially disappear in the high-energy limit
while the massive amplitudes unify different helicity components together. Matching the
high-energy limit enforces all the usual consistency conditions associated with the Higgs
mechanism. Moving on to four-particle amplitudes, we will obtain them both by gluing
the three-particle amplitudes as usual, but also in a novel way, starting with the massless
helicity amplitudes, simply adding them so they fit into massive multiplets, then shifting
the poles and “BOLD”ing the spinor-helicity variables to make massive amplitudes! This
will highlight the Higgs mechanism as an “IR unification” in an even more vivid way.

Rather than present a completely systematic analysis of all possible “Higgsings”, in this
section we will content ourselves with illustrating this physics in three standard examples:
the Abelian Higgs model, the Super-Higgs mechanism in a simple model with ' = 1 SUSY,
and the general structure of the non-Abelian Higgs mechanism for a model with enough
scalars so that all the spin one particles are massive. As alluded to above we will also
discuss why gravity cannot be Higgsed in this way.

6.1 Abelian Higgs

Let us start with the simplest example - a theory with a massless photon and a charged
scalar; we’ll call the scalar’s two real degrees of freedom “H” and “E”.

The three-particle amplitudes are

27 27
T T A2 g

We now want to see how to introduce masses as an “infrared deformation”. The first step
is a trivial kinematical one. We declare that (4, —, E) are to become the 3 components of
a massive spin 1 particle, leaving H as an additional scalar. Now, the two massive vector
(with m%) and one massive scalar (with m%;) amplitude can only be,

2

! %(12)[21}. (6.2)
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The coefficient is fixed by the requirement that this 3 particle amplitude matches the
massless amplitude in the high-energy limit. It is illuminating to see how this happens
explicitly. Recall that to take the HE limit we put

Ao = Aol + €l

N = Ragl +7agh (6.3)
where we scale each of 7,7 as ~ m. We are looking for pieces that survive in the m., my —
0 limit. The leading piece in the numerator are those with zero 7, 7’s which is given as:

20

== o1 = L) (6.4)

mf}/ m,y
1 0

This indeed vanishes as my — 0, as expected since we don’t have an (EEH) coupling in
the UV. For the order 7 piece, we have

---3 = D o). (6.5)

10

This term is more interesting. To compute it, note that in the UV we have our usual
restrictions on 3 particle kinematics — either A\ o« Ao o Az or 5\1 x 5\2 x 5\3. This 3-
particle amplitude vanishes in the first case. On the other hand, in the second case, we
have by momentum conservation that

fo= (2306 Aa= (31 Ay = (12)E) (6.6)
and so 93 93
[17] = [27721231; - mjgli (6.7)

So this amplitude becomes
2 2

oD, 20200 771 @9

10 1E
exactly as desired. Obviously we get the analogous result for 2. Thus quite beautifully the

massive three-particle amplitude -- reproduces the component helicity amplitudes

and unifies them into a single object. Note also that despite appearances, there is no
singularity as m, — 0.
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Here we see an interesting counterpart to the purely massless 3pt amplitudes - which
are not manifestly local due to the presence of poles. Healthy theories of massless particle
(which we should reproduce in the UV) do not have such non-local poles at 4pts and higher.
When we perform this “IR deformation”, we have removed the non-local poles but are left
with seeming factors of miv in the amplitude. But as we have seen the 3pt amplitude is —
by design — chosen to match the correct massless helicity amplitudes and thus be smooth
as m~ — 0, and this will be inherited at higher points.

Indeed let us compute the 4-particle amplitude with all massive spin 1 particles con-
sistent with factoring into the three-point amplitude in eq. (6.2). Since we have no “z”
factors to worry about, we can proceed in the most naive possible way, simply gluing the
3-pt amplitudes in the s,t and u channels, and we find:

2 3

g° [(12)[12](34)[34]  (23)[23](14)[14] (13)[13](24)[24]

m2 s_MZ -2 a1 - (69)
1 4

Since there are no three-point massive spin-1 amplitude, there is no poles involving m.,.
Note that all possible contact terms here can be eliminated since they give growing am-
plitudes for some of the helicity components in the UV, which we are assuming not to
have. Now again, despite appearances this amplitude is guaranteed (by construction!) to
be smooth in the high-energy (or m.,mg — 0) limit. Let us first show this directly for
some of the helicity components. For instance, the all-longitudinal amplitude is

9% | (P1-P2)(P3 - Pa) n (D1 - Pa)(P2-p3) | (P -P3)(P2 - Pa)
m32 s — M} t— M} u— M}

(6.10)

Where with p = A\ + n7j we define p = A\ — n7j. Just to take a first look at the HE limit,
which naively goes as mg—;, we drop the n’s and find at O(#)
z

X[s+t+ul =0, (6.11)

S
m

and so as expected there is no (

g
e

’t’Qu) singularity as m. — 0. In order to find the leading
2

2
y

work to first order in g. Using 2p; - ps = s — 2m,2y, and also p = p — 2¢q, we find in the HE

2
high-energy limit, let us define ¢ = n7. Note that p-q = % so ¢ = O(mZ), and we will

limit
4(p1 - Pp2)(P3 - Pa)
s — M}

= s—4m>+ M}, —4(qr-p2+q2-p1+ g3 pa+qa-ps)+O(M;,m3) . (6.12)
So summing over channels gives

s—l—t—l—u—?)><4m%—|—3M,3—4(q1-(p2+p3—|—p4)+...)
= 4m3 — 3 x 4m2 + 3Mj +2 x 4m?
= 3M} (6.13)
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2
Hence the all-longitudinal amplitude is fixed to be %92%. This tells us we must have a
v

quartic coupling in the UV, and by the U(1) invariance it must be A(E? + H?)? with

AN (6.14)

Let’s see how some of the other component amplitudes work. Consider (1°273749),
which should match (1#2~e¢*4%) in the high-energy limit. This is

9> [(12)[1732)(4ns)[43] L (203)[M3](A4)[14] | (1) [13](24) [1724]

2
ms S t U

(6.15)

Note that since all that matters is [272] = m., (313) = m., 72,13 are defined up to shifts
such as 7o — 7j2 + ahg. Not surprisingly the above representation is independent of such
shifts. The term in the brackets shifts as

a [(4n3)[43] + (2n3) 23] + (1n3)[13]] = a(ns|ps|3] = 0. (6.16)
Hence we are free to choose 7o = 72793\3,773 = 77(12”73/;2,15 then only the s + u channel terms

contribute and we find
7. 3t 7. 3t
L Clp-p)3? s
2 2 2
P epf3 (o) =~ (617)
1° 4° 1® £

Thus we find the correct amplitude for minimally charged scalars in the UV. All other
helicity amplitude components vanish as m, — 0. We have thus verified that the 4pt
massive amplitudes are an “infrared deformation” of the massive ones, reproducing and
unifying the different helicities in the HE limit.

6.2 Higgsing as UV unification — IR deformation

Given that we see the massive amplitudes reproduce the massless ones at high energy, we
are motivated to consider directly assembling the high-energy massless amplitudes in a
way that one can readily “IR deform” the amplitude by simply putting in the mass for the
propagator and “BOLDing” the spinor brackets. We are then guaranteed to have a result
that gives the correct high-energy behaviour, and what remains is simply to add in higher
order corrections in mass that ensure the massive residue is matched.

Let’s first consider all the different component amplitudes - Compton scattering for
H, E, and the quartic interaction for . We will first merely group these amplitudes to-
gether, ready to be “BOLD”ed + unified into a massive amplitude. The massive amplitude
in the IR will be the four massive vector amplitude, and thus we will need a total of eight
spinors to carry the SU(2) Little group indices, these are the objects that will be BOLDed.

