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1 Introduction

The space of Quantum Field Theories (QFT) is vast and uncharted. The numerical S-matrix
Bootstrap is a nonperturbative approach to explore this space [1-14]. This recent approach
is a practical implementation of the decades old idea of S-matrix Theory (see for example
the book [15]). So far this method has only been applied to scattering amplitudes of scalar
particles.! In this work, we develop the formalism to study 2 to 2 scattering amplitudes of
particles with spin in four dimensional QFTs.

The main idea of the numerical S-matrix Bootstrap [2, 3] is to write a generic analytic
and Lorentz invariant ansatz for the scattering amplitude and then impose the constraints
from crossing symmetry and unitarity. In the case of identical scalar particles of mass m,

'In fact, most recent papers studied two dimensional QFT where there is no spin.



the interacting part of the scattering amplitude denoted by T'(s,¢,u), where s, t and u are
the Mandelstam variables, can be written as

T(s,t,u) = ZO‘Z (s,t,u) (1.1)
where «; are undetermined real coefficients and F;(s,t,u) are functions with appropriate
analyticity properties.? Crossing symmetry

T(s,t,u) =T(t, s,u) =T(u,t,s), (1.2)

imposes linear constraints on the coefficients «; in the ansatz (1.1). Finally, the unitarity
requirement can be cast as the following semidefinite positive condition?

1 S)(s)

where £ = 0,2,4, ... and s > 4m?. The partial amplitudes Sy(s) are defined as the projection
of the scattering amplitude onto definite spin via the Legendre Polynomials Py(cos ) as

Vs —4m?
32my\/s

The integration variable 6 is the scattering angle and its precise relation to the Mandelstam

Se(s) = 1422 / d0sin OPy(cos )T (s, (s, cos 0), u(s, cos 0)). (1.4)
0

variables is given in (2.59). By keeping a finite number of terms in the ansatz (1.1) one can
numerically explore the space of consistent scattering amplitudes, namely the ones obey-
ing (1.2) and (1.3). In particular, extremizing any physical parameter linearly related to the
scattering amplitude translates into a numerical (primal semidefinite) optimization problem.

In the presence of spin, the expressions (1.2)—(1.4) immediately become more compli-
cated, see [16] for a review. The goal of section 2 is to setup the formalism which allows to
study crossing and unitarity for amplitudes with generic masses and spins. This section is
mostly a review of known results in a concise form.

Compared to the scalar case a generic scattering amplitude describing the process
12 — 34 has the form

A3
Ti2-534377, (1, P2, D3, Pa), (1.5)

where p; are four-momenta and \; are helicities of scattering particles respectively. Given
the spins j; of four particles, helicities take values from the range \; = —j;, ... + j; with
step one. There are thus

Ny = (21 + 1)(2j2 + 1)(2js + 1)(2ja + 1) (1.6)

components describing the scattering process 12 — 34.* We would then like to define Ny
scattering amplitudes which depend only on the Mandelstam variables. This can be done

2In practice, we assume maximal analyticity of the scattering amplitude, i.e. the only non-analyticities
are the ones predicted by Landau diagrams.

3This is equivalent to requiring non-negativity of the determinant of the matrix which leads to the
unitarity constraint in a more recognizable form |S,(s)|* < 1.

4When the scattering process is parity and/or time-reversal invariant, when it contains identical and/or
massless particles, the counting of independent amplitudes becomes much more complicated. We discuss it
in section 2.4.



in two different ways: using the center of mass frame or using tensor structures. We denote
these two options respectively by

A3,
Ti2—5345; 3, (85T, 0) and Thy ay(s,t,u), (1.7)

where I = 1,... N4. The two sets of amplitudes in (1.7) are related by a linear transformation
which depends on the Mandelstam variables only. This relation is completely fixed once the
basis of tensor structures is chosen. Both options have their advantages and disadvantages.
In the center of mass frame one can derive crossing equations once and for all spins and
masses as summarized in section 2.3 (see appendix E for details).” However, the analyticity
properties of the center of mass amplitudes are subtle and one is forced to deal with the
issue of kinematic singularities discussed in section 2.7. Analyticity is more straightforward
when using tensor structures, however one needs to study crossing case by case due to
non-trivial linear relations between covariant tensor structures. As a result we cannot give
it a completely general treatment in section 2 and instead employ it only in the particular
example of identical neutral spin % particles in section 3.4. In addition, the construction of
general spin tensor structures is discussed to some extent in appendix H.

The key element for imposing unitarity constraints are the partial amplitudes (1.4). In
the case of generic spin, (1.4) remains valid for center of mass amplitudes, if the Legendre
polynomial is replaced by the small Wigner d-matrix given in (2.9) in full generality. This
is explained in detail in section 2.5. Finally, the unitarity constraints for generic spin are
given in section 2.6.

In section 3, we specialize to the case of scattering of neutral spin % massive fermions,
also known as Majorana fermions [18]. This section should be seen as the simplest application
of the formalism given in section 2. In section 4 we write an ansatz for the scattering
of identical Majorana particles in a parity invariant QFT (assuming this is the lightest
particle). We then setup the optimization problem using crossing and unitarity constraints
derived in section 3. Finally, we present our numerical results for the allowed values of the
non-perturbative quartic and cubic (Yukawa) couplings defined from the physical scattering
amplitude in section 3.3. The universal bounds for the quartic coupling, given in (4.18),
and for the cubic couplings, shown in figures 5 and 6, are our main numerical results.

Our work opens the ground for many other interesting bootstrap studies in 4 dimensions.
For example, photon-photon, pion-nucleon or spinning glueball scattering. We conclude in
section 5 with a discussion of these examples and other open questions for the future. We
also include several appendices that fill in the details of the presentation in the main text.

2 Review: spinning S-matrix approach

In this paper we study quantum systems invariant under the restricted Poincaré symmetry
group. In addition, we consider special situations where parity and/or time-reversal sym-

®Generically, crossing equations relate physical amplitudes to the analytic continuation of other amplitudes
beyond their physical domain. There is no general proof (especially for particles with spin) that this
continuation exists and how big is the domain where crossing equations hold. For a review of results for
scalar amplitudes, see [17]. In this work we do not address this issue and simply assume that all the
amplitudes under consideration are maximally analytic.



metries are also present. Scattering amplitudes are important physical observables in these
systems. They are constrained by many non-trivial consistency conditions. The program of
deriving and exploiting such theoretical constraints is referred to as the S-matrix bootstrap.

The S-matrix bootstrap program was extensively developed half a century ago. In this
section we review its kinematic aspects (the ones fixed by symmetries).® Our goal is to
provide an updated and easy to use practical summary of the basic ingredients.

2.1 States

We work in Lorentzian metric with the mostly plus signature
N = {—+++} (2.1)

The unitary irreducible representations of the restricted Poincaré group were classified
by Wigner.” Here we will work with a particular unitary representation which is positive
energy time-like. The basis for such a representation is formed by the states

e, 950, A7) (2.2)

where the 3-momentum 7 € R3 and the helicity A = —¢, —¢ + 1,...,+£. The other labels
are fixed within the irreducible representation and serve to specify a given state. The label
¢ > 0 is a continuous real parameter related to the energy p° > 0 as

& = —pupt = (") - (F)* (2.3)

It is defined as the eigenvalue of the first Casimir of the Poincaré group ¢ = —P?, where
P* are the generators of translations. Instead of ¢ one can equivalently label the basis
of states (2.2) using the energy p’. We will often use both labels throughout the text
interchangeably. The spin label £ = 0, %, 1,... is a non-negative integer or half integer
related to the eigenvalue of the second Casimir of the Poincaré group W2 = 42 4(¢ + 1),
where W* is the Pauli-Lubanski pseudovector.® The helicity label X is the projection of
the spin vector along p. Finally the label v stands for any other additional (discrete or
continuous) labels which might be required to fully specify the state. We will see one
particular case of their importance in section 2.1.2.

We will often need to use spherical coordinates in which case the three momentum is
parametrized as

p= (psinfcos¢, psinfsing, pcosh), p=lp], 0<¢p<2m, 0<60<m. (2.4)
The helicity basis states (2.2) with non-zero three momentum p are defined as follows

e, D34, Ny y) = e 0T3O s oK |0 (4, X ), (2.5)

SFor other sources covering this topic see for example [19].
"For a textbook discussion see for example [19, 20].
8In our convention W, = €,,0 MY? P?, where M"* are the generators of the Lorentz group.



where J, and K, with a = 1,2,3 are the generators of spatial rotations and boosts
respectively. The rapidity parameter 7 is related to the energy and momentum of the states as

0
coshn = p—, sinhn = P (2.6)
c c

Lastly the helicity A in the zero three momentum state |c, 0: 4, \; ) is a projection of the
spin £ onto the z axis. In other words these states are eigenstates of the J3 generators.
Given a generic 3d rotation characterized by the three Euler angles («, 3,7) (where o and
~ parametrize rotations around the z-axis and  parametrizes rotations around the y-axis)
we have the following transformation property

R(a, B,7)e, 05, \;v) = Z O (@, 8,7)]c,0:4,X;7), R(@) = e e 27007 (2.7)

The object @)(2\ is known as the large Wigner D matrix and reads as
D@, B,7) = e N A (). (2.8)
Here the object dl ,))\ is the small Wigner d matrix, its explicit expression reads®”
a(8) = \/(e F = AL+ M) = X)!

cos</3/2>>23H VT (—sin(B/2) Y M
XZ TN A=) LN )]

(2.9)

In case both helicities A and ) are equal to zero, the small Wigner d matrix reduces to
the usual Legendre polynomial

d\(8) = Pu(cos ). (2.10)

The Wigner D matrices satisfy orthogonality. They also obey various useful relations, see
for example appendix A.2 in [16].

Consider now a generic Poincaré transformation which consists of a translation fixed by
four Lie parameters a* and the Lorentz transformation A, fixed by six Lie parameters py,,|.
It transforms the 4-momentum p* into p’* = A¥,p". Under the Poincaré transformation

(a, p) the states (2.2) transform according to
(a p)‘C pag )\va> _e’Lap X Z ,\/)\ ﬁ7’7)’caﬁ/;£7)‘l;7>7 (211)
)\l
where the three Wigner angles («, /3,7) can be expressed in terms of the six Lie parameters
Pluv]- We provide an example of a Wigner angles computation in appendix A.4. For the
special case of pure 3d rotations, the Wigner D matrix reduces to a phase and therefore the
helicity of the state remains unchanged'®

R(@)|e, B £, A ) = e 8@ e 5\ ), (2.12)

where the phase £ has a complicated dependence on its arguments.

“Note that Mathematica implements the small Wigner d matrices (2.9) with indices A and X\’ flipped. In
other words d(;))\(ﬁ) is generated by the command WignerD[{¢, A\, \'}, B].

"Notice that this is compatible with (2.7) because the limit 9 — 0 of |c,P: 4, A;7) is only equal to
e, 0; 4, X ~) if p'is parallel to the z-axis.



Particles. So far we discussed states and their properties in a generic Poincaré invariant
quantum theory. The related notion of particle does not exist in every QFT. The simplest
context where particles are well defined is in free QFTs. A free theory is described by a
set of one particle states (describing freely propagating particles with a given mass and
spin). Taking tensor products of these states we form a complete basis of states spanning
the Hilbert space of the theory. In interacting QFTs, particles can still be defined in the
asymptotic far past and future if interactions decay sufficiently fast with distance. This
is the case for theories with a mass gap and massless theories with soft interactions like
Goldstone bosons or photons (in the absence of charged particles in the asymptotic states).
In this paper, we will only consider those theories where particles do exist. Then, one can
define two types of asymptotic states: the in states (far past) and the out states (far future).
Both the in states and the out states span the full Hilbert space of the theory. A natural
basis of in/out states is given by the tensor product of one particle in/out states.

2.1.1 One particle states (1PS)

One particle states (1PS) are special cases of (2.2) where ¢ takes only discrete values
corresponding to the masses of stable particles in the theory. For this reason, we will set
¢ = m from now on. If global symmetries are present, the label v describes the charge or
more generically the representation under the global symmetry group. For simplicity, in
this section we ignore global symmetries, thus the 1PS will not carry any extra labels ~.
We introduce a shorthand notation for one particle states

k) = |m, P34, A). (2.13)

For indicating spin we use the label j instead of £ here to ease the visual distinction between
the 1PS and generic irreps. We normalize 1PS as follows

ool .

(m/, 05 4", Nm, 5 4, A) = (2m)? 2p° 6% (57 — ) S0 x
/
K

= (
=5(K — k), (2.14)

where in accordance with (2.3) the energy of the states is

P = \/m?2 + p2. (2.15)

In the second line of (2.14) we have introduced the shorthand notation d(k’ — k) for the set
of Kronecker and Dirac delta functions. The transformation rule for a one particle state
under a Poincare transformation remains the same as in (2.11).

The case of massless particles should be treated separately since ¢ # 0 in (2.2). Skipping
details, the following statement holds: massless particles can be described by the states (2.13)
with m = 0 and the range of helicities restricted to only two values A = —j and A\ = +j.

Finally we state the transformation properties of 1PS under parity and time-reversal.
For further details see appendix B. One has

Plm, p: 4, A) = n(—1)7"* exp(2ip\) |m, — 5 j, —A), (2.16)
TIm, B 4, A) = e(—1)* exp(—2igA)|m, —p j, A), (2.17)



where ¢ is the spherical angle defined in (2.4), see also (2.27), n and € are pure phases.
Their values are yet other quantities characterizing the state. Let us briefly discuss the
phase 7 called intrinsic parity. One can argue as in section 3.3 of [19], that one can always
define P in such a way that P? = +1 or P2 = —1. As a result one has

n==+1 or n=d=i. (2.18)

The imaginary values of intrinsic parities are only possible for fermions, however no such
fermions have been discovered so far in the nature.

2.1.2 Two particle states (2PS)
We define the two particle states (2PS) by taking the ordered tensor product of two 1PS

|k1, K2) = |ma, Prs j1, M) @ [ma, Pa; ja, Az). (2.19)
The normalization of the 2PS defined above follows from that of the 1PS:
</€1, /€2|f£3, R4> = (5(&1 — Hg)é(ﬁz — E4). (2.20)

Two particle states do not form an irreducible representation of the restricted Poincaré
group. However, they can be decomposed into a direct sum of states (2.2) transforming in
irreducible representations. This is done by injecting the completeness relation into 2PS

d*p - o
|1, o) = / 20 0(°)0(—p*) DD e, 6, X 7) (e, 5 4, A ], k), (2.21)
Y LA

where we normalize the states (2.2) as follows!!

(50, Ny e, 5, N y) = (2m) 8 (0" — p™) Sg Oxix Gy (2.22)

where p* = (p°, p) is the 4-momentum and the symbolic expression .., will be properly
specified when the additional labels v and 4 are defined. We use the normalization (2.22) for
all irreducible Poincaré representations, with the exception of 1PS which are the only states
where the label ¢ takes particular discrete values. Looking at the right-hand side of (2.21),
we see that the Clebsch-Gordon coefficients of this decomposition (due to translation
invariance) obey

(e, 750, Xyl R, k2) o (2m) 46 (p* — pif — pb). (2.23)

This delta function completely removes the integration over p in (2.21). The label v is the
multiplicity label. In the case of 2PS decomposition the multiplicity label v consists of only
discrete parameters'? and reads as

v = (m1, ji, A1; m2, j2, A2). (2.24)

" The Kronecker deltas follow from the fact that the states here are simultaneous eigenstates of the two
Casimirs (A.34) and the helicity operator (A.54).

12This is no longer the case for the decompositions of three or more particle states. In these cases the
multiplicity label v would also contain continuous parameters associated with the relative momenta of the
component particles.