15Using this representation for 7z, one can also show that the O(my 1) term in the amplitude vanishes as
well, with AL — jo, while all other massive spinors are set to their massless limit.
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Thus the name of the game is to write the massless amplitudes in a form which contains
eight spinors, two for each legs, and every thing else can only be expressed as momenta.
Note that because of this the E* quartic must be written in an interesting way. Naively it
is just 3\, but to put it in a form where by BOLDing we can recognize it as a component

of massive spin 1, we have to write it in the following way:

gy =S ((12)[21][3[pa]3) [4lps|4)+ (34 [43][1[pa| 1) 211 [2)) + {ut+{t}

stu 2stu (6.18)
2172 '
where A = gm—ﬂgh and {t} {u} represents its t,u image. This is the only way to represent

the “constant” without introducing double poles. Similarly for the two photons two E
amplitudes we write

e (2|p1—pal3]” - [14)(14) (2|p1—pa|3]?
4su 4stu '

(6.19)

Collecting all the component amplitudes together, we are ready to IR deform: declaring
the particles have mass m, by BOLDing the spinors, and deforming s — s — M,? etc.,
giving an IR deformed object:

[12](12)(g*(3|p1—p2(4]* + 9°(4]p1—p2[3]* + 2A[3[p4|3)[4[p3]4) +(1,2 < 3,4)
A(s = M) (t = Mjj)(u — M)

+ {u}+{t}.
(6.20)

The above result by construction gives the correct answer in the High-energy limit, with
mismatch at higher order in m,zy, M ,% Thus we have the identity

s ((12>[12]<34>[34} N (14)[14](32)[32] N <13>[13]<24>[24]>
m?2 s — M? t— M? u — M}
[12](12) (g% (3|p1—p2|4]? + g% (4|p1—pa|3]? + 2A[3|pa|3)[4[p3]4)+(1,2 ¢ 3,4)

A(s — MP)(t — Mi)(u — M)
Hul+{t} + O(m3, My) . (6.21)

But now in this form, the challenge is to check the factorization channels, which will fix the
O(mg, M, ,%) terms. For example in the limit where m% =M ,% = m?, the remaining term is
simply

m?((43)%[12]2 + (12)%[34]? — (43)[43](12)[12]) + {u}+{t}

(s —m2)(t — m?)(u —m?2)

We have thus seen the Higgs mechanism very explicitly as an IR deformation. Note that

O(m?) = (6.22)

while it is pleasing to see everything work explicitly, the correct HE limit was guaranteed
once we ensured the 3 particle amplitudes reproduced and unified the helicity amplitudes in
the high-energy limit. Again: all the non-trivial physics was in the “unified packaging” of all
the massless helicity amplitudes into the massive amplitudes - everything was guaranteed

%/ 77/[,/ //H H\\ //H
We could also consider | | <Q KZ\ and derive the rest of the physics.

’ N

to work after that point.

4 N ’ \

/7 N
H H H H H H

For example from the fact that we know there is a coupling A(E? + H?)? in the UV, tells
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us that we have an (EEHH) = A component that needs to be unified into

Naively, one would combine this with (yyH H), however, the bolded version of this ampli-
tude:

ot 3

3|p1—pal2]? 3|p1—pa|2]?
A 4st 4(s —m2)(t —m2)

will not contain such a high-energy scalar contact piece. This suggests that we should
directly IR deform it:
23)[23 23)[23
NICEURN 1T 621
t (t —mi)

Thus we see that by IR deforming it, we are forced to have a Higgs propagator, whose

H

residue reveals the presence of a Higgs cubic coupling \>__ H-
4

H

6.3 Super-Higgs

Let us now describe the Super-Higgs mechanism. Again, we will consider the simplest case,
and /' = 1 SUGRA where we have a graviton, gravitino 1 as well as a chiral superfield - a
fermion y and a scalar ¢. First in the massless limit, in addition to the universal couplings
to gravity we have

2{3/2
> — -3, (1 (12)%(23)
M,  (13)
v
2:ﬁ/z
2
1;—<1/2

Now, we wish to see whether the (¢, x) amplitudes can be unified into those of a single
massive spin % multiplet. The logic completely parallels to the Abelian Higgs mechanism
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we discussed above. Indeed, again we simply have the following massive amplitude for
massive spin—%, spin—% and scalar:

2

g, Lo

My m3 /o

(12)[12] (12] + (12))

1

The correct HE limit emerges in exactly the same way. For instance the (1_%2_%30)

1 1

Mpl m3/2

(21)[1752] ([71772] + (12))

2 ~
The first term vanishes as mg/y — 0, while the second term becomes % Substituting
p
(23

[172] = mg /2<1—3§ yields the correct massless amplitude in the HE limit. After this point

everything is guaranteed to work just as with the Abelian Higgs mechanism, and we omit
the details. (We have described spontaneous SUSY breaking with the chiral superfield
X =¢+0x+6°F, and W = 1> X)

6.4 Non-Abelian Higgs

Let us now look at the most general case. In the UV we have gluons and scalars in some

2; 2a

1, 17/

representation R:

abe_(12)3 a 12)(32
gfe <1<3)(>23> 9(T )U< (ié) )

Now, we want to take the &+ component of index a, together with some linear combi-
nation of the scalars (uﬁ(b‘] ), and make the part of a massive vector of mass m,. Here, we
are assuming that all the vectors are massive, in particular this means that the number of
scalars Ny is larger than or equal to the number of massless vectors. Then, what we are
doing is considering a big SO(Ng) matrix Uz, such that U, ¢ will become the longitudi-
nal component of the massive vector. The remaining scalars are “Higgses” U, ¢ ;. We can
always diagonalise so these have mass Mf, i.e. UatUpr = dap, UatUir = 0,U; ;U1 = 6;5. So,
we have

”Umfam me, . M. (6.26)
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The relevant massive amplitudes in question includes

b b b
qu ?—i, 3*2 (6.27)
a a J

In particular in the high energy limit we must have, for example:

b 2 b %)Z

?m ¢ HE. _ gf ém B gUpUsTh) el (628)
a 1, J /

b b %Z

272’ H.E. gU_?UJi(T})J) ,,' - J . (6.29)
a I 2

Being able to unify these into massive amplitudes will allow us some interesting inter-

pretations of the U matrix. First, the only possibility for the first figure in (6.27) is'®
2b
3 = 97 ((12)[12](3[p1—p2|3] + cyc.) (6.30)
MaMpMe
1a

We can again compute the HE limit of the component amplitudes. The details of this
limit is given in appendix E, and we simply summarise the result:

2y

(6.31)

’ mgme  (31)

2y
%Z____ 3. — gfabc <12><23> (m2 m2 2) . (632)

From the above we see that in order for the massless amplitudes to be unified into a
single massive amplitude, the matrix U} must satisfy

2
c (6.33)

2 2
arpb 77e _ pabe My — Mg — M
Urti;Us=f

maeMe

{57y

16This can be verified by noting that eqs = —=—4—, and substitute into the usual Feynman rules.
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Let’s define 77 = m,U}, then

i) = mio®. (6.34)

So, we can re-write the eq. (6.33) as
(TaTbTC) = fabd(pbrd _ pard _ Tch) (6.35)

where we have suppressed the contraction of indices I,.J. The solution to the constraint
for 7¢ is simply that
1 =17V, (6.36)
for some constant vector Vj (the “vev”). Indeed this is precisely what we get in the
usual Higgs mechanism. The combination T7;V;ér is “eaten”, and diagonalising (M 2yab —
vITaThy.
One can check that after substituting for 7, eq. (6.35) becomes

1
vITertTey = —vITertTev = §VT(T“TZ’TC — T°T* TV (6.37)

(note we are always writing with real states so T7; = —T'%;). Now, if we assume that the
“coupling tensor” f€ is the structure constant for the Lie group associated with 7', then
we can repeatedly use T°T% = fobd7d L 70T and we find,

TaTch _ fbchaTd + TaTCTb
_ fbchaTd + fachdTb +TCTaTb
_ fbchaTd + fachdTb + fadeCTd +TCTbTa (638)

Using the fact that VT TeT?V is diagonalised, we find:

vI(TeTtTe — TCT TV
:fbcamz _|_facbm§ +fabcmz

=f%(m2 + m2 —m?). (6.39)

Once eq. (6.33) is satisfied, the rest of the story is again the same as our previous examples.
Note in particular that we must have Higgses! Even if we have Nycalar = Ngluon precisely, the
interactions are not the correct ones for the full UV theory due to the standard polynomial
growth of the longitudinal piece scattering, which is not present for the UV theory. But
with the “uneaten Higgses” included, is simply chosen to match the high energy limit, and
we manifestly match to a healthy UV theory.