Thus the label v keeps track of which particles and what helicities were used to make the
two particle state. In what follows we will almost always drop the explicit mass and spin
labels in order to simplify the formulas. However, when dealing with particles of different
masses and spins, the mass and spin labels are important. Finally we choose to normalize
the states appearing in (2.21) according to (2.22) with

6’7"7 = 5m’1m15m2m25J1j15j§jz X 5)\/1)\15)\/2)\2. (2.25)
COM two particle states. We can always use Lorentz invariance to go to the frame
where the total momentum of the two particles is 0. This frame is called the centre of mass
(COM) frame. Therefore, we do not need to know the most general decomposition (2.21),
and instead it is enough to focus on the special case of 2PS in the center of mass (COM)

frame, namely the states (2.19) obeying the constraint p; = —ps. We give a special label to
such two particles states

[(P, 0, 0); A1, A2) = [ma, +D5 j1, M) @ [ma, =P j2, A2), (2.26)
where the three-momenta have the following spherical coordinates!?
+ﬁ: (pa 07 ¢)7 _ﬁ:(pa 71—_07 7T+¢)7 0 e [077T]7 (ZSE [0727‘-] (227)

The states (2.26) are normalized according to (2.20). By performing a change of variables
we can rewrite the normalization in terms of spherical coordinates as

167 /5 6(0)5(6)

pp’  sind

Oy Omtyma 07171 0742 X Oxx,Ongny,  (2-28)

((p,6,9): A1, 2| (P, 0,0); X, Ag) = (27)6%(0) x

where s = (p{ + pJ)? is the square of the COM energy. In appendix A.2.4, we compute the
Clebsch-Gordon coefficients (2.23) for the COM states (2.26). Here we present only the
result which reads as

(6, 6): A1, A2) ZCe G220 g (9)]e, 054, X7), (2.29)

where we have

A2 = A — Ao, c:\/gz\/m%+p2+\/m§+p2, (2.30)

3Notice that given the vector +j in spherical coordinates, the vector opposite to it is defined as
—p=(p,7m—0, 7+ ¢) for ¢ € [0,7] and —p'= (p, 7 — 0, —7 + ¢) for ¢ € (m, 27]. In other words in order
to describe the vector —p in spherical coordinates one needs two different descriptions, one for ¢ € [0, 7]
and one for ¢ € (m, 27]. We do not indicate it in the main text, since all the consequent formulas remain
uniform in the whole range ¢ € [0, 27]. The reason for that is the choice of the helicity basis (2.5) and the
fact that R(¢, 0, —@) is 27 periodic, see footnote 42. Notice also that there is a special case when 6§ = 7. For
this particular point, we choose the spherical angles of the first state to be +5 = (p, 6 = 7, ¢ = 7), whereas
the spherical angles of the second state are —p'= (p, 6 =0, ¢ = 0).



with the multiplicity labels 7 given in (2.24) and dg\?uw) given by (2.9). Using the
orthogonality of the small Wigner d matrix and the exponential function, we can invert
equation (2.29) as follows
2 T
0] = g [, 0 [ dsinge PN 0)](p.0.0): 000, (231)
The coefficient Cy is completely fixed by the consistency requirement that the left-hand side
of (2.29) satisfies the normalization condition (2.20) and the state in the right-hand side

of (2.29) satisfies the normalization condition (2.22). For non-identical particles it reads as

Cy(p)? = 4w (20 + 1) x 153. (2.32)

Identical particles. The discussion presented above should be slightly modified when
the two particle state is composed of identical particles. In the latter case it must satisfy

k1, Kadia = (—1)% k2, K1)id- (2.33)

We have added the subscript ¢d to explicitly indicate that the state describes a system of
two identical particles. In order to incorporate (2.33), we have (instead of simply taking an
ordered product) to take either symmetrized (in case of bosons) or anti-symmetrized (in
case of fermions) tensor product. Such a state will thus have the following form

1 oo oo ; oo oo
|k1,K2)id = 7 (|m,p1;J,)\1>®\m,p2;]7)\2>+(—1)2]|m7p2;37)\2>®|m>P1;J,)\1>) C(2.34)
The normalization of the state (2.34) follows from (2.14)
id(fﬂ, HQ’K/37 I<u’4>id = 5(%1 — /433)5(,‘12 - 54) + (—1)2j(5(/<61 - I<L4)5(I<&2 - /<L3). (235)

As before we need to define the identical 2PS in the center of momentum. Adapting (2.26)
to the case of identical particles we get

|(p’ 97 ¢)7 >\17 )‘2>id =

1 L. S i o .
7 (I 454, M) @ [m, 5 i A2) + (—1)% [m, 5 j, A2) @ m, 5 5 Ad) ) - (2.36)
The normalization of the identical COM states (2.36) is fixed by (2.35). It is still given
by (2.22) but with

1

5’y“y = 5 (5)\1)\/1(5)\2)\/2 + (—1)€+)\17)\2(5)\1X2(5)\2)\/1) . (237)
We would now like to decompose the identical two particle state (2.36) into irreducible
representations
_ 1 ABESY
€0, X M1, Ag)ia = 5 (yc,o,z, A AL A) + (—1)EMR2e 0,0, ) AQ,A1>) . (2.38)

The decomposition of identical 2PS is obtained straightforwardly by applying (2.29) to
both terms in the right-hand side of (2.36) which leads to
(0, 0); My Aadia = V23" Colp)ef®1 20940 (0)1c, 04, X At Ao, (2.39)
LA
where the coefficient Cy is given by (2.32). For the detailed derivation of these equations
see appendix C.



2.2 S-matrix elements

Given a generic state in the reference frame at t = 0, an observer in another reference
frame in the far past ({ = —o0) or far future (t = +o00) will see the same state as a
(linear combination of) tensor product of one particle states which we refer to as in or out
asymptotic states respectively. Asymptotic states have a complicated time evolution. One
can however establish a formal one to one map between these states and those of some free
theory (which evolve trivially with time) by means of a pair of unitary operators Q_ and
called the Mgller operators. See section 2.1 in [12] for a recent discussion. In their notation

|/€>in = Q—|/€>free7 |/€>out = Q+”€>free- (240)

Let us now discuss inner products between asymptotic states. Since the Mgller operators
are unitary, the inner products of only in states or only out states are fixed by the
normalization conditions (2.22) and (2.14). This means that the only non-trivial matrix
elements must include both in and out states.

Four-particle amplitudes. We start with the most important object for our work
out (K3, Ka|K1, K2)in = free (K3, Ka|S|K1, K2) free, (2.41)
where the scattering operator S is defined via (2.40) as
s=0la . (2.42)
Mgller operators are isometric'* which implies the unitarity of the scattering operator'®
STS = 1. (2.43)
Poincaré invariance implies that!'®
Ula,p) SU (a, p) = S, (2.44)

where U represents a generic Poincaré transformation in the Hilbert space. Finally it is
convenient to split the scattering operator into the trivial part (identity operator) and the

interacting part as

S =1+iT. (2.45)

If T = 0 we simply recover the free theory. The matrix element (2.41) describes scattering
of two particles. Factoring out the overall delta function due to translation invariance we
can define the two to two scattering amplitude as

A A
(2m) 0™ (ph 4-ply —ph —ply) x S12-34%; \g (P1:P2,D3,P1) = free (3, K| S|K1, K2) free.  (2.46)

14Recall that an isometric operator O on a Hilbert space preserves distances. This implies that OTO = 1,
however the operator need not be surjective and OO' #£ 1 generically. A surjective isometric operator
is unitary.

'5This is a non-trivial statement, see [21] for details.

63ee the discussion around (2.11).
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Equivalently we define the interacting part of the two to two scattering amplitude

As A
(2m) 16 (p} +ply —ph —ply) Ti2-534%; \a (P1,D2,D3,P1) = free (3, ka|T'| K1, K2) free-  (2.47)

Since the (interacting) scattering amplitude is defined via the one particle states, all the
4-momenta are on-shell

p; = —mj. (2.48)

We study these amplitudes and their properties in depth in section 2.3. We sometimes drop
the subscript 12 — 34 when it is clear from the context which scattering process we describe.
However, it is necessary to keep this subscript when relating amplitudes describing different
processes. Using (2.45) we can relate the scattering amplitude (2.46) with its interacting
part (2.47) as

A3,A4 —
S12-34; \s (P1: P2, D3, P1) =

frcc<’€37 ’i4|ﬁl’ /i2>frcc
(2m)46@ (i + phy — vy — v

. Az A
) + iT12-343 %, (P1, P2, D3, Pa), (2.49)

where the first term [. . .] is a schematic expression which can be evaluated straightforwardly.'”
This piece is not a function but a distribution. Due to the relation (2.49), in practice we
will never need to discuss the full amplitude S and instead we will only need the interacting
T amplitude.

Partial amplitudes. The second matrix element we need is between the in and out
states in the irreducible representation

out (¢, B N5 e, Dl A V) in = ree (s B30, N5 |S e, Bi by A ) free- (2.50)

Again factoring out the overall delta function due to translational invariance we can define
the partial amplitude with a definite spin £ as

(27)46(4) (p“ - plu)dﬂ’é)\)\’ X Sfi (C) = free<c,a ﬁ/; gla /\/; 7/’5’07@ ea A; 7>free- (251)
Equivalently we can define the interacting part of the partial amplitude as

(2m) 6 W (P — p™) S0 San X Tzll(c) = tree (¢, 03 0, N5 [T |¢, D5 £, A3 ) free- (2.52)

"For example in the COM frame defined in (2.57) using the normalization condition in spherical
coordinates (2.28) it is straightforward to write

57711 m3 57712 my 5]'1]'3 5]'2]'4 X 5A1 A3 5>\2 Ag-

free<"i37’€4|’f17"§2>free _ 87T\/§ « 6(9)(5(@5)
@m)* oWy +py —p5 —pi) ], VPP sinf

Similarly in case of identical particles with mass m and spin j using (C.6) we have

free (K3, Ka|K1, K2) free _ 32712 \/s " 5(0)6(o)
(2m)* @ (py +ph —p5 —p5) | o Vs—4m2 sin

2 0(m—0)0(d+m)

sin(m—0)

5>\1)\35%2A4+(_1) 5%1A45>\2>\3> .
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We prove that the left-hand side of (2.51) and (2.52) must contain dgrdyy factor in
appendix D.1. In a generic situation due to (2.22) the two partial amplitudes are simply
related as

SeY (€) = by + 1T (c). (2.53)

In practice we will only need to consider partial amplitudes where the irreps come from the
decomposition of COM two particle states (2.29). In that case the additional labels « are
multiplicities given by (2.24). The Kronecker delta for distinct particles is given by (2.25)
and for identical particles by (2.37). We examine partial amplitudes and their properties in
detail in section 2.5. In addition, we also derive the relation between partial and scattering
amplitudes.

2.3 Scattering amplitudes and crossing

In this section we carefully study various aspects of the scattering amplitudes (2.46) and
its interacting part (2.47).

We start with the transformation property under the Poincaré group. It directly follows
from the transformation property of each state given by (2.11). In the most generic case it
reads as

N L N N ) AL
TR (p1p2, s, 1) = 2 T30 (@0 TP, (@) 350 (@) 2y (@) TR (9, s 5 P,
N
(2.54)

where &J; = (ay, Bi,7vi) are the Wigner angles for each one particle state defining the
(interacting) scattering amplitude.

Let us now introduce the Mandelstam variables which are invariant quantities under
Lorentz transformations

4
s=—(p14+p2)? t=—(p1—p3): u=—(pr—p1)? s+t+u= me (2.55)
i=1
Using these variables one can split the scattering amplitude (2.47) into parts invariant
under Lorentz transformation and parts transforming non-trivially,

. (21+1)...(2ja+1) s
T30 (P1,p2, p3, pa) = > Tr(s,t,u) x Try3y; (p1, 2, p3, pa). (2.56)
I=1

We refer to the quantities T7(s, ¢, u) as the scalar components of the scattering amplitudes
and T are called tensor structures. The latter ensures the correct transformation property
of the amplitude as dictated by (2.54). We abuse notation and call both the full amplitude
and its scalar components by the same symbol T'. It should be clear which is which by the
presence of indices and arguments. We construct tensor structures explicitly for a particular

example in section 3.4.1. For a general approach see appendix H.
Instead of defining tensor structures and scalar components of the amplitude as in (2.56)
one can evaluate the full amplitude in a particular frame. The standard choice for this
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frame is the center of mass (COM) defined as

p(iom = (Eh 07 07 +p>7

pcom = (F 70707_p )
iom ( ’ /o ) / (2‘57)
P = (E3,+p'sinb,0,+p’ cosb),
pP™ = (B4, —p'sin 6,0, —p’ cos ).

Here the angle 6 € [0,7]. All the parameters in (2.57) can be expressed in terms of the
Mandelstam variables. In the simplest case where all four particles have the same mass m

we have
NG , S ) 2Vtu t—u
Ei:?’ pP=D = Z—m2, Sln9: m, COSGZ m (258)

Instead of using (s,t,u) variables to characterize the scattering process one can also use
(s,0) by using the relations
s — 4m? s — 4m?
2 2
From these expressions it is clear that the physical range of the Mandelstam variables is

t= (1 —cosf), u= (1 + cosb). (2.59)

s>4m?  tec[4m? —s5,0], wuc [4m® —s, 0] (2.60)

For the definition of the center of mass frame for the most generic case see appendix D.3.
Using the COM frame we can define the scalar components of the interacting scattering
amplitude in either of the two equivalent ways'®

A3,A4 _ mA3,A4/, com ,com ,com ,b_com
T)\LAQ(Satau):T)\l,)\Q(pl ;07 P8 P,

A3,A4 45(4) / (2.61)
T)\l,’,\2 (37 t, u) X (27T) o (0) = free<(p ) 97 0)7 A37 )\4‘T’(pa 07 O)a >\17 )\2>freev

As in (2.56) we abuse notation and call the full (interacting) amplitude in a generic frame
and its particular form in the COM frame by the same symbol. The difference should
always be clear from the arguments. Given the interacting scattering amplitude in the
COM frame one can unambiguously obtain the interacting scattering amplitude in a generic
frame by using (2.54). As an example, let us apply a rotation by an angle ¢ around the z
axis to (2.61). One gets the following relation

RN TR (5,1, ) ¢ (2) 6 1(0) =
free<(p/v 07 Cb), )‘37 )\4|T| (p7 O’ 0)7 )‘17 )\2>free (262)

This result will be useful when we compute the partial wave decomposition of the scattering
amplitude in section 2.5.

We note that the scalar components of the scattering amplitude defined in (2.56) and
the COM frame amplitude defined in (2.61) are simply related by a linear transformation
which depends only on s, ¢ and u variables. This relation can be found by evaluating (2.56)
in the center of mass frame and comparing with (2.61). We will see an explicit example of
this in section 3.4.1.

8Tn order to see the equivalence of two definitions simply compare (2.47) evaluated in the COM frame (2.57)
with (2.26).
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Parity and time-reversal. Let us now discuss additional constraints which appear if
the system is parity or time-reversal invariant. In terms of the S operator (and hence also
the T operator), the following must hold

PSPl =S, TST' =5 (2.63)
At the level of COM amplitudes these translate into the following conditions

Az, A4 _ ko j1+j2+g3+3 A+Aa+Az+A —A3,—A4
Trasaa)?\: (5, u) = o (— 1 2RI (MRt gy =0 h (s 4 ),

A3, A A1—A2—A3+A AL
T12H34>\?7)\;1(S,t, u) = E>(1(€§€364(—1) 1 2= A3t 4T34*)12>\;’>\i(87t7u). (265)
We derive them in appendix B.