6.5 Obstruction for spin 2

We now consider massive spin-2 particles, which in the HE limit should yield a graviton,
a massless vector and scalar. We would like to see if the massless interactions can be con-
sistently unified into an IR massive amplitude. The three-point massive spin-2 amplitude
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can be easily written down as:

2

5= My [(12)[12](3|p1—p2|3] + cyc.]® (6.40)

where m is the mass of the massive graviton. Let us look at the HE limit. We can directly
import what was done for non-abelian Higgs, and one finds:

(—2,-2,42) : 1 (120

! 2 M,,; {13)2(23)2

- [(12)[12](3[p1 —p2[3] + cyc.] HE ot (13)2(2:

pim’ - (0,-2,0) : Mipl%
(6.41)

Notice the extra factor of 3 associated with the minimally coupled scalars. This extra
factor is due to the 3 different combinations (+,—,—) x (—, —,+), (=, —,+) X (+,—, —)
and (0,—,0) x (0,—,0). Thus the scalar coupling at high energy is three times what it
should be. This is unacceptable since gravitational coupling is universal, and the coupling
strength M, has already been set by the self-interaction. Note that similar difficulties
arise for the HE limit that yields the one graviton two minimally coupled vector, where
one obtains —2(12)4/M,;(13)2. Again the factor of 2 is inconsistent with graviton self
coupling. Thus we see that there is a fundamental obstruction in organising the massless
degrees of freedom into a massive spin-2 particle, in a way such that the massive interactions
have HE limit that morphs into a consistent UV theory.

7 Loop amplitudes

In this section we briefly touch on constructing loop amplitudes by an on-shell gluing of
the tree amplitudes we have found in previous sections. We will follow the philosophy of
“generalized unitarity” [4-9, 45], where the integrand for loop amplitudes is determined by a
knowledge of its (generalized) cuts, putting internal propagators on-shell. As is well-known,
at one-loop this gives a systematic way of determining the integrand from gluing together
on-shell tree amplitudes.!” While we are not adding anything new to this conceptual
framework, the technical advantages offered by our formalism for massive particles with
spin are significant in many cases, including the dispensation of complicated gamma matrix
algebra, the clear separation of electric and magnetic moments for charged particles, the

Y There is an obvious subtlety in this on-shell approach to loop amplitudes, regarding “wavefunction
renormalization”. In the unitarity approach where one glues tree amplitude on both sides of the cut, there
will be diagrams which correspond to a bubble insertion on the external leg, and hence give rise to an 1/0
from the on-shell propagator. In the Feynman diagram approach, these are wave function diagrams that are
to be amputated, replaced by counter terms. This procedure breaks gauge invariance in the intermediate
steps. For massless internal states, these can be side stepped since there will be UV-IR cancellation for
these diagrams. For massive internal particles this is no-longer the case, and we refer the reader to [46-48]
for unitarity based treatments of this issue. This subtlety will not affect any of the examples we discuss in
this section: for (g-2) and rational terms, the 1-loop corrections are leading, while for the beta function the
external massive particles are merely probes.
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extraction of UV divergent properties without the contamination from IR divergences (by
virtue of using massive external and internal states), and finally directly obtaining the
(internal) mass depending pieces in the small mass expansion relevant for obtaining rational
terms for massless one-loop amplitudes. In all of these processes, as they do not have tree
counterparts, bubbles on external legs do not contribute. It is pleasing to continue seeing
directly the way in which Poincare symmetry and Unitarity fully determines the physics,
not just at tree-level but incorporating the leading quantum loop corrections as well.

7.1 ¢g—2 for spin-% and 1

As seen in previous discussions the simplicity of minimal coupling allows us to straight for-
wardly separate the magnetic moment pieces. The same simplicity translate to a straight-
forward computation for the loop level magnetic moment.

Let’s consider the e*, e~ — v at one loop. The diagram we want to build is:

Aede\ 0 Aede\ P
~ M3 Tacas le‘”i” (5 + xcfné) + sa‘*i—; (5 - xbﬁn‘> 1 (7.1)
C

(7] )

where we’ve glued the three-point vertices according to the two possible helicity configura-
tions in the internal photon lines. Notice that here, we are using the three point amplitude
in the SL(2,C) undotted basis. This is motivated by eq. (4.23), which yields a clear sep-
aration of (g—2) factors in this basis. One can also understand this from the fact that
anomalous moments should arise only if the particle carries spin. By expanding the inte-
grand in eq. (7.1), one notices that the A independent terms will be present for charged
scalars as well, and thus the piece of the integrand that can contain the magnetic moment is:

eAm?a,(xy — :EC))\‘E)\Z = —maaq’ 0% (7.2)

This gives us the following integrand:

= 2z,

o / de q° o 4°P e? ¢ ap” _
“J @m0 —p2)? —m2) (L +p1)? —m?)  (47)? m 2w

2 19
TaAJAG -
(7.3)
This gives the (9—2) = 5~ by comparing with eq. (4.23).
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Just to give us a little bit more challenge, let’s now consider the W, W~ — ~ at one
loop involving only photon coupling. The integrand is again built from:

Aede | 2% AN
~ IR0t (s anE 5115 [gﬁl{wlgalél}xb (5 + xc:nf> (5 + xcif>

Ze

. Ao a1{d01 Ao Biy1}
+552{72€az52}£ (5 _ «Tb”) (5 — xb”) . (74)

Tp m m

Leaving behind the electric coupling, we now have two structures for the numerator of the
integrand:

¢y — wejm’ [4 (561{62 A )‘22} + 571{62)‘21 )\32})} + 16621‘a$bl‘cm)\gl )\22 NP
= —462xam {€61{52q’h dgdw} + 571{52(]61 deaw}}
Ji(9)

(p1a PLe87d) (g, 19209721) (7.5)
f2(q)

2¢2x,
3m

Here f1(q) is the same as the electron moment, and leads to:
d*¢
Filg) / . i f12(Q) —
(2m)* (€ = p2)? = m?)((£ + p1)? — m?) (7.6)
= 4%:5“ (551{52 A )\32} + 571{52)\21 )\32}> .

For the second tensor structure, one has:

4
F(q) = / (d ¢ f2(q) _ @ {5171}0352272} (7.7)

2 (0= pa = m?) (0 p)P = m?) — (Am)omd 12 |

where we’ve defined Of f = pia "‘p?ﬁ )

7.2 The beta function

Let’s now turn to the extraction of beta function. For massless amplitudes, these can be
obtained by extracting the coefficient for the bubble integrals in the scalar integral basis [13,
45]. However, extra care needs to be taken for the subtraction of infrared divergence. Here
we will instead consider two massive scalar probes of a photon propagator, and consider
the correction to the propagator due to an internal massive scalar, fermion and vector

(denoted by X):
X
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The UV divergence of this amplitude contains the contribution of a scalar to the beta
function, without the IR-contamination. The loop amplitude will be constructed by gluing
the 2—2 amplitude involving the scalar probe particle exchanging a photon with X. This
will allow us to obtain the beta function for different spins. From the massive vector, we
will also be able to extract the contribution for a massless vector by simply subtracting a
scalar. Assuming that the mass of X is identical with that of the scalar probe, the relevant
tree amplitudes can be easily constructed by generalizing the examples in subsection 5.4.1:

m
X € scalar—
Ty Tq S

S

2 (:ca +5517> _ (p1—p2)-p3

Lq Ty

[34]+

.om
X € fermion— (
s \ Ty Lo

(34))

1

— Tm (2(p1 —p2) -p3<34>—<3|p1P - Pp1|4>)

1
X € vector— (%[34]2+%(34>2>
s \mp T4

= % ((m — p2) - p3(34)°—(34)(3|p1 P — Pp,|4)
~ 8lp P - Pply4><3yp\4]> 78)

2m

where we’ve again summed over the two possible photon helicity configuration and P =
p3 + p4. The second equality for each amplitude gives the manifest local form, which can
be checked against the H.E. limit where one should find a finite result as m — 0. Note
that each term contains a piece which is identical to the scalar contribution.