Crossing. Our goal now is to formulate crossing equations. The case of particles with
generic spin was first addressed in [22]. It was further discussed in [16, 23, 24]. For a recent
discussion see also [25]. All the results presented below are carefully derived in appendix E.
Consider the scattering process of four particles. We denote it schematically by

12 — 34. (2.66)

FEach particle is characterized by its mass, spin, helicity and 3-momentum, for instance

1 = (mu1,j1,A1;p1). There exist five other related process
42 — 31, 32 — 14,

- - (2.67)
13 — 24, 14 — 32.

together with 34 — 12. Here if particle i has a charge (or more generally transforms in
some representation of a global group) then particle i has the opposite charge (transforms
in the conjugate representation). In other words i is the antiparticle of particle i. The
scattering process (2.66) is described by the following interacting part of the amplitude

Az,
Tio-534 3%, (P1, P2, D3, Pa), (2.68)

whereas the scattering processes in (2.67) are described by

A3\ AL, A
Tio—31 X, ap (P4, P2, D3, 1), T39-,14 X5 2, (P35 P2, D1, Pa), (2.69)

A2,Aq A3,A2
T13-534 %y %g (P1, D3, P2, Pa), Tya33 Nox; (P1, Pa; D3, D2).-

Here all 4-momenta have positive energies p{ > 0 and are on-shell (2.48).

Under the assumption that the amplitudes in (2.68) and (2.69) can be analytically
continued in p; and defined in some common domain of p; values, one can write a set of
crossing equations

A3 FAs-A
Ti2-5343 3, (P1, P2, 3, Pa) = €14Tgo 57 57 1\, (—P4, P2, 3, —P1), (2.70)

Az, —A2,+A
1—‘12—>34)\i’7)\;l (p17p2>p37p4) = 623T13_>§4+)\it)\§ (pla —Ds3, _p2ap4)7 (271)
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which are referred to as the s — t crossing equations and

Az, —A1,+A
1—‘12~>34)\i)\;l (p17p2>p37p4) = 613T32~>i4—)\;,+)\;l(_p37]927 _plap4)7 (272)

A3, A A3, —A
T12—>34/\?:)\3 (p17p27p37p4> = 624T121_)3§i)\?7_)\i (p17 —DP4,DP3, _p2)7 (273)

which are referred to as the s — u crossing equations. Here €14, €23, €13 and €34 are some
phases which can be fixed in principle using the LSZ procedure. Finally the amplitude for
the process 34 — 12 can be related to that of the 12 — 34 process by using (2.72) and (2.73)
one after the other. There are two distinct ways for the analytic continuation of amplitudes
discussed in section E.1. In writing (2.70)—(2.73) we have made a particular choice, more
precisely the one given by (E.11).

Let us now focus on the 23- and 24-crossing equations given by (2.71) and (2.73)
respectively and evaluate them in the standard COM (2.57). We can then use the definition
of the center of mass amplitude (2.61) in the left-hand side of (2.71) and (2.73) but not in
the right-hand side. The right-hand side is not in the center of mass frame of particles 13
and 14 respectively. In order to bring them to this frame we need to perform a Lorentz
transformation. The 23-crossing equation then reads

A3,A4 / TS Y
Tro534 3" \8(5,t,u) = €hg D e TAY)
PV
1

X dg\]’ll/il (al)dg\]/;))\2 (a2)dg\]§))\3 (ag)dE\TL (044)T13_>Q4

PV

Xp)\g (t,s,u), (2.74)

where the angles o; in the equal mass case are given by

st
Vs(s — 4m2)\/t(t — 4m?)’
2m /stu
Vs(s — 4m2)\/t(t — 4m?)’

For the most general case see (E.77) and (E.78). Similarly the 24-crossing reads

4+ Ccosa] = —COSQo = —COS Qg = +CoSay = +

(2.75)
+sino; = —sinag = +sinag = —sinay = —

Az,A it (N L\
Tia—s3a 3y (85 u) = €hy Zel (N[ +X3)
Y
] j i ] 2\ 7Al
xdgﬁalil(ﬁl)df\];)é (52)(1&3;;3 (53)df\24))\4(54)T1;1_>3§ Vi ts),  (276)
where the angles §; in the equal mass case are given by

s(s — 4m?2)\/u(u — 4m?2)’
Ny R
Vs(s — 4m?)\/u(u — 4m?)’

For the most general case see (E.92) and (E.93). Notice that small Wigner d-matrices are

4+cosffy = —cos By = +cosf3 = —cosfy =+

+sinf) = —sinfBy = —sin B3 = +sin 5y = +

47 periodic. As a result the angles «; and ; are not completely fixed by the equations (2.75)
and (2.77) since sines and cosines are 27 periodic. Different choices of o; and f; in the
crossing equations satisfying (2.75) and (2.77) lead to different additional phases which we
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combine with €23 and €s4 introduced in (2.71) and (2.73) and denote by €54 and €b,. For
each scattering process these phases can be computed at the leading order in perturbation
theory and since the phases are purely kinematic in nature, the result can then be used non-
perturbatively. We also notice that the form of crossing equations in a general frame, (2.71)
and (2.73), depends on the choice of the analytic continuation, however both analytic
continuations lead to the same expressions in the center of mass frame (2.74) and (2.76).

It is interesting to consider the case when all four particles are massless. Assuming the
physical domain (2.60) of the Mandelstam variables for the process 12 — 34 in the limit
m — 0 the expressions (2.75) and (2.77) lead to

ar=m, a=0, a3=0, aq4=m, (2.78)
pr=m, P2=0, Bz=m, psa=0. (2.79)

Using the following properties of the small Wigner d-matrices
a9l (0) =4 A9 () = (=1)7 6 2.80
)\Q\( ) A )\’)\(ﬂ-) ( ) A=A ( : )

we get the following crossing equations

A3, PYTEDY

T12—>34 Ai,\; (57 2 u) = 6/2/3T13—>§4 —f)\i_i,_)é (t7 S, u): (281)
A3, A3, AA

Thia34 3\, (8,1, u) = €54 11132 —Aii)\i (u,t,5), (2.82)

where €, and €}, are some new phases.

Neutral identical particles. In some practical applications one is required to study
scattering processes of identical neutral particles with mass m and spin j. We discuss this
case in great detail in appendix C. Here we state only the most important results.

We define the scattering amplitude of identical neutral particles in a generic and in the
center of mass frames as

A3 A _
T30, (P1,p2, p3, pa) X (2m)* 0@ (0 + ph — Py — Ph) = id free (K3, Ka| T |1, Ka)id frees

A3,Ad 45(4) / (2.83)
T)\L’)\Q (87 t7 'U,) X (271-) 5 (0) =id free<(p ) 07 0)7 )\37 )\4‘T|(p7 07 0)7 Al? )\2>id free-

In comparison with (2.46) we drop the subscript 12 — 34 since it does not carry any useful
information anymore. The two particle states formed from identical particles were defined
in (2.34). According to (2.33) they are (anti)symmetric under the exchange of particles 12
and 34. Due to this condition the following equations hold

T3 (s, t,u) = (—1)“MFhe st gy ), (2.84)
T3 (s, b u) = (—1)Ph e datdapdads gy ), (2.85)
See appendix C.3 for details. Since the variables ¢ and w are flipped in the left- and

right-hand side we refer to them as the t-u crossing equations. Applying them twice we get
the following kinematic constraint

A3, A +Aq,+A
T35, (situ) =TI (s, u). (2.86)
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In the case of distinct particles the crossing equations (2.74) and (2.76) establish
relations between different amplitudes. When particles are identical there is only a single
amplitude (2.83) and the crossing equations become constraints on this single amplitude.

One can also combine together (2.72), (2.73) and (2.70), (2.71) to obtain

A3, A —A1,—A

T)\i,\; (pl)p27p3ap4) = T,)\;,)\j(_pS, —P4, —P1, _p2)7 (287)
A3, A —A2,— A

T30, (1, p2, p3,pa) = T30 (—pa, —p3, —p2, —D1)- (2.88)

Using the techniques of appendix E.4 one can bring both sides of these two equations to
the center of mass frame and show that

Tj‘f’i‘; (s,t,u) = T::‘;’v:;‘f(s, t,u), (2.89)
Az, A —X2,—\
T)\137>\24 (S’ 2 u) = T—)\f,—kgl (87 t, u) (290)

We refer to the conditions (2.86), (2.89) and (2.90) as the kinematic constraints associated
to the simultaneous permutation of particles (12)(34), (13)(24) and (14)(23) respectively.

As presented, the transition from (2.87), (2.88) to (2.89), (2.90) is very difficult. Strictly
speaking the equations (2.89) and (2.90) might have some overall helicity independent
phase which we have little control over. There is a much simpler way of deriving (2.89)
however. As discussed in appendix B.3 one can use the CPT theorem to obtain (2.89). The
constraint (2.90) follows from combining (2.89) with (2.86). This discussion indicates (but
not proves) that CPT transformation is equivalent to using crossing twice.

2.4 Counting scattering amplitudes

It is useful to count kinematically independent amplitudes in various cases. Looking at
the definition of the center of mass amplitude (2.61) it is obvious that the number of all
possible amplitudes N, for four different massive particles is

Ny = (241 +1)(2j2 + 1)(243 + 1)(244 + 1), (2.91)

since there are no restrictions on the helicity values. Using (2.64) we can further split the
amplitudes into parity even and parity odd ones. This is done by taking appropriate linear
combinations of

Tijﬁ; and T:if::;\‘;. (2.92)

Since the scattering amplitude must always contain an even number of fermions and due
to (2.18) and the comment below, the product of intrinsic parities

NN21374 (2.93)

entering (2.64) is either +1 or —1.19 Let us assume for concreteness that the product
in (2.93) is +1. (In the other case when (2.93) is —1 the role of parity even and odd
amplitudes constructed from (2.92) simply flips.) Having constructed the appropriate linear
combination from (2.92) the counting follows straightforwardly. In the case when there are

19Parity invariance implies that m1m2 = £n3na.
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two or four fermions we have the same number of parity even N, j and parity odd amplitudes
N, which read

1, . . .
N = 521+ 1)(2J2 + 1)(2J5 + 1) (22 + 1). (2.94)
In case all particles are bosons we get
1 . . . .
N = 5 (271 + 1)(272 + 1)(2fs + D(2ja + 1) £1). (2.95)

The difference between (2.94) and (2.94) arises due to the fact that when all particles are
bosons there is always a parity even amplitude with all the zero helicities T39. The latter is
no longer true in the presence of fermions. Clearly, the following is obeyed

Ny= NS +N;. (2.96)

If we impose parity as symmetry of our system only parity even amplitudes will survive.

It is more difficult to perform general counting when particles are identical since we need
to take into account the relations (2.86)-(2.90). However it easy to do for any particular case
of interest by forming a linear system of all the constraints (due presence of parity, identical
and massless particles), solving it and counting the number of independent amplitudes. For
example in the case of identical massive Majorana particles and identical massive spin one
particles we have

identical Majorana fermions: N; =5, Ny =2, (2.97)
identical spin one bosons: N, =17, N, = 10. (2.98)

Time-reversal does not further reduce these numbers. This can be intuitively understood
by noticing that P implies T invariance for neutral particles due to the CPT symmetry.

In case a particle with spin j is massless its helicity can only take two values +j and —j.
As a result if all four particles in the scattering process are massless and carry a non-zero
spin we always have, independently of the precise values of spin,

four different massless particles: Ny = 2% = 16. (2.99)
In the case when all particles are identical, massless and carry a non-zero spin we have
identical massless particles: N =5, N; =2. (2.100)

It was proposed in section 6 of [26] that the number of scattering amplitudes in d
dimensions should be equal to the number of tensor structures of four-point functions in
d — 1 conformal field theories, where massless particles correspond to conserved operators.
This correspondence got an explanation in [27] where it was noted that the conformal frame
analysis of four point function is equivalent group theoretically to the center of mass analysis
of scattering amplitudes. When parity is involved or particles are identical or massless the
matching of CFT and amplitude counting is more difficult to confirm. Here we explicitly
verify this correspondence on some particular examples. For instance (2.94) and (2.95) are
in a perfect agreement with the formulas (4.47) and (4.49) in [27], results (2.97) and (2.98)
match (2.40) and (4.58) in [27], finally the very special case (2.100) matches (3.24) in [27].2°

20The number of parity even conserved tensor structures in conformal field theories was first computed
in [28], see table 1. In d = 3 it is 5 as expected.
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2.5 Partial amplitudes

As we explained in section 2.1.2, the two particle states are in a reducible representation
of the Poincaré group and can be expressed as a direct sum of Poincaré irreps according
0 (2.21) or (2.29) (in the special case of COM states). This leads to a decomposition
(often referred to as the partial wave decomposition) of scattering amplitudes into partial
amplitudes.
We start from the definition of the center of mass amplitude (2.62) and decompose the
two particle states there according to (2.29). As a result we get

ei()\l_)\Q—)\g—)\zx)(ﬁTi‘i’i‘;(37t,u) x (2m)*6™(0) =
Z CE, (p/)Cg(p) e—i(A3+)\4—)\)¢dg\€/>)\34 (0) dg\e))\12 (0) <C’ 0, El? )\/, >\37 >\4|T|67 07 Ea )\a >\17 A2>7

00 AN
(2.101)
where we have defined
)\12 = )\1 — )\2, )\34 = )\3 — )\4. (2102)
The coefficient Cy(p) was computed in (2.32). Using it we can write
Co(p)Cy(p) = 4m(20+ 1) \/gl. (2.103)
pp
Due to the standard property of the small Wigner d-matrix
4 ) =4 2.104
>\>\12( ) A2 ( : )

the dependence on the azimuthal angle ¢ in (2.101) cancels out on both sides and we obtain

T/<\137’)\/\24(3,t,u) (27T 4(5(4) ZCg/ dg\/i ((9)(0,0,6/,)\/;Ag,/\4’T‘C,0,£,)\12;)\1,/\2>.
00" N

Using the definition of the partial amplitudes (2.52) the above can be written in its final form
A ,>\ ( ) A3,
TA137/\24 s, 1, u) Z Cg )\12)\34 (G)TE/\?)\; (8) <2'105)

By using orthogonality of the small Wigner d matrix the decompositions (2.105) can be
inverted and leads to

A3, 20+ 1

4 A3, A
Tg)\h)\z (3) = W / d9 sin edg\) >\34(0)T>\13)\24(S,t,u). (2106)

Note that ¢ and u are functions of s and 6. In the equal mass case one has for instance (2.59).
Analogously to (2.106) one can also write the decomposition of the full amplitude

A3\ 20+ 1  d¢ () A3\
SN = sE ) /0 / d0singdl) . (0)S2N(s,t,u).  (2.107)
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We need to introduce the integration over the azimuthal angle ¢ because the disconnected
part of the scattering amplitude depends on it, see (2.49) and footnote 17. A simple relation
between (2.106) and (2.107) partial amplitudes follows from (2.53) and (2.25). It reads?!

A3, .1 A3,
Sg)j:)\;l (s) = OmimsOmama0j1js0jaiaOni AsONons + ZTg)j:A;l (s). (2.108)

As a consistency check one can obtain this relation in a different way. One can plug (2.49)
evaluated in the COM frame together with the very first equation in the footnote 17
into (2.107). The delta functions cancel all the integrals in (2.107) and we simply arrive
at (2.108).

Identical particles. In case either the incoming particles or the outgoing particles are
identical we also have relations between the partial amplitudes due to (2.38). If the incoming
particles 1 and 2 are identical we get

SAPA(s) = (—1)M MG 3900 (s). (2.109)

2 A1

Similarly if the outgoing particles 3 and 4 are identical we get
A3\ A
Sexina(8) = (= HMAEg Oay ag (5)- (2.110)

For the case of all four particles being identical, we get /pp’ = \/s/4 — m? due to (2.58),
and thus
As Vs —4m? (27 d¢ A5\
SO () = Vg / / d0sin0dl) | (0)S}N (5,1, u), (2.111)
Nsda, Vs —4Am?
Bua(8) = 32m\/s

Notice that we have used here (2.39) which contains an additional v/2 factor compared to a

x /0 d0sin 0 | (O)T9 (s, 1, ). (2.112)

non-identical particle case. Analogously to (2.108) there is a simple relation between the S
and T partial amplitudes that follows from (2.53) and (2.37). It reads?

. 1 _ A
St (8) = 5 (Bnnadnans + (-1 030,000 ) + TR (S). (2.113)

This result can also be obtained by plugging (2.49) evaluated in the COM frame together
with the second equation in the footnote 17 into (2.111). We also notice that in the case of
identical scalar particles we recover the standard result, see for example equation (10) in [3].

Parity and time reversal. As usual parity and time reversal invariance lead to additional
constraints. The parity constraint follows directly from (B.28) and reads

A3, . A3,—A
Seneva(s) = ey (= 1)/ TG, T T (). (2.114)
Similarly the time reversal constraint follows from (B.53) and reads
A3,A * % AL,
S12-34 é)i)é (3) = 51525354534a12 fk;,,)\z (3) (2-115)

Note that we reintroduced the subscripts 12 — 34 and 34 — 12 since Time Reversal is a
relation between these two distinct processes.

2Here we have used a simple fact that 6/\i>‘k6/\j/\l6>‘ij>‘kl = 6/\11>‘k5>‘j/\l'
22Gee footnote 21.
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2.6 Unitarity

Unitarity of a quantum theory implies that the norm of any state must be non-negative,
i.e. V |[¢) one has (¢p]0) > 0. Now suppose we are given some set of N states |¢,) with
a=1,...,N. Unitarity then requires that the N x N hermitian matrix with components
(valthp) is positive semi-definite, namely ((1)4|1p)) = 0. This formulation allows us to impose
unitarity constraints on the partial amplitudes straightforwardly.

We start by considering the incoming two particles state (formed from particles 1
and 2) together with the outgoing two particle state (formed from particles 3 and 4). We
decompose each of these states into irreducible representations according to (2.21). We then
have the following N = Ny, 4+ Nyt independent states transforming in the spin ¢ irreducible
representation of the Poincaré group

|]->in = |Caﬁ€a A;jl’j2>in7 |1>Out = |Caﬁ£a A;j3)j4>0uta
’2>in = ’07]3767 A;j17j2 - 1>in7 ‘2>Out = |07ﬁ€7 A;.]-?)7].4 - 1>Out7
’Nin>in = |C,ﬁ,€,)ﬂ _jla_j2>ina ‘Nout>out = |C,ﬁ,£,)\; _j37_j4>0ut> (2116)

where the number of incoming and outgoing irreducible states is
Nin = (2j1 + 1)(242 + 1), Nouwt = (275 + 1)(244 + 1). (2.117)
Thus for each spin £ we can construct the following hermitian N x N matrix
Ad BV (d b
Ho(s) x (2m)*0* (' — p)berednr = m<a,| Jin ‘“<a,’ Jout (2.118)
out<a |b>in out<a |b>out>

where s = ¢? is the square of the COM frame total energy and the primes indicate that
the conjugated states to (2.116) have all the labels ¢, p, £ and A\ primed. In defining the
matrix Hy(s) we have also explicitly factored out the overall delta function appearing due
to translation invariance. According to the discussion above, unitarity then implies that

He(s) = 0, V¢ and s > max(m; +my, ms +my)>. (2.119)

Let us now discuss the components of the matrix (2.118). Since the Mgller operators
introduced in section 2.2 to define the incoming and outgoing states are unitary, the elements
in(a’|0)in and oyt (a’[b)out are simply fixed by the normalization condition (2.22)

in (1,0 0 N AL NS [en, B4 A A1, A2)in =(27r)45(4)(p'“—17“)5e'e5x,\5A'1A15>\;A2, (2.120)
out (€1, 730 N5 Ny, Nyl 55 6,3 Mg, Aout = (2m) 16 (9" = p) S S g ag Oy (2:121)

On the other hand, the matrix elements oyt (a’|b)in and i (a’|b)out form partial amplitudes
according to (2.51)

out (€ 730, X s Ag, Aalen, B 6, A A0, Aodin = (2m) 46 (0 —p" )3 Gan SRS (s),  (2.122)
(050 N0, Aalen, 5, 0 A3, Ad)out = (2) 263 (pF — ") S G Sé‘ii’iii(s)- (2.123)
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Plugging these to (2.118) we can schematically write the unitarity condition (2.119) as

5ab Sgab
> 0. 2.124
<S£ab dab ( )

Identical particles. In case either the incoming particles 1 and 2 or outgoing particles
3 and 4 are identical there exist relations (2.109) and (2.110) between the partial ampli-
tudes. This introduces redundancies into the condition (2.124). In order to remove these
redundancies we restrict our attention to states with A\; > Ay (in case of identical incoming
particles) and A3 > A4 (in case of identical outgoing particles).

Parity invariance. In the presence of parity invariance various partial amplitudes enter-
ing (2.124) are related according to (2.114). As a consequence the condition (2.124) again
becomes redundant. One can reformulate the condition (2.124) in an equivalent but less
redundant way by considering parity eigenstates. One then repeats the procedure above
taking into account the fact that Parity invariance forbids transitions between parity even
and parity odd states. As a result we get two separate positivity conditions for parity even
and parity odd states

H,)(s) =0, H, (s) = 0. (2.125)

We will see an explicit example of this in section 3.2.

Time reversal invariance. Time reversal invariance relates the scattering amplitudes
for the process 12 — 34 to the scattering amplitudes for the process 34 — 12. Therefore in
general time reversal does not have any implications for the matrix H, since all its elements
are scattering amplitudes for the 12 — 34. However in the special case of elastic scattering
i.e 12 — 12, time reversal invariance (2.115) implies that the sub-matrix S;; is symmetric®?

Az,A A1,
Sixing (8) = Sty () (2.126)

2.7 Kinematic non-analyticities and constraints

This section is devoted to the study of the behaviour of COM interacting scattering

amplitudes defined in (2.61) at some very particular values of the Mandelstam variables s,

t and u. For simplicity we focus on the case of identical particles with mass m and spin j.
Using (2.58) the center of mass frame (2.57) can be written in the following way

NG s

com __ V- 0 O - 2

p2 ( 2 9 Uy Uy 4 m 9
(2.127)

com __ ﬁ + m 0.+ t—u
Pa 27 Vs—4m?2 7 2vs—4Am?2)’
pcom — ﬁ _ \/ﬁ 0 t—u

4 27 Vs—4m?’ 2v's — 4m?

23Note that |z~:1€2\2 =1.



The center of mass amplitude (2.61) is strictly defined in the physical domain of the
Mandelstam variables (2.60). If one attempts however to analytically continue the COM
frame amplitudes to arbitrary complex values of s, ¢t and u, as can be already expected
from (2.127), one will encounter non-analyticities (poles and branch points) at

s=4m?, s=0, t=0, u=0. (2.128)

Some of these non-analyticities have a purely kinematic nature and have nothing to do
with the dynamics of the theory. Our goal here is to isolate them. In what follows we will
formulate the problem of kinematic non-analyticities precisely and then discuss each of the
special points (2.128) in detail. (A concrete example will be presented in section 3.1.) For
more details on the subject see chapter 7.3 in [16] and references therein.

Recall the definition of helicity states (2.5), two particle center of mass states (2.26) and
center of mass amplitudes (2.61). Using them we can write explicitly the 1PS describing
the center of mass scattering process as

|ma +]7za j’ )‘1> = 6*7577K3 |m) 65 j7 )‘1>’
|m7 _ﬁza j) )‘2> = eiiﬂ—JSeii(ﬂ—iO)‘h e+iﬂ—J367inK3 |m7 67 ju A2>7
‘ma +ﬁ€a j7 )\3> = e—iejze—ian |m7 67 j7 A3>7

Im, —Pp; j, M) = e e (O g binTs =ik G 5N,

(2.129)

where p, is the 3-momentum in the positive z-direction, py is the 3-momentum in the x-z
plane, Js is the generator of rotations around the y-axis, K3 is the boost in the z-direction.
In the center of mass frame due to (2.58) the angle 6 and the rapidity 7 defined in (2.6)
can be related to the Mandelstam variables as follows

t— 21/t — 4m?
cosf = 7u7 sinf = 7@47 sinhn = M, coshn = ﬁ (2.130)
s — 4m? s —4m? 2m

2m
The non-analyticities at s = 4m?, s = 0, t = 0 and u = 0 of these expressions enter the
center of mass amplitude (2.61) via (2.129).

The phenomena of kinematic non-analyticities is closely related to the phenomena of
kinematic constraints. When defining the COM scattering amplitudes (2.61) we have used
up all of the Lorentz symmetry to bring the scattering particles to the x-z plane. However
at the special points (2.128) we get an enhancement of symmetry. For instance at s = 4m?
the system is SO(3) symmetric, at s = 0 the system is SO(1,1) symmetric and at ¢t =0
and u = 0 the system is SO(2) symmetric. This is straightforward to see from (2.127).24
As a consequence of the enhanced symmetry the amplitudes rearrange themselves into
irreducible representations of the enhanced symmetry. Only the amplitudes transforming in
the trivial representations are allowed to be present, while the rest must vanish. The latter
requirement leads to kinematic constraints.?’

24Notice that for the physical range of Mandelstam values ¢t = O(s — 4m?) and u = O(s — 4m?) which
means that cos 6 and sin § are finite. This is not the case anymore once we promote s and ¢t to independent
complex variables during the analytic continuation process.

Z’Kinematic constraints have recently appeared in a similar context in conformal field theories when
studying four point correlation functions of local primary operators. They received a proper group theoretic
treatment in appendix A of [27] (see also appendix D of [29]).
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Special point: s = 4m?2. Inorder to isolate the singular behavior of the COM amplitudes
at s = 4m? we perform a simple rewriting of the states (2.129) as follows?®

[, 723 4, A1) = e 32 X e8| m, 0, M),
Im, —s; 4, Aa) = e—i%Jze+inJ2X+e+igJ2’m’ 0: 4, Aa), ) 151
[, 4533, Aa) = €2 X_e 152 m, 0 X, .
[, —Fgi . Aa) = €32t TRX_ T, 0, ),

where the operators X4 are defined as
X = eiingefiane$i%J2 _ e—i(K3 cos $F K, sing)n' (2.132)

In (2.132) we have used the commutation properties of the Lorentz generators (A.39).

Writing
0 —Uu 0 —t
A _ in—- =4/ ——— 2.133
€85 \/ s —4m?2’ ) \/ s — 4m?2’ ( )

we notice that the operators X are completely regular at s = 4m? since

0 V-u 9 0 vt 9
neosg =~ + O(s — 4m?), nsing = - + O(s — 4m*). (2.134)

Plugging the states (2.131) into the definition of the COM amplitudes (2.61) and using
the fact that the scattering operator is invariant under the Poincaré transformations®” (2.44)
and the transformation property (2.7) we can write
A3\ N0 (O (0N (0N 0 (9 g
TRina(s,t,u) = ;dml (—2) s, (—2> dy, (2 dyin (5 ) AN (s,tw), (2:135)
where the new scattering amplitude A is defined as

A (s, tw) = (0,21 X @ (0] XTe ™) T (X1 [0, M) @ ™2 X1 [0,00) ). (2.136)

From this explicit expression we see that at s = 4m? the amplitude A is completely regular
due to (2.134), more precisely

AN (s, tu) = O ((s — 4m?)°) . (2.137)

As a result the non-analytic behavior (2.133) at s = 4m? enters the amplitude T only
through the Wigner d-matrices in (2.135). Now in order to extract the precise behaviour
of the poles in the COM amplitude in practice we simply need to expand (2.135) around
s = 4m? to the leading order using the explicit expression of the Wigner d matrices (2.9),
taking into account (2.133) and the fact that the functions A are regular at s = 4m?.

The expression (2.135) together with (2.136) can also be used to address kinematic
constraints. Expanding (2.135) to the next to leading order one finds that some linear
combinations should vanish as O((s — 4m?)!) instead of O((s — 4m?)?) or O((s — 4m?)~1).
For simple examples as in section 3.1 such linear combinations can be found manually. For
more complicated cases one can invoke group theoretic arguments similar to ones in [27].

26The relation e~ X283 = ™3 +iXI2 j5 yged for the states 2 and 4.
2"The same property holds obviously true for the T operators because of (2.45). The invariance we use
) 9
here is e’22Te %272 = T
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Special points: ¢ = 0 and w = 0. Kinematic branch points v/ and \/u enter the center
of mass scattering amplitudes via sin # given (2.130). Their presence can be deduced by
looking at the partial wave decomposition (2.105) and noticing that the Wigner d matrix
there can be written in the form

A+ D=N|
d(f,}(e) = <cos Z) <sin Z) P\ (cos ), (2.138)

where Pf/ ) is a polynomial whose precise definition is irrelevant here but can be deduced
from (4.1.19) and (4.1.23) in [30]. The important point is that the polynomial Py,, depends
only on cosf and therefore does not have any branch points as can be seen from (2.130).
Using the above, (2.133) and (2.105) we conclude that
TN (s, ) ~ diD (0) ~ (V) () e (2.139)
The SO(2) enhancement of symmetry at t =0 (f = 0) and u =0 (0 = 7), see (2.127),
leads to kinematic constraints at these two points. This is the simplest case among all
the special points and can be easily addressed in full generality. In order to deduce the
implications of this SO(2) invariance we inject the identity in the form 1 = e="/3¢/3
to the left and to the right of the T operator in (2.61), where v is some angle. Using the
invariance of the T" operator (2.44) and the fact that the 1PS states along the z-direction
are the eigenstates of J3, we arrive at

Tii,t(& t=0) = e¢“{(z\1*A2*A3+/\4)T§1137§;1(37 t=0), (2.140)
TV (s,u = 0) = e =222 platd (g gy = (), (2.141)
These constraints should be satisfied for any value of the angle . Thus, the amplitudes

must vanish unless A\ — Ay — A3 + Ay = 0 in the first case and A\ — Ag + A3 — A4 = 0 in the
second case. This is just conservation of angular momentum along the z-axis.

Special point: s = 0. Finally let us address the most complicated s = 0 case. In the
vicinity of s = 0, the rapidity parameter 1 can be written as

%T _ M O(s%/?). (2.142)

Let us now define the new rapidity £ as

— im iy/'s 3/2
=n——=—"7-4+0 . 2.143
n- = D5 o (2.143)
By using (A.44)—(A.46) and the following property of the small Wigner d-matrix
S\ (—m) = (—1)76y (2.144)

we can rewrite the states (2.129) in the following way
) = "3 (75 m, 05 M)
|m, —pe; g, Ae) = (—1)7 P25 K <€+i§K3|m,6; Js *)\2>) ;
m, +p; j, A = e~ 0T3S (€_i€K3|m, 0; 4, /\3>),
) =

( )]+)\4 729J2 K3 <€+i£K3|m, 6,], _)\4>> .

|m7 +ﬁ27j7 )\1

(2.145)

‘ma _ﬁﬁ;jy )\4
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These can be further rewritten as?®

et 5 K1t 5 Ks il K1 ( ngQ‘mjﬁ;j)\ﬁ)’
% gK?)e_iEKl ((_1)j+>\2€+igj2‘m76;jv _)\2>> )
et O- s K (715, Ag) )

+5 K1 ,—(0+5) Ka ,—it K1 <(_1)j+>\4e+i%h|m, 0: 4, —)\4)) )

‘m7 +ﬁ27jv )\1

|m> _ﬁz;ja )\2
(2.146)

)=
)
[m, +po; 3, A3)
|m, —Pa; J, Aa) =

We use now invariance of the scattering operator under boosts and the action of rotations
on the center of mass states (2.7), which for the second and fourth particles become

(=17t 272, 0; 4, —\) = (—1)j+)\zdj/,f>\ (_g> Im, 0; 4, \')
A/

QJZdJ/ < )Im LG, XY,

(2.147)

to obtain the final expression
A ,>\ d9D (TN 49 (T 49 (T gla
I3, (s tu) = Zd)\’M ( > N <2> d>\,3/\3 (2) d>\2>\4 (2> B)\;:’)\,;‘(s,t,u), (2.148)
where the amplitude B is defined as
Byia(s,tou) = ((m, 04, Asle 57355 @ (m, 0 j, Al K073 55 ) om0
(ﬁ%fﬁe*iéfﬁ Im, 0; §, A1) ® e 3 K3 %K1 |y 5, )\2>> . (2.149)

Let us inspect the structure of this amplitude. We expand it around & = 0 or equivalently
around s = 0 according to (2.143). Schematically speaking, each term in this expansion
will contain (£K7)" with some non-negative integer n. We then notice that ({K7)" are the
only operators which change helicities of particles.?? Now, the only non-zero terms will be

Z8The steps involved here are as follows. First, we inject the identity operators I = et5 7267572 0 the
left and right of the eT**3 operator and use the following relations

7iJ2%eii§ng+iJg% _ e:l:iEKl e+iJ2%eﬂ:i§K3

—iJ2§ _ _FifK1
s 2 =€ .