We can now glue the tree amplitudes into the one-loop integrand. The beta function
can be readily read off by picking out the divergent piece which is proportional to the tree
amplitude. For further simplification, we can take the s — 0 limit, and we will be looking

2(p1-p3)
S

for the term that is proportional to . Let us use the scalar correction as an example.

The one-loop amplitude is now

2 ¢, 3
Y : __ Ascalar scalar _ 4(p1 '61)(173 ) EQ)
| = A7 (p1, () A (5271)3)‘5_)0 = 2 . (7.9
1 2] 4
The one-loop integrand is then simply:
4 [dt (p1 - 41)(ps - £2) _ 1 1(2p1i-ps) . (7.10)

s2) (2m)% (2 —m2)(( — P)2 —m?2)  (47)%¢6 s
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where - - - represent terms that are purely functions of s, or finite. For fermions, there are
now two pieces that are relevant, the square of the scalar piece, and the square of the p; P
piece. All other contributions cannot generate the p; - p3 tensor structure. We find:

. . ](py -l ) .
Aflermlon(pl’gl)Aiermlon(K%Z)g) _ (pl 18)2(173 2) _ 2(]71 Spg) 4+ (711)
The relevant part of the one-loop integrand is then:
1/ AU 8(p1- L) (ps - L2)/s —2(p1-p3) 1 4(2p1-ps) L (7.12)
s) (2m)*  (£2-—m?2)(({ — P)?2 —m?) (4m)2e¢3 s ’ ’

Finally, similar analysis for vectors yields:

12(p1 - £ 4 .
AXector(pl,£1>Azector<€27p3) — (pl Slz)(pg 2) +8 (pl SPS) (7.13)
which leads to
1/ d'*012(p1 - b)(ps - L2) /s +8(pr-ps) _ 1 T(2p1-ps) T (7.14)
s) (2m)* (2 —m?)(({ - P)2—m?2) (4m)2¢2 s ' '

Thus we’ve found that the beta function for a scalar is % a Dirac fermion % and a massless
vector being —% + % = —1—31, where we’ve subtracted the scalar “eaten” by the massive

vector.

7.3 Rational terms

Another application of massive amplitudes is to derive rational terms for massless ampli-
tudes, that are not constructible via four-dimensional cuts. These terms appear due to the
fact that the integrals are regulated and one can encounter €/e ~ O(1) effects. These terms
can be obtained by considering the states in the internal loops to be massive [51, 52], where
the mass m? is identified with the extra —2e dimension piece of ¢2, denoted as u?.'® For
QCD, one considers the contribution of a massive adjoint scalar state that is minimally cou-
pled to the external gluons. These “u” terms are computed using the tree-level amplitudes
in D-dimensions [34, 49] and consider the extra dimension momenta as four-dimensional
mass.

Here we will directly use the four-dimensional massive amplitudes to obtain the integral
coefficients for I[u?*], the four-point scalar box integral with p?* as its numerator. For
the box-integral coefficient one considers the quadruple cut, where the two solutions for
the cut loop momentum are:

1 _ 2 12 4m?
b= <ci)\1/\4 - ZiAlM) , = 12) (1 /1 + “) . (7.15)

2 2(42) st

The box-coefficient is then obtained by gluing the four tree-amplitudes substituted with

the cut loop momenta.

18See [53] for some recent applications.
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First consider the four-point all-plus amplitude, where the cut is given by:

ot | 3
|
\‘T‘( 1 [41]m(4]02]1] [23Jm (2]6]3]

—— - - ~mir ryrery = m

)L' d| (416111] (41)m (2|¢2]3] (23)m
|
+ ! 4F

S | il (7.16)

This directly gives the all plus integrand, <[1122;E?’§) I4[p*]. For the single minus amplitude,

one instead has:

2t | -
]—I—[
- —b— | —C— - o qmAZte¥d _ 4 (40111)2  [23]m (2|¢2]3]
)L' d = (AL [14]m? (2113] (23)m
|
1~ e'] 4
o (d]a1]? [23]
- msz‘ (7.17)

Substituting the two solutions for the cut in eq. (7.15) and summing the results, one obtains

[23][42](12) (2

13y Wz It (7.18)

The above rational terms are in agreement with [49].

8 Form factors and correlation functions

The ability to discuss scattering amplitudes for general mass and spin largely removes the
distinction between amplitudes and “off-shell” objects such as correlation functions and
form-factors. Consider correlation functions for the stress tensor for some theory. The
computations are precisely the same as what we would carry out if we were computing
the scattering amplitude for a massive spin two particle, (arbitrarily) weakly coupled to
the theory. The scattering amplitude for these massive particles gives us the correlation
function in momentum-space, corresponds closely to the experiments that are actually
done to measure correlation functions. Strictly speaking we are coupling a continuum of
particles of different masses, and we are getting the correlator in momentum space for
the external legs p, in the timelike Lorentzian region where p2 > 0. But we can then
define the correlators for null and spacelike momenta by analytic continuation. At least in
perturbation theory — which is what we will largely concern ourselves with here in this
subsection — there is no ambiguity for what this means in practice.
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It is important to imagine that the massive particle O corresponding to the operator
is simply an external probe and does not participate in the dynamics. In other words,
we should not have any “internal propagators” associated with cuts that put O on-shell.
In practice, this means that we should be able to make the coupling of O to our system
proportional to a parameter ¢ that we can make as small as we wish. To take an example,
consider a 3-point coupling of O to a pair of massless particles for the system of interest;
making this proportional to € means that the leading amplitudes will never involve internal
O particles:

@) { €, O Q O :é. (8.1)

In general, the leading amplitude involving N O’s will be proportional to €V and will
never involve internal O particles.

8.1 Observables in gauge theories and gravity

Before moving on to illustrating how this interpretation is useful in concrete calculations,
let us pause to interpret some standard and elementary facts about observables in gauge
theories and gravity from this on-shell perspective.

In particular, let us understand the reason for the absence of charged local operators
in gauge theory, or any local operators whatsoever in gravity. Consider a charged operator
®. We know that consistency enforces universal coupling of ® to photons/gluons, with
strength set by the gauge coupling g, and so we can’t arbitrarily weakly couple ® to
the system. Thus we can’t speak of charged local operator. Similarly with gravity, the
coupling of any particle to gravity is universal given by /G, so in the presence of gravity
we can’t meaningfully talk about any local operators at all. In a conventional Lagrangian
description of the physics, this is associated with the impossibility of making local charged
operators gauge invariant. Of course we can always fix a gauge and compute correlators
for operators in that gauge, but then these are not quite local. If we start with correlators
of local operators in the limit as ¢g> — 0 or Gy — 0, the weak gauging attaches Wilson
lines to the operators in some way. Of course this also has an obvious on-shell meaning,
again corresponding closely to physical experiments that measure these Wilson-line dressed
correlators.

Consider again a charged scalar ® of charge +1 in an abelian gauge theory, and let’s
consider the correlator (®*(z)®(y)) first in the limit where we turn off the gauge coupling.
We may have U(1) invariant self-interactions for ® of the form e.g. (®*®)?, and we can also
turn on the gauge-interactions. But we also couple ® to some heavy external probe par-
ticles X(@, Y(@+1) and A@ B@+tD) via the couplings eX @Y (@tD*p, ¢/ A(-Q) B(=Q—Dxgp*,
Let’s now look at the (XY*B*A) scattering amplitude. Since this breaks the global par-
ticle number symmetries acting separately on X,Y, A, B as €,¢ — 0, this amplitude is
proportional to the product e€’; some of the diagrams contributing to the amplitude are
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shown below:

As €, — 0, stripping off this product from the amplitude yields the correlator where
(®*(z)P(y)) is dressed with Wilson lines in the px,py,pa, pp directions:

M(PX7PY7PA7PB)
L / eI eate (e s W) (2) (W, Qaw;s o) ()
T,y

B

(8.3)

The fact that inequivalent “dressings” of the local operator with Wilson lines are possible
simply reflects the many different ways we can couple ® to external probes; since the probes
themselves are charged and emit long-range gauge fields, the amplitudes (and hence the
extracted correlator) does depend on the choices that are made. Thus, while correlation
functions for local charged operators don’t exist, dressed version of these correlators exist,
for both gauge theory and gravity, to all orders in ¢ and /Gy.