(& €

Second, we use the following relations

LI Ky

etz 671‘]2%

ei%KseJriJQ% _ e+iJ2%ei%K1, _ e*iJQ%e:F%Kl

to bring all the exponents containing J2 to the left. Finally, we use

67i9J2€%K1 _ 6%1{1 e*QKg.

20ne can define the following operators
1
Ky =K +iKs = K1:§(K++K7).
According to (A.39) these operators rise and lower helicities of the center of mass states as

JsK1|m,0;5,A) = (A £ 1)K+|m, 05, A).
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the ones with equal total helicity of the states to the left and to the right of the scattering
operator T'. Given a set of helicities A;, the leading term in the £ = 0 expansion will contain
(EK1)™ with n = |A1 + A2 — A3 — A\4|. Using (2.143) we conclude that

Bif:i\g(svta u) — (\/§)|/\1+>\2—)\3—/\4\ x 0(80). (2.150)

From (2.148) and (2.150) it follows that the COM amplitudes T get a /s branch point
only for odd values of |A\; + A2 — A3 — A4|. The relations (2.148) and (2.150) can be also used
to address kinematic singularities. Expanding (2.148) around s = 0 at the leading order
one can find linear combinations of the amplitudes which behave as O(s!) instead of O(s?).

3 Application: identical Majorana fermions

We will now use the machinery set up in the previous section to study the two to two

130 spin % fermions also known as Majorana fermions. We will

scattering of identical neutra
require invariance under parity. As a result we need to specify the intrinsic parity 7 defined
in (2.16). In the two to two scattering of identical particles we are sensitive only to the
value of n%. According to (2.18) there are two possibilities

”=-1 or 7°=+L (3.1)

For concreteness we assume the former in this section. In the latter situation everything
in this section still remains valid except that the meaning of parity even and odd states
in section 3.2 is flipped and the role of scalar and pseudoscalar particles is exchanged in
section 3.3. Helicity of a spin % particle takes only two values: —i—% and —%. Thus a priori,
we have 2% = 16 helicity amplitudes. However due to the fact that the particles are all
identical these amplitudes are related according to (2.86)—(2.90). As a result we can write

the following 9 relations

—— _ o+t +— _ p—t —— _ - -+ _ - +— _ o+
T- =T, TZ=TF TI=Tf;, T f=Ti, T'I=T;T,
++ _ p—t —— _ - ++ _ p—t —+ _ -

IZy=7T2°, T,_=T7¢., 1T{7=1__, T, =T, (32)

where 4+ and — stand for —|—% and —% helicities respectively. Hence out of the 16 amplitudes
we are left with 7 independent ones. Requiring parity invariance and noticing that due
to (3.1) the product of intrinsic parities nimenin; = +1, due to (2.64) we get in addition
the following 2 constraints

T-t=-Tf;, Ttt=+4T;]. (3.3)

39By neutral we mean particles not carrying any U(1) charge and in general not transforming in any
non-trivial representation of the global group. In common words it means that the particle is its own
antiparticle.
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As a result out of the 16 helicity amplitudes we are left with only 5 independent ones, in
agreement with (2.97), which we denote as

It is interesting to note that the scattering of identical neutral fermions preserving parity
is automatically time-reversal invariant, this can be intuitively understood from the CPT
symmetry since charge conjugation is trivial for neutral particles, see appendix B.3.

As discussed in section 2.3, in the case of scattering of uncharged identical particles, the
crossing equations (2.74) and (2.76) form highly non-trivial constraints on the scattering
amplitudes. For instance, in the case of identical Majorana particles these crossing equations
give rise to two sets of 16 linear equations. Taking into account the relations (3.2) and (3.3)
we simply obtain two sets of 5 linear equations on the independent amplitudes (3.4). They
read as

1(s,t,u) ZC (s, t,u)®(t,s,u), (3.5)

(s, t,u) ZCU s, t,u)®s(u,t,s), (3.6)

where the s — t crossing matrix Cy; is given by

—sin?a sin” o —sin?a 14cos?a 4cosasina
, sin® o 1+cos?a sin” o sin? o —4cosasina
€ . . . .
Cy=—-22 —sin?« sin? o l14+cos?a —sin?a 4cosasino , (3.7)
1+cos?a sin® o —sin?a —sin’a 4cosasina
cosasina  —cosasina  cosasina cosasina  2(sin?a—cos?a)
and the s — u crossing matrix Cy, is given by
—sin? B sin? 8 l1+cos’B  —sin?p 4cosBsin 8
y sin? 8 1+cos? 3 sin? B sin? 3 —4cosfsin 3
Cou= —% 1+cos? 3 sin? 8 —sin? —sin?p 4 cosf3sin 3 . (3.8)
—sin? g sin? 3 —sin?B  14-cos?p 4dcosfBsin

cosfBsinfi —cosfBsinfl cosBsinB cosBsinB  2(sin? f—cos? )

The angles o and /3 are defined as follows. Looking at the expressions (2.75) and (2.77) we
can make the following choice of Wigner angles

=, ay=T+a, a3=T—0Q, Q4= —aQ. (3.9)

61267 62:71-—1_57 53:_67 /84:77_57 (310)
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where the angles a and 5 obey

_ st . _ 2m /stu

coma= Vs(s — 4m2)\/t(t — 4m?)’ e V/s(s — 4m2)\/t(t — 4m?)’ (3.11)
su sin — + 2m /stu

Vs(s — 4m?)\/u(u — 4m?)’  s(s — 4m?)/u(u — 4m?2)’

The correct choice of the phases at (3.7) and (3.8) will be explained at the end of section 3.1.
Here we simply state the correct result, which is

cos ff = (3.12)

€hy = €hy = —1. (3.13)

There are two non-trivial consistency checks our matrices (3.7) and (3.8) pass. First, these

matrices are involutory, namely they satisfy the following conditions®!

(C’St(s,t,u))2 =1, (C’Su(s,t,u))2 =1. (3.14)

Second, we can obtain the crossing matrix appearing in the ¢ — u crossing equations as
Cru(s,t,u) = Cst(s,t,u)Csy(t, s,u)Cse(u, s, t). (3.15)

In our case it reads as
1000 0
0100 0
Cru(s,t,u)=10001 0 |. (3.16)
0010 0
0000 -1

This is in perfect agreement with the result (2.85).

3.1 Improved amplitudes

It is important to study the analytic structure (presence of poles and branch cuts) of
helicty amplitudes when all the Mandelstam variables s, t and u are promoted to the full
complex plane. As explained in section 2.7 in the case of scattering of spinning particles
such amplitudes develop non-analytic behaviour purely due to kinematic reasons. In this
section we show how to isolate such kinematic features in the case of Majorana fermions
and define improved amplitudes which do not have them.

31More accurately one should write
Cst(s,t,u)Cst(t, s,u) =1, Csu(s,t,u)Csu(u,t,s) = 1.

However, these conditions reduce to (3.14) by noticing that the matrices Cs:(s,t,u) and Cs:(u,t,s) are
symmetric in the exchange of s <+ t and s <> u respectively. This follows from the fact that the expressions
for the angles o and 8 given by (3.11) and (3.12) obey the symmetry s <> t and s <> u respectively.
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Due to (2.135) all the amplitudes have a pole at s = 4m?. Expanding (2.135) around
this point we get

_ . a 2
@1—m+bl+0(8—4m),
__ @ 2
@2—m+bg+0(8—4m),
By = — 2 4 by +O(s — dm?
3= T a2 + b3+ O(s — 4m?), (3.17)
aq 2
By=— 2 "y
4 S_4m2+b4+0(s m*),
a5 2
B5 = — 2 4
5 S_4m2+b5+0(8 me),

where a; and b; are some factors which are regular at s = 4m?. We do not write them
explicitly, their form can be obtained straightforwardly using computer algebra.?? We only
notice that

a1 = —Qg = a3 = a4 = —1a5. (3.18)

Using (3.17) we can verify the following kinematic relation at the singular point3?
Dy — Dy 4 D3+ Dy + 4idP5 = 0 + O(s — 4m?). (3.19)

Now due to (2.148) the amplitude @5 also develops a branch point at s = 0 as

D5 ~ /3, (3.20)

whereas all the other amplitudes are regular at s = 0. Expanding (2.148) to the leading
order we can verify the following kinematical constraint

P+ Py — P3g — Dy :0+O(8) (321)

Finally we consider the behavior of the amplitudes at ¢ = 0 and u© = 0 points. Due
to (2.139) the amplitudes @1, ®o, 3 and P4 are all analytic at these points. In contrast
the amplitude ®5 develops a branch point both at t =0 and u =0 as

®5 ~ Vitu. (3.22)
In addition due to (2.140) and (2.141) we have the following constraints

Dy, =0+0(), P5=0+0(),

(3.23)
O3=0+0(), ®5=0+O0(u)

32Notice that identical particles and parity imply constraints on the amplitudes T according to (3.2)
and (3.3). In order to proceed with the expansion one needs to deduce the analogues of these expressions on
the regular A(s,t,u) amplitudes entering (2.135) by solving an appropriate system of linear equations.

33We expand around s = 4m? keeping t independent. Then in the right-hand side of (3.19) the leading
and the next to leading order terms appear to be proportional to the following expression

t—u— 2ivVtu = 2t + (s — 4m?>) — 2i\/t(4m2 — s —t) = 0+ O(s — 4m”).

In the last equality we have used the domain where t < 0 and s has a small positive imaginary part.
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Now that we know precisely the non-analytic behaviour of the amplitudes, we can define
new improved amplitudes which are free of the kinematic pole at s = 4m? and kinematic
branch points /s, v/t and \/u. We denote such improved amplitudes by Hj(s,t,u). The
old amplitudes and the new improved amplitudes can be related as

5

Oy(s,t,u) = Z M} (s t,u)Hy(s, t,u), (3.24)
J=1

where M (s,t,u) is some matrix to be determined. It is constructed by requiring that

1

B~ ———
s — 4m?2’

D5 ~ stu (3.25)

and that the relations (3.17) along with (3.18), (3.19), (3.21) and (3.23) are fulfilled. These
requirements do not fix the matrix My s(s,t,u) completely. One possible choice is

4 4 2(1—t/u) 2(1—u/t)  s+4m? % 2(t—u)
s—4m?2  s—4m? s—4m? s—4m? s—4m? my/stu
0 0 2 2 _ 8m_
u t Vstu
2 2 2
Miy(situ)=| 0 0 2 2 2| (3.26)
2 2
0 0 2 2 2
4 4 2 4 2 4 —Uu
s Ts  oawts  iTs st

We motivate this choice in section 3.4.1.
Having established the relation (3.24) we can write the crossing equations (3.5) and (3.6)
directly in terms of the improved amplitudes as

(s, t,u) = ZC s, t,u)Hy(t, s, u), (3.27)
(s,t,u) ZC” s,tyu)Hy(u,t, s), (3.28)

where the crossing matrices Cy; and Cj, read as

Cot = M(s,t,u)Car(s, t,u) M (t, 5,u), (3.29)
Clou = M(s,t,u)Coy(s, t,u) M (u, t, s). (3.30)

Plugging here the explicit expressions (3.7), (3.8) and (3.26) we get

1 3 1 1 3 1
RIS IR
R N
111 _1 1.1 1 _1

41 2 3 2 % 41 2 3 2 411

-3 1 5-1-3 -5 1 -3 -1—3

It is remarkable that both matrices turn out to be purely numerical! Just like the original
matrices Cg and Cly,, the matrices Cs; and Cly, are also involutory, i.e C’gt =1 and C’fu =1.
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This follows from the definitions (3.29), (3.30) and the condition (3.14). Note that similar
to (3.15) we can compute the tu crossing matrix Cy, = C5Cs,Cyt, it reads as

10 000
0-1000

Cu=|00 =100 |. (3.32)
00 010
00 001

It says that the improved amplitudes defined via (3.24) are all eigenfunctions of tu crossing.

The overall sign of the crossing matrices (3.31) depends on the choice of phases in (3.13).
The choice made in (3.13) is the only correct one. In order to see that we can take the
Fermi lagrangian and compute the scattering of Majorana fermions to the leading order.
We do it in appendix F.1, the final result for the improved amplitudes is given in (F.8).
It automatically satisfies the crossing equations (3.27) and (3.28). Any other choice of
phases (3.13) leads to crossing equations which are inconsistent with the perturbative
computation of appendix F.1. This phase choice is independent of any particular model
and holds non-perturbatively.

3.2 Unitarity

The general strategy for imposing unitarity constraints on scattering amplitudes was
provided in section 2.6. Here we apply that strategy to the case of Majorana fermions.
According to section 2.6 one needs to consider all possible states transforming in the
irreducible representations which appear in the decomposition of the two particle state
formed from two (identical) Majorana particles. These are

’C7ﬁ7£7 )‘;)‘bA2>id7 (333)

where \; = i%. Since the particles are identical we can further restrict our attention to the
states with Ay > Ay. As a result we are left with only three states of the form

|Caﬁa€a)‘;+7+>id7 ‘C7ﬁ7£,>‘;_a_>idv |Cvﬁa£a)‘;+’_>id' (3'34)

We further notice that due to (2.38), the first two states in (3.34) exist only for even spins
¢, whereas the last state in (3.34) exists for both even and odd spins ¢. Using (B.28) we
can form the following three parity eigenstates out of the states (3.34)

1
1) = ﬁ (le; Py 6 A+, +)ia + e, 0 6, A5 =, —)ia), €20 (£ even), (3.35)
1
12) = 7 (le, Dy b A+, +)ia — e, Py, A —, —)ia), £ >0 (£ even), (3.36)
13) = V2 |e, 7,4, A+, —)ia, £>1. (3.37)

The state |1) is parity odd while the states |2) and |3) are parity even. The states (3.35)—
(3.37) can either be in or out asymptotic states. We now form all possible inner products
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between such states taking into account that parity eigenstates do not mix since we assumed
parity invariance. The states (3.35) lead to

in<]—/‘]—>in in<1,’1>out

(>0 L My (s) X Sudan (2m) D (p — ) =
>0 (even) ¢ (8) X pprdrn(2m) (p—7) out (1’1 1)in out (1'[1)out

) . (3.38)

where the primed states have the labels ¢/, p”, ¢ and . Analogously the states (3.36) for
¢ =0 and the states (3.37) for odd ¢ > 1 lead to

in<2/|2>in in<2/|2>out
out <2/|2>in 0ut<2/|2>0ut
in<3l|3>in in<3,‘3>out
out <3/’3>in out <3I|3>0ut

(=0: H(s) X Sperdon (2m)26W (p — p') = ( ) ., (3.39)

¢>1 (odd) : HZ(S) X 5@@/5,\)\/(271')45(4) (p—7p) = ( ) . (3.40)

Finally for even ¢ > 2, the states (3.36) and (3.37) can mix. They lead to

in <2l|2>in in<2/|3>in in<2/‘2>out in<2/|3>0ut

in <3/|2>in in<3/|3>in in<3/|2>out in <3/|3>0ut

out<2/|2 in out <2/|3>in 0ut<2/|2>0ut out<2/|3>out

out<3/|2 in out <3l|3>in 0ut<3/|2>0ut out <3l|3>0ut
(3.41)

Let us write explicitly the components of these matrices. The inner product of only in or

HZE2(S) X 5%’5)\/\’(271')45(4) p—p) = >
)

out states are fixed by our normalization conventions, which read
(@' [D)in = out('|D)out = dap X dgerdpn (2m)6W (p — pf 3.42
1n<a | >1n = out(a ‘ >0ut = Oab X Opyr )\)\’( 7T) (p p ) ( . )
The inner products between in and out states lead to partial amplitudes, we have

(1) @m0 W (p—p) x (141 () + Ti5(9) )

out (2[2)in = G b (2m) 160 (p = p) x (143 (TeLL(s) = Ti35(5)) ) .

(3'13)in = g Oan (2m) 6@ (p — p') x (1 + 2 Tgii(S)) , (349
(3']2) Jin = Sepdan (2m) 0D (p — pf) x (20 TE5(5)) -

The partial amplitudes entering these expressions are related to scattering amplitudes

via (2.112). We write here that expression again for the reader’s convenience

4 2 T
TN (s) = o~ o [ dgsin0ds)  (OT (s tu), Mg =Ni— A (3.44)

In (3.43) we used relations (3.2), (3.3) and properties of the Wigner d matrices. As discussed
in section 2.6 unitarity requires the matrices H, (s) and H; (s) to be positive semi-definite
for all s > 4m? and ¢. In what follows we will write these conditions in the final form.
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In (3.4) we denoted the five independent amplitudes by ®;(s,¢,u). In accordance we
define the five partial amplitudes as

®i(s) = Tei{(s),
®5(s) = Tuy 5 (9),
DL(s) = Tul=(s), (3.45)
®f(s) = T3 2 (s),
o5 (s) = Trii(s)

Plugging (3.42) and (3.43) into (3.38)—(3.41) we can write the semi-definite positivity
conditions on the matrices H, (s) and H; (s) as

11y . 0 —®(s) — DE*(s)
¢>0 (even) : +i ! 2 >0, 3.46
(even) (1 1> <(I>li(s) + ®4(s) 0 (3.46)
A 0 — Pt (5) + D5 (s)
0=0: +i 1 2 >0, 3.47
(1 1) (@t{(s) — ®h(s) 0 (8.47)
11 {0 —®(s)
£>1 (odd) : 2 3 = 0. 4
21 (odd) (1 1) i (cbg(s) 0 ) =0 (3.48)
Finally, the matrix (3.41) leads to the following condition
ot
¢>2 (even): ( }2“ SQXZ(S)) =0, (3.49)
Soxa(s)  Iaxo

where we have defined

14 s) — 0 s 14 s
S R R e

VA

It is interesting to note that the equations above do not contain the partial amplitude
®(s) at all. This is because due to the ¢ — u crossing equations, see (3.16), one has

Dy(s,t,u) = P3(s,u,t) (3.51)
Using this inside (3.44) we get the following relation among the partial amplitudes*
i (s) = (—1)F1Dh(s). (3.52)

3.3 Non-perturbative couplings

We can use the Majorana fermion scattering amplitude to define several non-perturbative
coupling constants. These are useful parameters to describe the allowed space of QFTs.

34In order to show this, we use (2.59) and change the integration variable in (3.44) as § — 7 — 0. Using
the properties of the small Wigner d matrix we get then Tg;:f(s) = (—l)ungi::(s).
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Quartic coupling. We begin by considering the value of the amplitude at the crossing
symmetric point
4m?

- (3.53)

At this point, the improved amplitudes H; must be invariant under both the s-t (3.27) and
the s-u (3.28) crossing equations

A4m?2 4m? 4m? 5. . A4m?2 4m? 4m?
HI( 3 ) ) )ZZcitJHJ ) P P

Szt:

S

3 3 = 3 3 3
I 4m? 4m? 4m? _ 25:6’”]{ 4m? 4m? 4m? (354
s 33 ) &3 s 3 )
The most general solution reads

1

\ 0
H(4m2/3,4m2/3,4m2/3)zwx 01, (3.55)

1

—1

where H represents the five amplitudes collectively and A is some parameter. We refer to
A as the non-perturbative quartic coupling. By comparing (3.55) with the perturbative
result (F.8) we see that A\ can be identified with the coupling in front of the (U¥)(¥ V)
interaction term in the Fermi theory.

Cubic (Yukawa) couplings. Suppose now that our theory is described not only by the
Majorana asymptotic state but also by a scalar (spin zero) asymptotic state with mass M.
We restrict our attention to the values of M in the range (m,2m), where m is the mass
of the Majorana asymptotic state. This ensures that the Majorana fermion is the lightest
particle in the theory and that the scalar boson is stable.

From general principles we expect such a scalar asymptotic state to manifest itself as a
simple pole in the improved scattering amplitudes of Majorana fermions. In full generality
one can then write

g3 ' g7?
| (T (T
95 95 95
s— b= u—M?
7 — 93 93 g3
Hpound(s,t,u) = i + i + 1 + regular, (3.56)
94 95 94
s—Ar? =M u—M*
95 95 5
s—M? t—M?2 u—M?2

where g7, g7 and g7 are 15 arbitrary parameters. In (3.56) we have written only the poles
and omitted all the regular terms at s,t,u = M?2. Due to the crossing equations (3.27)
and (3.28), the values of ¢} and ¢} get fixed in terms of gr. As a result we are left with 5
undetermined parameters g;. We further require that the s = M? poles contribute only to
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the zero spin partial amplitudes. This enforces the fact that the particle generating the
poles is a scalar. This leads to the following three additional constraints

g2 =93 =ga=0. (3.57)

Thus we are left with only two parameters g; and gs.

According to the discussion of section 3.2, more precisely due to the formulas (3.46)
and (3.47) one can take combinations of components of partial amplitudes to form parity
odd (-) and parity even (+) partial amplitudes which read as

ol (5) = df + 05, @l(s) = df — @S, (3.58)

The s = M? poles with the parameter g; contribute only to the parity even partial amplitude
@ﬂzo. We thus interpret g; as the non-perturbative coupling describing the interaction
between two Majorana particles and a scalar parity even particle. The corresponding pole
structure of the amplitude reads as

. 1 .
Hscalar(3> t u) = 5 92 X Pscalar(sa t, u) + regular, (359)
where g = g1 and we have defined

4 1 1
T s—M? + t—M? + u—M?

1 1
. t_]\{Q - u_]\142
Pscalar(s,tau) = a2 + - (3.60)
1 1

M

t—M? + u—M?2
The s = M? poles with the parameter g5 instead contribute only to the parity odd
partial amplitude ®=Y. Thus, the second parameter g5 describes non-perturbatively the

interaction between two Majorana particles and a scalar parity odd (pseudoscalar) particle.
The corresponding pole structure of the amplitude reads as

—

1 _,
Hpseudoscalar(sa t, U) = 5 92 X Ppseudoscalar(sa L, ’LL) + regular, (3'61)

where § = g5 and we have defined

1 1
t?]\{2 + u?]\{2
TEME T wma

D — 1 1
Ppseudoscalar(57 t, u) = T —M2 + u— M2 . (362)
L4 _1
t—M?2 u—M?2

4 1 1
—ore T oe T e
The cubic couplings g = g1 and § = g5 can also be called the non-perturbative Yukawa
coupling constants. We also remark that the masses M in (3.60) and (3.62) do not have to
be the same.

In the discussion above we fixed the overall sign in (3.59) and (3.61) so that the
residue at s = M? has the appropriate sign in the unitarity equations (3.46) and (3.47).
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Alternatively one can compare (3.59) and (3.61) to the perturbative results (F.12) and (F.16).
This comparison not only fixes the correct signs but also shows that g and § here can be
identified with the couplings appearing in front of the WU and pU~>¥ Yukawa interactions
respectively in (F.9) and (F.13).

3.4 An alternative approach to crossing equations

We have so far carefully discussed the construction of crossing equations in the COM
frame and explicitly showed it in the case of Majorana particle scattering. There is an
alternative way of approaching this topic, namely using the fully covariant language based
on constructing tensor structures. This relies on the most general representation of a
scattering amplitude given in (2.56).

In what follows we will construct tensor structures in the particular example of Majorana
particle scattering and re-derive the crossing equations. We will describe a general procedure
of constructing tensor structures for particles with spin in appendix H.

3.4.1 Tensor structures

As we know from the COM analysis, there are 5 independent amplitudes in the case
of identical Majorana particles. As a result there will be 5 linearly independent tensor
structures. A particular choice of these tensor structures was made in [31]. It reads

1. _ _
Tr3tae(P1 P2, p3. pa) = = i, (Pa)Orvs, (p3)] - [0, (p2)Orun, (1)), (3.63)

where the five 4 x 4 matrices Oy are given by
O1 = 1yxa, Oy =71, O3=V20", O4=i"y*, O5=4°. (3.64)

The symbol “-” in (3.63) means contraction of all the Lorentz indices among O matrices.
Notice also that there is no summation over the repeated index I in (3.63). For the readers
convenience we also write (3.63) explicitly

1

Taxye (P1 92,93, pa) = =5 [, (pa)vs, ()] [Dr, (2) s, (1),

TN (01, 2,25, 21) = — 5 [, ()30 (5)][92a (2)7* 0, (),

T3 2 (P1, P2, D3, Pa) = —[tin, (P4) 0, (p3)][0r, (P2) 7w, (p1)], (3.65)
T4:\\'1:§3 (p1,P2,p3,P4) = +%[ﬂ>\4 (P4) V57005 (P3)] [V, (P2) 157 un, (P1)],

T5/A\f:/\§ (p1,p2,p3,p1) = —%[TLM (P4) V5025 (P3)][Ux, (P2) 7520, (P1)]-

The objects u)(p) and vy(p) are the usual 4-spinor solutions to the Dirac equation and

ax(p) = ul(p?, ) = vl (3.66)

We use the Weyl (also known as chiral) basis for the Dirac 4* matrices given in (A.100)
and the helicity basis of states. With these conventions the spinor solutions to the Dirac
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equation read

Vp° pcos2

—/P psmf e

s (p) = 1 V' —psin§ eti? w ()= 1 m cos 4 '
2 V2 \/7(205 2 T3 V2 \/7s1n i e
VP +psin§ eti? VP —pcos? (3.67)
\/; sm 9 i \/7 cos ¢ 2 '
vi (p) = 1 \/710(3052 ‘ v 1 (p) = 1 —msm etio
2 V2 m sinf e~ ~3 V2 | VPO+pcosh

—\/P COS 3

V' +psing et

We notice that the objects uy(p) and vy (p) transform in the spin-1/2 representation, namely
D)}//\Z), whereas the objects vy (p) and uy(p) transform in the conjugate

spin-1/2 representation, namely they get rotated by D;Ei/ 2 The tensor structures (3.65)
are constructed in such a way that all the Lorentz indices are contracted. They depend only

they get rotated by

on the helicity labels and thus transform only in the Little group induced representation.
The choice of tensor structures (3.65) is very convenient because of the following reason.
Plugging (3.65) into (2.56) and evaluating the amplitudes in the COM frame we get

5
>\3,>\4
T>\1,)\2 s, 1, u Z

In the left-hand side of (3.68) we get the 16 COM amplitudes. They are related by (3.2)
and (3.3). The 5 independent amplitudes were chosen in (3.4) and given special names
®;(s,t,u). For the five independent amplitudes ®;(s,t,u) the right-hand side of (3.68)
simply becomes (3.24).

>\3 7A4 Ccom Ccom Ccom

(s, 6, w) T3 (09, pe™, ps™™ p

COm)

(3.68)

In other words the functions Hj(s,t,u) appearing in (3.68) are
precisely the kinematic singularity free amplitudes found in section 3.1. This means that
all the kinematic singularities and constraints are taken care of by the tensor structures!
Having established this we can write (2.56) explicitly in the case of identical Majorana
fermions. It reads

A37

5
s
T)q Ao (p17p2 p37p4 Z 3

(5, t,u) TIAYAL (P, P2, P3, Pa), (3.69)
where the basis of tensor structures is given by (3.65) and the functions Hy(s,t, ) in this
basis are precisely the improved amplitudes defined in section 3.1.

3.4.2 Verification of crossing matrices

In this section we will re-derive the crossing equations (3.27) and (3.28).

The amplitude (3.69) is defined for p{ > 0 (i = 1,2, 3,4) as usual. It can however be
analytically continued to p) < 0 domain. There are several options for such an analytic
continuation. Throughout this paper we use option (E.11). Let us now analytically continue
both sides of (3.69) in ps and ps to their negative values, we obtain

5

= Hy(s,t,u) TI,\l ,\2(291, —P2, —P3,P4)-
=1

Az, A
T)\f,)\; (p1, —p2, —P3, 1) (3.70)
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Exchanging the role of labels 2 and 3 we get then

5
A2, A2,
T)\i’)\;(pla p3a_p25p4) = ZH[(t,S,U) TI,\?j)\i(plv_pfiu_pZapll)' (371)
=1
Plugging (3.69) and (3.71) into the crossing equation (2.71) taken with the positive sign for
fermions, see (E.50) for details, one gets

5 5
Z 8 t u TI)\17/\2(p17p27p37p4 Z t S, U T[+/\27+)\§<p17 p3a_p27p4)‘ (372)

The analytic continuations of u and v objects are given in (E.48). Using these and the
explicit form of tensor structures (3.63) one gets

T1 322 (p1, —ps, =2, ) = [, (Pa)Orv—, (—p2)] - [0, (—p3)Orun, (p1)]

= —[m4 (P4) Orun, (p2)] - [t (p3)Orun, (p1)] (3.73)

_ >\3,
_Z T3, (1, P2, 3, pa),

where the matrix C}* Y is precisely the crossing matrix (3.31). In the third line of (3.73) we
have used the Fierz identities, see for example [32]. Plugging (3.73) into (3.72) and using
the fact that the structures (3.63) form a basis, we obtain the final crossing equations

1(s,t,u) ZCJHJtsu) (3.74)

which coincide with (3.27). Using identical arguments one can obtain the s — u crossing
equations (3.28).

At first glance, it might seem that the way of deriving crossing equations using tensor
structures is much simpler than the COM frame approach. This is not necessarily the case
especially if one works with higher spin particles. The main issue here is the construction
of a linearly independent basis of tensor structures. In practice there are many different
looking tensor structures one can write. They are however related via a complicated set of
Fierz-like identities. Luckily in the case of identical Majorana particles the problem was
already thoroughly studied and the set of linearly independent tensor structures (3.65) was
well known.

Once the linearly independent basis of structures is chosen the troubles are unfortunately
not over. In the process of deriving the crossing equations all allowed tensor structures
reappear and they need to be expressed back in terms of the chosen basis of structures via
the Fierz-like identities. In the case of identical Majorana fermions this is precisely the step
done in the last line of (3.73) which can be quite tedious for particles with general spin.

4 Numerical bounds

In this section we numerically estimate non-perturbative bounds on quantum field theories
where the scattering of Majorana particles can be defined.
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In sections 3.1 and 3.2 we carefully derived the crossing equations and the unitarity
constraints which any scattering amplitude of Majorana particles must satisfy. Our precise
goal here is to derive various bounds on the non-perturbative coupling constants that we
defined in section 3.3. In section 4.1 we explain the numerical setup which allows for this.
We present the numerical results in sections 4.2 and 4.3.

4.1 Setup

We use the numerical approach of [3]. The first step of this approach is to write the most
general ansatz for the scattering amplitude. Before addressing Majorana fermions let us
quickly recap the scalar case. The non-trivial part of the scattering of identical scalars with
mass m is described by a function of three Mandelstam variables T'(s,¢,u). To proceed it is
crucial to assume maximal analyticity, namely that the amplitude is an analytic function of
s, t and u complex variables independently modulo the standard branch cuts at

s € [4m?, +00], t € [4m?, +-00], u € [4m?, 00|, (4.1)

where m is the mass of the scalar particle. Given a z complex plane, to mimic the above
situation, one can define a function which is analytic in the whole complex plane modulo
2 € [4m?, +o0] branch cut. We choose?”