There is a deeper difficulty with gravity, which makes even these quasi-local “Wilson-
line dressed” correlators ambiguous at a non-perturbatively tiny level, of O(exp(—M3,/s)).
As we saw in our example above, in order to be able to identify the piece of the amplitude
for the heavy probes that is unambiguously associated with the coupling to the operator
®, it was important that the coupling to the probe broke some global symmetry of the
problem. But we expect that gravity breaks all global symmetries, and in particular, we
can’t say that e.g. the XY*A*B amplitude is arbitrarily small; there is some (perhaps
virtual black-hole mediated) rate for this process of O(exp(—M3,;/s)) that pollutes any
attempt to associate this amplitude with “the” (Wilson-line dressed) correlator of interest,
making it impossible to pick out a piece proportional to €€’ as €,¢ — 0.

Summarizing more informally, in both gauge theories and gravity we don’t have mean-
ingful correlators of local charged operators, for the (relatively trivial) reason that we can’t
ignore the long-range gauge and gravitational fields. This can already be seen perturba-
tively in ¢2, Gy, but to all order in these couplings, there are dressed versions of local
operators that take care of the long-range fields at infinity, smoothly deforming the local
correlators we have when ¢, Gy = 0. But in gravity, due to exponentially small effects
of O(exp(—Area/Gy)), associated with black-hole physics, even these dressed versions of
local operators don’t make precise sense. This is a concrete sense in which any notion of
spacetime becomes ambiguous in quantum gravity, highlighting that e.g. the breakdown of
locality in the context of the black-hole information paradox is an effect of O(exp(—SgH)),
and is otherwise invisible to every order in Gy.
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8.2 Weinberg-Witten

The interpretation of correlators in terms of massive amplitudes allows us to re-interpret
some familiar facts about massive amplitudes we have already encountered to other well-
known facts about QFT’s. Consider the Weinberg-Witten theorem [54], which in this way
of thinking is essentially identical to Yang’s theorem. Recall the discussion of consistent
couplings of a massive spin S particle to massless particles. Note that since conserved
currents and stress tensors measure the charge and the momentum on single particle states
respectively, we will be interested in the interaction of the massive state with two opposite
helicity massless-particles hy = —ho.'? Our analysis showed that S+ho—hq and S+hq —ho
must always be greater or equal to 0, this tells us that for S = 1, |h| = |ho| < 3, ie.
massless particles with spin > % cannot couple to a Lorentz covariant conserved current.
Similarly for S = 2, |hi| = |h2| < 1, and massless particles with spin > 1 cannot couple to

a conserved stress-tensor. This is precisely the Weinberg-Witten theorem.

8.3 Form factors example: stress tensor/gluons

From Weinberg-Witten theorem we know that the stress tensor can only couple to massless
particles of spin < 1, thus we will consider form factors of a stress tensor and three gluons.
Identifying the stress tensor as a massive spin-2 state, we will map this to a four-point
amplitude involving one massive and three massless states:

_ 92— 3+
T + — (8.4)
+ T 4t

Let us consider the t-channel massless residue. Since the gluon is “charged” under the
stress tensor, for the one massive two massless coupling, one should consider opposite
helicity gluons. The t-channel residue can then be written as:

(P4 3PP (M2)'m[23]

Ar) s [P2][23] ~  (43)(24) ° (8:5)

where again, the equality holds for (23) = 0. This leads us to the following simple expression
for the form factor: ()t

ad _ )\2 m

T(1)273M4") = ———F—— 8.6

It is straight forward to check that the above result matches all three factorisation channels,
as expected from its cyclic invariant form, up to the over all factor of (A\2)* that takes care of
the excess helicity weight and the stress tensor’s SL(2,C) indices. We can straight forwardly
extend to two stress tensors coupled to two gluons:

~ -~ 4 2 3 2 3 2 4 2
<T(1)T(2)’374+> — ()\3)4 (([ ‘pl) t([ |p2) + ([ ’pl)qf[ ‘pQ) ) (87)
19Recall that all momenta are out going, so for p1 and ps to represent the same particle, hy = —ha.
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There is an elephant in the room that we have not yet addressed. So far we have been
considering conserved operators as massive spinning states. But conserved operators are a
tiny subset of an infinite number tensor operators, for which all must have well defined form
factors (and in the next section momentum space correlation functions). Furthermore, we
should be able to see there must be a kinematic distinction between conserved operators
and non-conserved operators, such that higher-spin conserved currents for an interacting
theory can be ruled out, a la Coleman-Mandula theorem [55].

<_>A§ an exercise let’siconsider a theory with two scalars (¢, d_>) and the operators Oy, =
¢ 0 ¢ and Oy, = ¢0,¢. The first is a conserved current while the second is not. Let us
now consider the three-point form factor for

(0104 p5lP102) ~ (p1 = p2)**, (Ogns gglP1p2) ~ 7. (8.8)

Converting the above result into pure undotted SL(2,C) indices by contracting with (p;+p2)
one finds:

(Orlpip2) ~ NN, (Galpaps) ~ 12X 257 = 512 (A7 257 4 (1))
(8.9)
Not surprisingly the form factor for 02 can be further decomposed into a combination
of § = 2,1 and 0 states. Thus we see that a general operator simply corresponds to a
linear combination of lower spin states. In position space this is a statement that a general
current, for example, can
oro” oro” A oro”

= OH
)00 + =50, = 0" +

OF — (nuu O, (810)

where OF is the conserved piece. Note that while there is a conserved piece in a gen-
eral operator, the projection introduces non-locality and are thus distinct from a genuine
conserved operator. This non-locality is present in all the lower spin components in the
projection.

Let us look at this distinction more closely in the context of general form factors. For

an interacting theory, the form factor will in general have poles whose residue reveals the
existence of a non-trivial S-matrix:

(8.11)

Let us consider the particles to be massless, and take the momenta of the operator to be
soft. Then just like the usual Weinberg’s soft theorems for S-matrix, the form factor will
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be dominated by diagrams where one has the operator attached to the external leg

> =5 Lp D, (8.12)

where ¢ is the soft momenta of the operator, n(p;, ¢) is the numerator function. If the op-
erator is a tensor, then n(p;, ¢) should carry the corresponding Lorentz indices. Conserved
tensor is reflected in that the form factor must vanish when contract with ¢*. If we have a
conserved current, then we can have n(p;, ¢)* = e;p!’, where e; is the charge of each exter-
nal state. The requirement of conservation then simply corresponds to the requirement of
charge conservation. Similarly for conserved stress tensor we have n(p;, ¢)*” = rpi'p?, and
the conservation condition is simply stem from momentum conservation if the coupling s
is universal. Note that for higher spins, S > 2, there are no local solutions for n(p;, g)** s
such that the conserved quantity is respected. This is the Coleman-Mandula theorem!
The assumptions that went into this argument is the existent of a non-trivial S-matrix, the
analyticity of the form factor which can be interpreted as a massive S-matrix, and Lorentz
invariance. The fact that the argument is closely related to Weinberg’s soft theorems for
gauge bosons is not a surprise in view of our usual intuition that if a conserved tensor
exists in an interacting theory, then we can always weakly gauge it and have non-trivial
S-matrix involving the gauge boson.

Note that while one can always project out a conserved piece for non-conserved tensors,

the corresponding form factor will include non-local pieces. Indeed in this case we can

g i(pia) _ ¢*i(piq)
72 = m2

the singularity of the m? — 0 limit. This of course is an artifact of our projection, since

have, for example, n(p;, ¢)" = . This non-locality is again reflected in

there will be lower spin contributions coming along that will contain the same singularity
and conspire to cancel, producing a smooth m? — 0 limit.
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8.4 Current and stress-tensor correlators

Let’s consider the two and three-point correlation functions for stress-tensors in a confor-
mal theory. In momentum space, the tree-level correlator are computed by gluing tree-level
amplitudes with one massive leg and two massless legs. For conformal theories, the avail-
able tensor structures are constrained by conformal symmetry. In momentum space, this
constraint is simply a reflection of the uniqueness of the three-point amplitude, which is
fixed by the spin of the massive state and the helicities of the massless legs.

For example the two point function receives contribution from:

+ = 01ls alils alily olrl
<Ta1a2a3a4T51,32/33/34> = _Q:D_ {Saﬁﬁgsaéils G 352524]
|

ey ¢

|
| 010 + 5 0105 alils olils bl
L [Hszai] (LDl sigsis) e
2,1 |

2

+\ =

where we've listed the contributions from different internal helicity configuration and I5[X]
is defined as:

X
- / T (8.14)

where k is the momenta of the stress tensor. The operator Sﬁ}l% is a shorthand notation
for £, o 3620‘2 B. Note that it is understood that the expression must be symmetrized over
{a;} and {f;} separately, as well as over exchanging «; <+ 3;, which takes into account the
conjugate helicity configurations. For the scalar and equal helicity fermion contributions,

their tensor structure are identical to that of equal helicity gauge field.
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For the three-point function one has:

[+

el vavV e2 Zlfg 5132 @133 2143 f3£2 6342
<T0410<2043044Tﬁ1525354T’71’72’73’Y4> - < {I3 [‘961&1‘952042‘95371 55472‘973%574044}

+I3 {52142 52142 52243 52243 szﬁg Sézés}}_i_zl VAVEZ {[3 [Sglez S£1€2 S€1Z3 S€1Z3 Seszz 54342}
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and I3[ X] is defined as:

X

LX) = /M@(fl T (8.16)

where k1, ko are the momenta carried by the a; and (; indexed stress-tensor respectively.
Again symmetrisation interns of {«;}, {f;} and {v;} are implied and the equal helicity
fermion on the one of the vertices as well as internal scalars do not produce new tensor
structures.

9 Outlook

Relativistic quantum mechanics governs the laws of nature at low enough energies so that
physics can be described in flat space, with a finite number of interacting particles. “Quan-
tum field theory” is the standard textbook approach to this physics, where, as useful theo-
retical constructs, “local quantum fields” are introduced, along with the attendant baggage
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of field redefinition and gauge redundancies, in order to allow a description of the physics
in a way compatible with relativistic locality and unitarity. But the on-shell approach to
scattering amplitudes suggests that this may not be the only way — that we might instead
be able to describe relativistic quantum mechanics without local quantum fields, directly
in terms of the physical particles.?"

In this paper we have taken the first steps to extending the ideas of this on-shell
approach to cover particles of all masses and spins in four dimensions. The purely kine-
matical part of our discussion has been fundamentally trivial — but trivializing the kine-
matics allows to understand the structure of the physics as following seamlessly from the
foundational principles of Poincare Invariance, Locality and Unitarity in a satisfying way.

We have seen many aspects of this understanding throughout this paper. The struc-
ture of three particle amplitudes, for any mass and spin, is fixed by Poincare invariance.
For massless particles, there is a peculiarity for high enough spin — the three particle
amplitudes are superficially “non-local” in the sense of having poles; while this doesn’t
show up in (3,1) signature Minkowski space where these amplitudes vanish, it does mean
that consistent factorization at four points is non-trivial, and indeed, all but the usual
massless theories we know and love, of interacting spin (0,1/2,1,3/2,2), are ruled out by
these considerations. We learn that we can only have a single massless spin two particle,
with universal couplings, that the massless spin one particles must have the structure of
Yang-Mills theories, and spin 3/2 requires supersymmetry. Furthermore the mere existence
of a consistent amplitude coupling to gravitons rules out all higher spin massless particles.

Similarly there is still a superficial “non-locality” associated with the coupling of a
single massive particle to massless particles with spin — the “x— factor” — which again
makes factorization non-trivial. Unlike the case for massless particles, we can (non-trivially)
find consistently factorizing four-particle amplitudes for any choice of three-particle cou-
plings, (with the usual restrictions on consistent couplings to massless spin one and spin
2 particles). But for massive particles of high enough spin, these consistently factorizing
amplitudes are badly behaved at high energies — growing with powers of (p; - p;/ m?), so
that the massless limit cannot be taken smoothly. This tells us that even massive particles
of high enough spin cannot be separated by a parametrically large gap from other particles
— massive particles with high spin cannot be “elementary”. Finally, three particle ampli-
tudes involving all massive particles are local, but naturally have powers of 1/m. Thus,
theories of massive particles can only smoothly interpolate to massless amplitudes at high
energies for special choices of spectra and couplings; conversely, starting from massless he-
licity amplitudes at high energies, we can “unify” subsets of these amplitudes into massive
ones in some cases. This can be done for spin 1 and spin 3/2 particles, representing the
on-shell avatars of the Higgs and super-Higgs mechanism, but we can see that gravity can’t
be “Higgsed” in this way.

In the context of this summary it is perhaps also worth briefly describing the on-shell

20Tt is amusing that the on-shell program is often contrasted with the standard approach using Feynman
diagrams, since Feynman’s primary physical motivation for introducing his diagrams to begin with was to
get rid of quantum fields — and he was famously disappointed to learn, via Dyson’s proof, that his diagrams
were so closely related to field theory after all!
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understanding of the most famous general consequences of relativistic quantum mechanics:
the existence of antiparticles and the spin-statistics connection.

The existence of antiparticles is essentially hardwired into the on-shell formalism, since
by fiat we are considering analytic functions of Lorentz-invariant kinematical variables,
with consistent factorization on all possible channels. To be a little more explicit on these
ancient points, we can ask how causality is encoded in the S-matrix in any theory, with
or without Lorentz invariance. At tree-level, causality tells us that the amplitude can
only have simple poles as a function of energy variables. If the particles have a dispersion
relation of the form E = w(p), the poles can be either be of the form 1/(E + w(p)), or also
1/(E — w(p)) if the interaction Hamiltonian allows particle production. But in a Lorentz
invariant theory, neither (E + w(p)) nor (E — w(p)) are individually invariant, so Lorentz
pg_lmg. This is
how we see that causality demands this familiar pole structure at tree-level, which as a

invariance and causality forces us to have poles of the form i EQ_i( 77 =

byproduct also forces the existence of non-zero amplitudes for the production of degenerate
particles and antiparticles.

The on-shell understanding of the connection between spin and statistics is slightly
more interesting, and makes use of the universality of coupling to gravity. Indeed we
saw vividly that the structure of the four-particle amplitude for gravi-compton scattering
off particles of general mass and spin is completely fixed, and in particular, forces the
correct spin-statistics connection. This deeply relies on the non-triviality of how residues
in different channels are consistent with each other, forcing the “s” and “u” channels —
related by particle interchange — to have fixed relative signs. It is not surprising that an
on-shell understanding of a classic fact related to locality and unitarity should be related
to coupling to gravity — after all it is precisely the ability to “weakly gauge” gravity that
gives a physical probe (via the existence of an energy momentum tensor) of the locality of
quantum field theory. We also described how other famous general results in field theory,
such as the Weinberg-Witten and Coleman-Mandula theorems, are interpreted in directly
on-shell terms.

Moving beyond tree-scattering, we also took some first steps for computing amplitudes
at one-loop, where the on-shell picture is especially powerful, as seen in the speed and
transparency of the computation for electron (g — 2) and the QCD beta function. While
not discussed in this paper, chiral anomalies, together with the possibility of cancelling
them via the Green-Schwartz mechanism, also have a beautiful on-shell understanding,
arising from the necessity to interpret poles in one-loop amplitudes fixed by generalized
unitarity [56].