VAm2Z = zg — V4Am? — 2
VAMZ = 20 +V4Am?2 — 2

v(z;20) = (4.2)

Here zy < 4m? is a free parameter which can be chosen at our will. We can then represent
the interacting part of the scalar amplitude as a simple power series in terms of the
functions (4.2) in the following way

(o olaNNe ellNe o)

T(s,t,u) = Z Z Z Qape (8, s0)t(t, to)bt(u, up)©, (4.3)

a=0b=0c=0

where g are some real parameters. The ansatz (4.3) has a lot of redundancies due to the
condition s+t +u = 4m?. One can attempt to remove them in various ways. In this paper
we do it in a slightly drastic manner by imposing

Ogpe = 0 if abc # 0. (4.4)

This choice is motivated by the Mandelstam representation [33], see appendix C in [3] for
further details. It is convenient to choose the values of sg, tg and ug to all be the crossing

symmetric point
4
so =tg = ug = 3 m2. (4.5)

35The physical domain is defined via s + ie with € > 0. We can thus rotate the cuts using the identity

4m?2 — s = —i\/s — 4m?2.
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The s — t and s — u crossing equations for the scalar amplitude are very simple. They read
T(s,t,u) =T(t,s,u) =T (u,t,s). (4.6)

Plugging here the ansatz (4.3) we see that the coefficients a,p. must be fully symmetric
under the permutation of indices a, b and c. The scalar amplitude T'(s, ¢, u) can also have
poles when other particles exist in the theory or if the asymptotic state is allowed to have
self-interactions. In this case one should extend the ansatz (4.3) to include such poles. We
will see how it works in the case of Majorana fermions and skip further discussion of the
scalar case.

In the case of Majorana fermions we defined five amplitudes <I_5, where the vector
denotes the five components @1, ®9, ¢35, &4 and P5 collectively. These amplitudes contain
kinematic non-analyticities. In order to remove them in section 3.1 we introduced a new set
of improved amplitudes denoted by H. Again the vector here denotes the five components
H,, Hs, H3, Hy and Hj collectively. We assume now that these five improved amplitudes
are maximally analytic. Analogously to the scalar case, this allows us to write the following
most general ansatz

. 1 = 1 3
H(Sa t, u) = 5 .92 X Pscalar(s) t, u) + 5 92 X Ppseudoscalar(sv t, U)

\V)

[ elNe e o)

+ DD > abe vls, 50)"x(t, to)"v(u, u)*, (4.7)

a=0b=0c=0

where Pi.jar and ﬁpseudoscalar are the terms containing poles defined in (3.60) and (3.62)
and dgpe are some real parameters. In order to remove the redundancies in the ansatz (4.7)
as in the scalar case we require

Oupe =0 if abc #£ 0. (4.8)

The ansatz (4.7) has an infinite number of terms. In order to work with it one has to
introduce the following truncation

[c e elNe o)

SIS — >, (4.9)

a=0b=0c=0 a+b+c<Nmax

where Npax is some cut-off parameter. In practice its value is taken to be around 20.

We now require the ansatz (4.7) to satisfy the crossing equations (3.27) and (3.28).
The pole terms have been already constructed to obey the crossing equations. However,
for the parameters d,p. we get a non-trivial system of linear algebraic equations with
constant coefficients (independent of s, ¢t and u variables). For a chosen Ny,x we solve
this system with computer algebra and plug the solution into (4.7). As a result we get a
fully crossing invariant expression. From now on when we refer to (4.7) we assume that the
above procedure has been done and that (4.7) is fully crossing symmetric.

The second step is to compute the partial amplitudes. In order to do that we need to

obtain the amplitudes ®(s,¢,u) (containing all the kinematic non-analyticities) by plugging
the ansatz (4.7) into (3.24). We then compute the partial amplitudes ®(s) using (3.44),
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see also (3.4) and (3.45). In doing this one needs to perform a set of integrals which have
the following form

T . {4 a b
/0 d0sin 0 d (6) v(t(s, 0), t0) "c(u(s, 0), uo) (4.10)
for the following set of indices in the d-matrix

(Zvj) - {(070)7 (171>7 (17—1)7 (0,1)}. (4'11)

The integral (4.10) is hard to compute analytically. Hence, we perform the integration
numerically for some tabulated values a, b, £ and s. We do it with Mathematica requiring
between 20 and 30 digits of precision. The computed partial amplitudes can then be plugged
into the unitarity constraints (3.46)—(3.49). These become a set of numerical semi-definite
positivity conditions for different values of spin £ and s.

It is important to explain how we choose the values of £ and s. Let us start with the
former. In principle one needs to consider unitarity conditions for all the spins up to £ = co.
However, realistically this is not possible and one needs to introduce another truncation,
namely we impose unitarity only for a finite set of spins

£=0,1,2,..., Lyax- (4.12)
In the majority of computations we take the values of Ly« to be as follows
Lmax = Nmax + 20. (413)

In the next section we justify our choice by varying L.x and Np.x separately. Let us
address the choice of s values now. The unitarity constraints (3.46)—(3.49) are imposed in
the region

s € [4m?, +00] (4.14)

slightly above the branch cut. We take 300 different values of s in the region (4.14). One
can spread these points differently, in practice we use the Chebyshev distribution.?%

To summarize, we wrote the unitarity constraints in terms of the unknown real coeffi-
cients {g?, 5%, @ape} originally appearing in the (crossing symmetric) ansatz (4.7). These
conditions were written in a positive semi-definite form. We can now look for these coeffi-
cients numerically using semi-definite programming. For this we employ SDPB [34, 35].37

In the following sections we define two different optimization problems and provide the

36More precisely, we define a variable ¢(s) by t(s, so) = ¢***). Notice that s € [4m?, 4-00] corresponds to
¢ € [0,7]. Then, we pick a grid ¢ = 5 [1 — cos W} withn =300 and k=1,...,n.

3TSDPB works only with real matrices. The unitarity conditions (3.46)—(3.49) are formulated in terms of
the hermitian matrices. In order to recast those conditions into the form used by SDPB one needs to use

Re(H) —Im(H)
Hz0 < (Im(H) Re(H) ) =0,

the equivalence

where H is some hermitian matrix.
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numerical results. All the optimization problems we consider below use the following
normalization

m=1. (4.15)

This simply means that all the dimensionful quantities are measured in terms of the mass
of the Majorana asymptotic state.

A word about choosing various parameters of the setup such as the number of s values or
the precision of the numerical approximation for the integrals (4.10). When performing the
numerical analysis we made sure that our results do not depend on these parameters. This
is simply done by performing the same computation with two different sets of parameters
and confirming that the outcome is stable under such a change. The choice we made in this
work guarantees at least two digits of precision in the final answer.

In order to obtain the numerical results presented below we consumed 0.4 million CPU
Hours on the EPFL SCITAS cluster.

4.2 Quartic coupling

We now apply the strategy described in the previous section to bound the quartic coupling
defined in (3.55) in the absence of poles

9=9=0. (4.16)

At the crossing symmetric point (4.5) the v function vanishes and thus the ansatz (4.7)
depends only on the five coefficients dpgg. Crossing implies that only one of those coefficients
is really independent. By comparing the ansatz at the crossing symmetric point with (3.55)
we conclude that

2 _ 3 _ 1 4 _ 5
apoo = poo = 0, Qoo = Qooo = — oo = A, (4.17)

where A is the non-perturbative quartic coupling.

Optimization problem: we search for the coefficients @y such that the non-perturbative
quartic coupling A has the smallest/largest value and the unitarity constraints (3.46)—(3.49)
are satisfied. By solving this problem numerically we conclude that the quartic coupling
must be in the following interval

397, € [—3.25, +1.74]. (4.18)
This is reasonably compatible with the expectation A < (47)% from naive dimensional
analysis [36, 37].

Let us now discuss the details of this result. Among other parameters our numerical
setup depends on Npax. In figures 1 and 2 we present the upper and lower bound on A as a
function of N1 .. The highest value we probe is Nyax = 24. One can see that the bounds
get weaker as we increase Npya.x. Intuitively this is easy to understand: upon increasing
Nmax the ansatz becomes more general and thus a larger/smaller coupling is attainable.
We then perform an extrapolation of our results to Npax = 0o. The bound (4.18) already
includes this extrapolation.
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Figure 1. Upper bound on the quartic coupling A as a function of N1 . The numerical results
are indicated by the red dots. They correspond to Np.x = 10, 16,18, 20,22 and 24. The blue line
represents the linear fit of the three points Ny.x = 20, 22 and 24. Tt is described by \/(327) =

1.74 — 6.02 N L equation. The spin cut-off parameter used here is Lax = Nmax + 20.

max

0.02 0.04 0.06 0.08 Mmax

-10

12

Figure 2. Lower bound on the quartic coupling A as a function of N1 . The numerical results
are indicated by the red dots. They correspond to Np.x = 10, 16,18, 20,22 and 24. The blue line
represents the linear fit of the three points Nyax = 20, 22 and 24. It is described by A/(327) =

—3.254+13.76 N1 equation. The spin cut-off parameter used here is Liyax = Nmax + 20.

max
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Figure 3. Upper bound on the quartic coupling A as a function of L
numerical results. The solid lines represent the linear extrapolation in L
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Figure 4. Lower bound on the quartic coupling A as a function of L} .

numerical results. The solid lines represent the linear extrapolation in L1
points for each Ny.x. Different colours correspond to different values of Ny .y indicated in the
right-hand side of the plot.

The dots represent the
based on the last four

In making figures 1 and 2 we have used the spin cut-off value Lyax = Nmax + 20 as
indicated in (4.13). Let us now relax that condition and see the dependence of the bounds
also on L. In figures 3 and 4 we present the upper and lower bound on the quartic

-1

max for various values of Npyax. We also perform a linear

coupling A as a function of L
extrapolation to Ly.x = 0.
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When constructing figures 1 and 2 one could have used the points extrapolated to
L.x = oo and only then perform the extrapolation to Ny.x = co. We have done this
exercise and found the bound [—3.34, +1.73] which is not too different from (4.18).3% The
reader may use the difference between these results as an indicator of the precision with
which we have estimated the optimal bounds for the quartic coupling A.

4.3 Cubic Yukawa couplings

Let us now present the upper bound on the cubic (Yukawa) couplings. All the plots below
are made using (4.13) spin cut-off value. One should in principle perform the extrapolation
to Lax = 0o. However, we expect that this procedure will only make the bounds stronger
analogously to the previous section and thus skipping such an extrapolation makes our
bounds only more conservative.

We start with the situation where we have a scalar particle with mass M and no
pseudoscalar particles. In other words § = 0. The bound on g as a function of M for various
values of Npax is given in figure 5. As in the previous section the bound gets weaker when
the value of Nyax increases. For each M we perform a linear extrapolation to Npyax — 00
analogously to the previous section. The final extrapolated bound is also shown in figure 5.

Now consider the case where there is a pseudoscalar particle in the theory and no scalar
particle, namely g = 0. We can construct an upper bound on the § coupling as a function
of the pseudoscalar mass M. The result for different Nyax is given in figure 6. In the figure
we also present the extrapolated bound to Ny« — co0. It is interesting to note that the
bound gets stronger when we approach M? = 4 point. At M? = 4 we are forced to have
g = 0. This situation is very different from figure 5. As a consistency check we compute
in appendix G an analytic expression for the upper bound in the vicinity of the threshold
M? = 4. Tt is given by (G.12). In figure 6 it is indicated by the black solid line. We see
that our numerical result is in agreement with the analytic one.

Similarly to the case of the quartic coupling A, the order of magnitude of our bounds
on Yukawa and pseudo-Yukawa couplings is compatible with the expectation g ~ § < 47
from naive dimensional analysis [36, 37].

5 Conclusion

In this article, we setup the formalism for the numerical S-matrix bootstrap approach
to scattering amplitudes of spinning particles in 4d QFTs. We explain the general case
and perform the numerical analysis for the particular case of 2 to 2 scattering of identical
massive neutral spin % fermions, i.e. Majorana fermions. In principle, our nonperturbative
bound (4.18) on the quartic coupling applies to neutrinos but this is purely academic because
neutrinos are very weakly coupled with A ~ Gpm?2 < 10724, Our bound also applies to
Goldstinos. These are massless in QFTs with spontaneously broken supersymmetry and
naturally light if there is also a small explicit breaking. It would be interesting to study

38In the case of the lower bound the Lyax = oo results have a less clear pattern for the subsequent
extrapolation in Nmax. Figure 4 suggests that one should extrapolate in Npax in steps of 4. In order to do
that more numerical data with higher Nmax is needed.
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Figure 5. Upper bound on the cubic Yukawa coupling g as a function of the scalar particle mass
M. The bound is constructed for Np.x = 12, 16, 20, 24 and Liyax = Nmax + 20. Using Npax = 20
and Nya.x = 24 we also perform a linear extrapolation of the bound to Ny.x = co. The latter is
indicated by the dashed line.

Nmax=12

max
Nirge=16
Nipay=20

Nmax=24

max

_____ Nmax=°°

— NR approximation

Figure 6. Upper bound on the cubic pseudo-Yukawa coupling g as a function of the scalar particle
mass M. The bound is constructed for Nya.x = 12, 16, 20, 24 and Lyax = Nmax + 20. Using
Npax = 20 and Ny ax = 24 we also perform a linear extrapolation of the bound to Nyax = 0. The
latter is indicated by the dashed line. The black line indicates an analytic prediction for the upper
bound in the vicinity of M? = 4 computed in (G.12).

massless Majorana fermions and derive bounds on the low energy effective field theories for
massless Goldstinos [38, 39].

In the future, we would like to consider more realistic applications of our methods. For
example, the mixed system of 2 to 2 scattering amplitudes involving pions and nucleons
seems to be a feasible target. This would be a significant extension of the pion S-matrix
bootstrap analysis of [7] and it would give access to many more physical observables,
including the mass of the deuteron. It would be interesting to perform this analysis both in
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the theoretically cleaner case of massless pions and the more realistic case of massive pions.
In the first case, one should be able to obtain bounds on the Wilson coefficients of the chiral
lagrangian including nucleons [40]. Notice that the results of this paper do not apply to
nucleons because we assumed that the fermion was the lightest particle. The existence of a
lighter particle (the pion) changes the analytic structure of the fermion-fermion scattering
amplitude, creating an extended unitarity region [8].

Another interesting application is pure Yang-Mills theory. In practice, one would
bootstrap 2 to 2 scattering amplitudes involving the stable glueballs (that can have nonzero
spin). One may hope that the SU(2) theory has a special place near the boundary of the
allowed space of (strongly coupled) scattering amplitudes of this type.

It is also interesting to consider massless spinning particles like photons and gravitons.
In the case of photons, one can use the S-matrix bootstrap to bound the leading Wilson
coefficients in the Euler-Heisenberg lagrangian [41]. The case of gravitons is more interesting
but also more difficult. The first obstacle is that the usual S-matrix does not exist in four
spacetime dimensions due to IR divergences. Pragmatically, one may bypass this difficulty by
working in higher dimensions. However, this means that we will have to redo the general anal-
ysis of this paper for spacetime dimension d > 5.3 We leave this endeavour for the future.

The use of S-matrix consistency conditions to bound the space of low energy Effective
Field Theories (EFT) has a long history [25, 43-55]. Our numerical approach can be thought
of as a systematic algorithm to optimize such bounds. However, we use a primal formulation,
where we rule in amplitudes and approach the boundary of the allowed space from within
as we increase the numerical truncation. On the other hand, the recent methods of [53-55]
solve the dual problem and therefore rule out theories. It would be very interesting to
develop a dual formulation that includes the full set of consistency conditions that we
impose in our primal formulation.