But of course, much more importantly than providing a conceptually transparent and
technically straightforward understanding of standard results, we hope that the formalism
introduced in this paper removes the trivial barriers to exploring the new frontier of massive
scattering amplitudes, which is filled with fascinating physical questions. We close by listing
just a small number of these.

We have focused almost entirely on the computation of tree-level three- and four-
particle amplitudes, so one completely obvious question is the extension of e.g. BCFW
recursion relations to any number of external particles, especially for Higgsed Yang-Mills
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theories. Of course for massless particles the BCFW shift must be performed for massless
particles of appropriate helicity in order to ensure the absence of poles at infinity, so the
obvious challenge is that the massive amplitudes unify both the “good” and “bad” helicity
combinations into a single object.

Another clear goal is the systematic computation of all the massive amplitudes in
the Standard Model, starting at tree level but moving to multi-loop level. It is worth
mentioning at least one exciting motivation for this undertaking. Future Higgs factories
— like the CEPC or TLEP — can also run on the Z-pole, producing between 10 — 10'1
Z particles. Making full use of this data will require a computation of Z-couplings at
three to four loop accuracy. And unlike QCD calculations of backgrounds at the LHC, for
which the perturbative computations must ultimately be convolved with non-perturbative
information such PDF’s and hadron fragmentation functions to connect with experiment,
these precision electroweak calculations are unaffected by hadronic uncertainties at the
needed level of precision, so any theoretical predictions can be unambiguously connected
to exquisitely precise experimental measurements!

It is also clearly of interest to investigate massive amplitudes in supersymmetric the-
ories, this should of course be especially interesting in the context of the N’ = 4 SYM
on the Coulomb branch. Now even our first look at the on-shell avatar of the Higgs and
Super-Higgs mechanisms, showed that the Higgsed amplitudes are more unified than their
massless counterparts. Thus we should expect that all the natural objects encountered for
massless amplitudes — such as tree amplitudes, leading singularities and on-shell diagrams,
which are separated into different “k” sectors — are somehow unified into more interesting
objects. Amongst other things the extension of BCFW to the Higgsed theories might be
most natural in the massive N’ = 4 on-shell diagram formulation. And of course it would
be fascinating to see if the Grassmannian/Amplituhedron structures underlying the theory
and the origin of the moduli space is somehow extended/deformed away from the origin.

All of the physics we have discussed in this paper has revolved around the consistency
of long-distance physics: the on-shell focus on factorization and cuts at tree and loop level
is meant to ensure that infrared singularities needed by locality and unitarity are correctly
accounted for, and this fixes the structure of the amplitudes. For theories with growing
amplitudes in the ultraviolet, needing a UV completion, it is very natural to ask the
same questions: can the physics of UV completion also be determined from the consistency
conditions of locality and unitarity? If the UV completion has a weak coupling, the question
becomes perfectly sharply posed, and in the context of unitarizing the Fermi interaction
or WW scattering, searching for a tree-level UV completion correctly led to the prediction
of massive W particles and Higgses as the completion of the weak interactions. Turning
to the even more famous problem of UV completion for gravity scattering amplitudes, we
encounter a well-known novelty. As will be discussed at greater length in [15], any weakly
coupled UV completion for gravity amplitudes, (or for that matter, also Yang-Mills or
#> theory, any theory with non-trivial three-particle amplitudes), must involve an infinite
tower of particles with infinitely increasing spins, as of course familiar from string theory.
It is a tantalizing prospect to try and “derive string theory” in this way, as giving the
only possible consistent tree scattering amplitudes for gravitons coupled to the infinite
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tower of massive higher spin particles necessary for UV completion. But consideration of
amplitudes involving massive higher spin particles is necessary for any possible uniqueness,
since as shown in [15], deformations of the string scattering amplitudes with only gravitons
as external particles, compatible with all the standard rules, have been identified. This is
not at all surprising. Since we know the presence of gravity makes massless higher spin
particles impossible, the coexistence of gravity unified with an infinite tower of massive
higher spin particles must involve the strongest consistency conditions imaginable. Again,
the massive amplitude formalism we have discussed in this paper trivializes kinematical
issues so that important physics points can be studied with an unobstructed view, and with
this in hand we will return to string theory and the challenge of UV completion in [15].
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A Conventions

In this paper we follow the mostly minus convention (+, —, —, —), and an on-shell momen-
tum satisfies p? = m?. The SL(2,C) and SU/(2) indices are raised and lowered as

Q;Z)oa = ¢650¢67 @Da = 5a6¢57 5a55ﬁ7’y = 63 (Al)
o 0-1 . .
where we use €,5 = —* = Lo ) The spinor contraction can be converted to vector
contraction following
P P2ac = 2D\ P2y (A.2)

and hence for massive momenta, p®*®p.q = 2m?. The vector indices are converted to

0 o, mé? p
no— af — Jo Fof
Y (&Mdﬁ 0 > - (Z/_}— m) ( paﬁ mdg > (A3)

spinorial ones as:

B SU(2) irreps as symmetric tensors

In this appendix we review, mostly to set notation, the elementary treatment of represen-
tations of SU(2) as symmetric tensors, and briefly discuss some of its standard applictions,
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such as a transparent determination of spherical harmonics. The standard treatment of
representations of SU(2) is the one encountered by most undergraduates in beginning quan-
tum mechanics courses. Since we can mutually diagonalize J? and J., eigenstates of these
operators are labeled by |s, j:), where the Z reminds us that we have chosen to diagonalize
the operator J., and we have J2|s,js) = s(s + 1)|s, j2), J.|s, jz) = mls,js). The irrep is
(2s + 1) dimensional with j; taking all the values —s < j: < +s. The spin information in
a general state [¢) is then entirely contained in specifying (s, jz|¢).

But for our purposes it is more convenient to describe an irrep of SU(2) as a completely
symmetric SU(2) tensor with 25 indices:

T (5.1

where ¢ is the SU(2) index. The inner product (x|i)) between two states is given by

<X|qp) — Wt ... gl2sg2s (X“ %) ¢J1 ' (B.2)

Saying that v is an SU(2) tensor is just the statement that the rotation generators J act as

- 1 \J 1 \Ja2s
(JY)iy g = <2E> ) Vjying + -+ (25) ' Vi o (B.3)

11 12s
Note that the dimensionality of ths space is precisely 2x3x -+ x (2j+1)/(1x2x---x2j) =
(27 + 1) as desired. Using that ﬁj cF = 2(5j61 — 5j(5[, we trivially see that (jzw)“ vige =
s(s + 1)iy.in, . If we choose to dlagonahze o, with eigenstates (o,)! (5t = i(z % then

J
the spin s tensor that is an eigenstate of J, with eigenvalue j; is

Y = () (B.4)

where here and in what follows, since the tensor indices on 3 are always symmetrized there
is no need to write them explicitly when no confusion can arise. We can also express the
same fact in a different way, telling us how to extract (s, jz|1)) from the tensor 1, ... j,.:

G = a+Cf’+ + Oé_Cf’_; Ch .. Cizswiy--izs _ Z ai+j2ai_j£<s7j2 ) (B.5)
Jz

The tensor representation makes it trivial to give explicit expressions for finite rota-
tions, and expand the eigenstate 1)*/» for a general direction 7 pointing in the usual (6, ¢)
direction, as a linear combination of 1/*7%’s. We only need to know the relation for spin 1/2:

7,~+ _ ¥ 2,4+ 0 6 .
<§n_> — (g CS ) <g2_> where ¢ = cosg, § = sin§el¢ (B.6)

We can then look at
g = (o +)s+]n (cr _)S—jﬁ
= (e¢** —s¢7) e (s> + cgﬁv—)s_jﬁ
Z 5 g (0, )92 (B.7)
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with

Rj'mjé (97 ¢) = Z (8 + ]ﬁ> (s N ]ﬁ> (C)m+ (_S)5+jﬁ—m+ (C)s—jﬁ—m, (S*)m,

mymytmo=stjz \ F m—
(B.8)

The tensor formalism also makes it trivial to construct spherical harmonics, which naturally
arise in building irreps of SU(2) which are polynomials in a 3-vector Z. Of course we are
used to converting ¥ to SU(2) indices by dotting with the o matrices, but this gives us
an object Ef - Z with an upstairs and downstairs index, while for the purposes of building
irreps we would like to work with symmetric tensors and all downstairs indices. So it is
natural to look instead at x;; = eika:f; explicitly we have

o z  x—1iy S —(z—iy) =z
! (:z:—i—iy -z )’ Y ( z (w+z’y)> (B.9)

We would like to make symmetric rank 2s tensors from a product of s z;;’s. But we don’t

<

need to do the symmetrizations explicitly; again because of the symmetrization all the

information is contained in
Cilgjl e Cisgjswiljl e xl’sjs = (ch)s (Bl())

Putting ¢; = (a4, a_) and so ¢* = (—a_, o ), expanding the above gives us the generating
function for spherical harmonics. Letting # be the unit vector with (z + iy) = sin(#)e’®
and z = cos(f), we have

((Cx)® = (aisin(&)ew —2ata_cos() — a%sin(ﬁ)e*id))s = Zafjfas__ji}’&jé(&, ®)
Jz

(B.11)

C Explicit kinematics

For massless particles, we have
)\a:\/2E<C>,5\d:\/2E<C> (C.1)

For massive particles, we can write

_(VE+pc —VE-ps*\ 1 (VE+pc —VE —ps*
)\g‘_<\/E+ps VE —pc )’/\M_<\/E+ps VE —pc ) (C.2)

We can write this equivalently as

A = VE+pC(p)¢ (k) + VE = p¢, (p)¢H (k)
Ny = VE+pl ()¢ (k) + VE = pl (p)¢ (k) (C.3)

¢i=<§>,§;:<§>;ca=<_j*>,€§=<_j> (C.4)
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We can read off the specific spin components as in the previous appendix, since by using
the above expressions for )\é, )\é we can expand for any particle:

M{Il“'IQS} _ Z ((<+)S+jz (C*)S*jz){h---bs} M(]z) (C5)

Jz
D Comparison with Feynman diagrams for Compton scattering

Here we directly construct Compton scattering from Feynman rules, and converting into
our notations. We begin with

v Y

v I m v
ehes v (7 (P12 + T)V + P + gn)*y ) Ug (D.1)
s—m u—m

t ty

where P;; = p; + p;. Peeling off us and v1, we obtain two 4 x 4 numerator factor each

given by:
o megmegé ) 630‘5(]321)6762%; S megmeg& ) EQQB(PB)B’YE&YS
s = . . : , v = . . : )
¢3” (P12)g5€3 mey €y ¢5” (P13) €} me; ey ;
(D.2)
Substituting the explicit polarization vectors one finds:
mA3ald2)a” Mald| Przla) Ao maa24N]  qal2p1[3)d;
_ \@*@lp[20e° mg® (1) Ay _ \ X5 {gl Pl @Ag mAS(g3)d; (D3)
’ (24)[34] C (24)[3]

where ¢, § are the reference spinors for the polarization vectors. The elements in the 4 x 4
matrix is in different SL(2,C) representations. We again judicially multiply factors of p/m
to convert it into our preferred basis, which has leg 1 in the undotted basis, and leg 4 in
the dotted basis. That is, we mupltiply:

8

bo N [O0n° O ; ds

p o ad {

(475%) (035 (96.) (p‘fﬁ (D-4)
6 m

where the Os are stand ins for matrix elements of ng, n,. Summing up the terms and

choosing ¢ = A3 and § = Ao, one finds:

(3Ip1[2)(ANS — pE Agp? (35 /m2)
(u—m?2)(s —m?2)

(D.5)

Contracting with external A, As we recover eq. (5.21).
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E The high energy limit of massive three-point amplitude

Let us consider the HE limit of the three-point massive vector amplitude

g fabc

T [(12)[12])(3|p1—p2|3] + cyc.] (E.1)

First consider the component amplitude (17273%). Its high enerly limit is given by:

(E.2)

. 9/ ((12) [ini2) (n3|p1—p2|3] + (2n3) [723](LIp2—ps| ] + (131)[371](2|ps—p1 |72])
Mg MpMe

Since in the high energy limit we will be interested in the MHV configuration, we have:

M= (23)8 Ao =BG A= (12)¢, (E-3)
and eq. (E.2) simplifies to:

9. ({2n3)[7123](L|p2—psin] + (ns1)[371]{2]ps —p1|ia])

M MpMe
abe 2)(12)? 1)(12)* 12)3
_ ng <773 >< > + <773 >< > — 2gfabc < > (E4)
me (23) (31) (23)(31)
where we have repeatedly used identities such as [7;3] = %[ﬁll] = ma%, which holds

for MHV kinematics.
A more interesting component would be (1°273%). Keeping in mind that extracting
the longitudinal term correspond to choosing AN/} — )\5\—7777, the relevant terms are:

2,]_%z
-3,

’

’

’ abc
Lo — Trjicnm{ﬂ?ﬂlﬁz](@m)[ﬁﬁ] — (3n2)[123] — (1n3)[7is1] + (2n3)[7732])

+ (23) [7123] ((In2) [21] — (Ins)[31] — (m2)[271] + (113)[3771])

- (S e3BRImY Y + (303 - 5 ORI D Y + m3)m3) ) }

2
(E.5)
Substituting explicit representation for [7;j] for MHV kinematics, one finds:
gr (12)(23) 2 2 2
mame (31) (mb —m; — ma) . (E.6)
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F Examples for 1 massive 3 massless amplitudes

For three-point amplitudes, since the all massless and one massive two massless amplitudes
are unique, this tells us that the massless residue for the 1 massive 3 massless amplitude
is unique. If the residue is non-local, then consistent factorization in the other channel
may forces the theory to have a particular one massless two massive interaction. Here we
present some examples.
We consider the four-point amplitude of arbitrary higher spin-.S, two massless scalars
and a graviton:
M (152037240 (F.1)

We can now look at the massless residue for s-channel,

() +2

Np § (ol )P BPEBIE _ G202 BALOW?

/W N 251 X [4P2M, m25—5 (23)2M,,;
S Ny

where M, is the Plank mass. Note that we have double poles 1/(23)2, which is a general

feature for couplings involving gravitons. The presence of double poles indicate that we
have access to information in other channel. Let’s start with S = 2, dressing the residue
with 1/s propagator, we find:

om0 o [34F m (M)*(Ma)?[34][23]
2, s g T an T ey (F.3)
_m (A2)*(N2)?[34][23] '
- M) = e )

Note that the double pole has been converted into a t-channel massless and an wu-
channel massive pole u — m?. The residue of the massive channel can be identified with
M3(1572312P5=2) x M3(P°=22%4%), where M3(1°=23+t2P%=2) is the minimally coupling
between a graviton and massive spin-2 states. Indeed using minimal coupling in the u-

channel, we find the following residue:

— by x PAROWP N ~ POl (F.4)
JS \4()

which indeed matches that of eq. (F.3). This is a general feature for amplitudes of eq. (F.1),
consistent factorization will require the presence of a three point minimal coupling for
graviton to two massive states. Consider S = 3, the s-channel residue can be represented
in a way that it can readily be completed:

2 2 2 2
O @ | =000 (gg - [42]<[§§]>t[23]) CF)
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Indeed putting back the s-channel propagator and writing —t — (u—m?), we find the form
factor given as:

(F.6)

M(13203+240) — (/\2)3()\4)3 < [34] [32] [42] [34] [23] > )

(23)(24)(43) ~ (23)(43)(u — m?)
It is not difficult to see that the massive residue of this amplitude contains the minimum
coupling for the spin-3 states:

23][34][24]

AP PP ~ () ()
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