In 241 dimensions, the dichotomy between bosons and fermions breaks down and
particles can be anyons [56]. It would be very interesting to study their scattering amplitudes.
Explicit computations in Chern-Simons-matter theories [57] show that the crossing equations
need to be modified to accommodate the non-trivial phases of anyon statistics. Nevertheless,
a systematic relativistic S-matrix theory of anyons is still lacking. In addition, one could
consider the coupled system of photons in 3+1 dimensions interacting with anyons living in a
2+1 dimensional subspace, as a reasonable model for topological quantum computation [58].
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A Details of working with spin

In this appendix we provide many technical details which support the discussion in the
main text of the paper. We start in appendix A.1 by reviewing 3d Euclidean rotations
and then move to the discussion of the Poincaré group in appendix A.2. These cover most
of the basics required in section 2.1. We define the vector and spinor representations in
appendix A.3. Finally we derive the Wigner angles in a particular situation (crucial for
appendix E.4) in appendix A 4.

A.1 Euclidean rotations in 3d

Rotations in 3d are generated by three generators Ji, Jo and J3 which satisfy the algebra

Physically, these three generators correspond to infinitesimal rotations about the 3 axes.
The Casimir operator which commutes with all the generators is

P=J+Ji+J3  [J4J]=0. (A.2)

Any generic rotation can be written as

3

R(@Z) = exp (— Z Z@ka> . (A3)
k=1

For our purposes a more useful way to write a rotation is to use the Euler angles («, 3,7)

instead of angles 6;. A generic rotation in the Euler form reads as

R(w, B,7) = exp(—iaJs) exp(—ifJ2) exp(—iyJ3). (A4)

The Euler angles o,  and v can be related to the ; angles in (A.3). We do not write this
relation explicitly since it is complicated and not very illuminating.

In quantum mechanical theories, the classical group of symmetries gets extended and
therefore in the case at hand, we need to consider the central extension of SO(3) which is
the SU(2) group. Henceforth when we talk about rotations we will mean the SU(2) group.
The unitary representations of the SU(2) are finite-dimensional and are classified by the
eigenvalue of the Casimir operator J2. The usual basis for these representations is formed
by choosing eigenvectors of the Js operator and thus these vectors are labelled by two
parameters £ and A:

TN = €L+ 1)]E,N),

(A.5)
J3|£7 )‘> = /\|£a )‘>)

where £ is a non-negative integer or half-integer and A = —¢,—¢+1,...,0 —1,¢.
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Given such a spin ¢ representation, a generic rotation parametrized using Euler angles
as in (A.4) acts on it in the following way

R(a, B,7)|6,A) = D1 XNYENRIEA) =Y Din(e, B,7)[6N), (A.6)
A N

where in the first equality we inject an identity operator as a sum over all the states and in
the second equality we have defined the Wigner Z-matrix

@f\’)\(a7 67 7) = <€7 A/’R(av /87 7)‘& )‘> = exp (_i(a)‘l + f)/)‘)) X df\’)\(/B)a (A7)
and the (small) Wigner d-matrix
da(8) = (6N |exp(=iB)|E, A). (A-8)

Since the rotation operator is unitary, the inverse of a rotation can be written in terms of
the complex conjugate of a Z-matrix as

(CNR o, 8,76, A) = (6 AR(, B,7)|6X) = 235 (@, B,7). (A.9)

The general form of (A.8) has the following simple expression

B50n(B) = /G + MG — MG+ NG~ N)
008(5/2))2J“ N7 (—sin(B/2))N A (A.10)
XZ N =G+ A=) v+ N =N

Note that setting the A" and X indices to 0 gives the familiar Legendre polynomials

dSo(B) = Py(cos ). (A.11)

The small Wigner d-matrix is real. From its explicit expression one can conclude

dsn(B) = (- 1)/\/_/\618—,\/,—)\(5):( 1N A5 (B). (A.12)

As a consequence we also have

Tir(a, B,y) = (=X A2E (e, B,7). (A.13)

The Wigner D-matrix satisfies the following important orthogonality relations

Z A (@5 8.7) Do, (4, 8:7) = Bx o (A.14)
o + 2 1% 87‘(’2
| e [ dcoss [ ar 2455 (@028, (008) = 5 S dnnse (A3)

The small Wigner d matrix satisfies the following orthogonality condition instead

2

/ dg s1nﬂd)\/)\(5)dff2>\(5) = 2, +1

0r,0, (A.16)

— 50 —



Since the spin ¢ representations described above are unitary, the dual representation is
the same as the complex conjugate representation and moreover, as the spin ¢ representations
are irreducible, the complex conjugate representations are also irreducible. We denote the
basis of states in the dual spin ¢ representation by

|€ >\I>dua1
Under rotations they transform as

R(a, B,7)|€, \ydual Z@M y)[e, N ydual, (A.17)

The dual representations are actually equivalent to the standard spin £ representations. In
order to show that let us rewrite (A.13) in the following form

N CHRIEY (U_l)/\,A D0 (@, B, 1) Unos (A.18)
A1,A2

where we have defined
U = dyy(+7) = (=1) 6y,
—1) (L),
(U )A’A = (=17 0x -

In order to confirm that U~'U = UU~! = 1 and to show the results below, notice the
following identity

(A.19)

1= (—1)2E=N, (A.20)

which holds true since ¢ £ X is always an integer. Using (A.19) we can then relate the basis
states in two representation as follows

16N =" UnA 6 N) = (1) e, =), (A.21)
)\/

In order to show this, we simply rotate both sides of (A.21). It then follows that

R(e, B,7)[6, NV = 3" Py (e, B,7)Unall, X'

B
= Z U)\//M <U71>,u)\’” @f\m)\/(a, B, ’)/)U)\/)\M, )\”>

LA NN (A22)
— Z U)\” a, B, ,y)w )\//>

WA

Z a, B, .

Where in the first line we used (A.6), in the second line we inserted the identity, we
used (A.18) in the third line and finally we used (A.21) in the fourth line. Thus we see that
the identification (A.21) leads consistently to (A.17).
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A.2 Poincaré group

We now consider the group of symmetries of Minkowski space i.e. the Poincaré group. We
begin by recalling its defining representation, mainly to set the notation, and then we recall
its algebra and unitary representations.

A.2.1 Defining representation

Given a 4-vector
={t,7}, p=0,1,2,3, (A.23)

one can define the following transformation
at — 2P =t + A(w)H, (A.24)

where a# and w,, are Lie parameters of the transformation. The transformation matrix A
obeys the constraint
77’“/ = AMpAyonpav Nuy = {_ + ++}7 (A'25)

where 7),,, is the metric. This implies that w,, = —ws).
The transformations (A.24) form the Poincaré group, which is also known as the
inhomogeneous Lorentz group. It is denoted by

1S0(1,3) = R x O(1,3),  0O(1,3) =SO™(1,3) x P x T, (A.26)

where R'3 is the group of 4d Minkowski translations, SO (1, 3) is the proper orthochronous
Lorentz group and P and T are discrete transformations called parity and time reversal
which act on the coordinates as follows

t — (t,—7), =¥ — (—t, 7). (A.27)

We restrict the O(1,3) group to its SOT (1, 3) subgroup by requiring that the generic Lorentz
transformation A(a,w) obeys

detA = +1, A% > +1. (A.28)

We require our quantum system to be invariant only under the restricted Poincaré
group denoted by
ISO™(1,3) = R % SO™(1,3). (A.29)

Parity or time reversal symmetry may or may not be present. The discussion above was
about the classical group of symmetries. Once again, in quantum mechanical theories the
Lorentz group SO(1,3) is centrally extended to its double-cover, the SL(2,C) group.

A.2.2 Poincaré algebra

A generic Poincaré transformation can be written in terms of infinitesimal generators

U(a,w) = exp(—ia, P")A(w), A(w)=exp (—; wpaMp") : (A.30)
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Here P* and MP*? are the generators of translations and 4d Lorentz tranformations respec-
tively. The generators satisfy the following algebra

[P, PJ] =0, (A.31)
[M;U/v P)\] =1 (n,u,)\PV - nuAPu)’ (A32)
[Muw M)\cr] =1 (nuAMVU - nV/\M;Lcr + nuaM)\u - nl/ch)\/L)' (A33)

There are two Casimir operators which commute with all the generators, they are
C1=-P?, Cy=W? WH=e"M,,P,, (A.34)

where W is called the Pauli-Lubanski pseudovector. Using the definitions (A.34) and the
commutation relations (A.31) and (A.32) we can write*’

W? = —2 M, M""Cy — 4 P,M" M,,P°. (A.35)

Let us consider the purely Lorentz part A(w) of the generic Poincaré transforma-
tion (A.30). It is convenient to split it into two parts. First, we define boosts

B(7]) = exp (-imKi> , K'=M"  n=wo, (A.36)

where K are the three boost generators. Second, we define rotations

—

. R
R(0) = exp (—itJ") Ji= SR, 6 = e, (A.37)

where J? are the generators of rotations around ith axis and 6; are the angles of rotations
around the ¢th axis. For completeness we also write explicitly

J={M>, M3 M2}, 0= {w®, W W' (A.38)

Pure rotations form an SO(3) subgroup of the Lorentz group which one can verify by com-
puting the algebra of the operators .J = {M?, M3, M'?} and seeing that it matches (A.1).
In terms of boost and rotation generator the Lorentz algebra (A.33) can be rewritten as

[Ji7 Jj] = —&—ieiijk, [Ji, Kj] = —i—ieiijk, [KZ', Kj] = _ifiijk- (A.39)

We can use the above commutation relations along with the Baker-Campbell-Hausdorff

formula )
(4Bt = B4 ¢[A, B] + %[A, 1A, B]] + .. (A.40)

40The Lorentzian 4d epsilon symbol e#**7 is fully antisymmetric. It is defined by €% = —egia3 = +1.

Instead the Euclidean 4d epsilon symbol obeys instead €'?** = €1934 = +1. It has the following property

4
§ : bed b cc od b cc od b cc od b ¢c od b cc od b ¢c od
€™ €ab/c'd — 6b/ Z/(Sd/ - 6b’6;’6c/ - 66/(5(;;/(5d/ + 6c’62/5b/ - 6d’ Z/(Sb/ + 6d’6§’6c/'

a=1
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to get commutation relations between finite boosts and rotations. We list here three such
relations that will turn out to be useful later

efiJzaefiKgneihH — efi(Kg cos 0+ K7 sin 9)177 (A41)
e*iJQQefiJgd)e’i]QQ — efi(Jg cos 0+ J7 sin 9)(]57 (A42)
e*i]gd)ef’ijgeeigk(f) — e*’t’(.]Q Ccos (b*Jl sin ¢>)9 (A43)

In particular, we will use the following special cases of the above equations repeatedly

eiiﬂ]zefiKsn _ eiK377€ii71'J?7 (A44)
etimT2o=ilsd _ gilsdoFindz (A.45)
pTimTs ,—iJ20 _ iJ20 Eins (A.46)

A.2.3 Unitary representation

We now review the unitary representation of the restricted Poincaré group ISO™(1,3). We
refer to vectors in this representation as states. The unitary representation is characterized
by the eigenvalues of two Casimirs —P? and W? as defined in (A.34).

Let us denote the eigenvalue of the first Casimir —P? by

& =—-P*=—p° (A.47)

We focus on the case when ¢? > 0 only. We can chose the basis of states to be eigenvalues
of P. We denote such a basis by
le, ps ..., (A.48)

where the dots stand for other labels yet to be discussed. Notice that the energy pY i

F=—p* = =4+ (A.49)

Thus, we can also use p? instead of ¢ to label the representation. There are two disconnected

related to ¢ as

but equivalent regions for p® which can be related by time-reversal. We consider only
positive energy states i.e those with p° > 0.

We now focus on the center of mass states, namely the states with o= 0. We notice
that 3d spatial rotations leave the p’= 0 condition invariant. This means that the set of
states (A.48) with 5 = 0 must furnish a representation of the SU(2) group.*! We often
refer to this group as the Little group. SU(2) representations were already discussed in
section A.1. They are labeled by the (half)integer ¢. The basis of states is labeled by the
eigenvalues of the J3 generator. We can thus fill the dots in (A.48) when p'= 0

lc, 0;4, \). (A.50)
Under 3d rotation the state (A.50) transforms according to (A.4),
R(a, B,7)|c,0; 4, \) = Z‘@A’A ,B,7)]c, 0; 0, X'). (A.51)

“IThis follows for example from the equality W?2|e,0;...) = —4 P2J?|¢,0;...), which can be deduced
using the results of appendix A.2.2. We see that the second Casimir W?2 for the center of mass states simply
reduces to the J? Casimir of the SU(2) group defined in (A.2).
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We now need to define a basis of states with generic values of p from (A.50) by applying
an appropriate Lorentz transformation which we denote by Uy, (p). In other words

’C’ﬁ;& )‘> = Uh(ﬁﬂca 6765 >‘> (A52)
The most convenient choice of the transformation Up(p) is as follows

Uh(ﬁ) = R<¢7 07 _¢) eXp(_inK3)7 (A53)

where (¢,0, —¢) are the three Wigner angles and 7 is the rapidity related to the four-
momentum by (2.6). Here the boost generates a non-zero 3-momentum along the z-axis.
The rotation then brings this 3-momentum to the required direction p, where (¢, ) are the
spherical angles of 7.2

The choice (A.53) is known as the helicity boost and the basis (A.52) is known as the
helicity basis. This name comes from the fact that the states are the eigenstates of the
helicity operator defined as

—

H=(J-P). (A.54)

In other words one has
Hie, p; £, A) = Ap |c, p5 £, A), (A.55)

where p is the length of p. Moreover the helicity label A remains invariant under any 3d
rotation as can be seen from

R(a, B,7)|e, i £, A v) = R(a, B,7)R($,0,—¢)Bs(n)lc, 0; £, \; )
= R(c/, 8',7")Bs(n)lc, 0; £, \; )
= R(o', 8, —a/) exp(—i(a’ +7')J3) Bs(n)|c, 0; £, \; )
(—iXa' +9)R(d, B/, —a')Bs(n)|e, 0; £, \; 7)
= exp(—iA(a/ +’Y))Uh(_’/)‘c 0; 4, A1),
(=A@ +)Ne, D754, A7)

(A.56)

= exp

= exp

Here in the second line we use the fact two rotations give another rotation, and the
parameters (o/, 3',7') can be expressed in terms of («, 8,7, ¢,0). In the fourth line we use
the fact that J3 commutes with K3. Finally we obtain the three-momentum 5’ which has
(o, B) spherical angles and |p’| = |F|. Thus, contrary to the rotations of the center of
mass states (A.51), the rotation of a state in a generic frame with non-zero momentum
P only changes the direction of its three-momentum but not its helicity. This can be
understood intuitively since the helicities in the helicity eigenstates are always aligned with
the three-momentum.

Finally let us discuss transformation properties of the states (A.52) under a generic
Poincaré transformation U(a,w), where a and w are its Lie parameters as discussed in

“2Notice that a rotation R(¢,6,~) with any value of v would do the job. Such a rotation is 47 periodic
in ¢. With the particular choice 7 = —¢, the rotation becomes instead 27 periodic in ¢, namely R(¢ +
271—7 07 _(()b + 271')) = R(¢v 93 _¢)
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appendix A.2.2. One has
Ua,w)lc, ps £, A;7) = exp —qu“ A(w)le, pi €, A7)

(
= exp( Un(p")Un(p") "' Aw ) w(D)le, 0: 4, 3:7)
(
(

Un(#") R(a B,7)e,5: £, X ) (A.57)
= exp(—ia,p* Z@,\//\ Boe, 7' 4 N5 ).

= exp

Here in the second line we inserted the identity operator in the form
I=Un(p")Un(@") " (A.58)

The key point lies in the third line where we notice that the following product of Lorentz
group elements is a pure rotation

R(a(p,w), B(p,w),7(p,w)) = Un(#") " A(w)Un(p), p" = Ay(w)p”. (A.59)

This can be seen as follows. The transformation (A.59) takes the rest frame states to the
rest frames states in the following way: 0 — p — 7’ — 0. The rotation (A.59) is known as
a Wigner rotation. In the third line of (A.57) we use (A.51). Finally the action of U, (p”)
just sends the COM frame state to the helicity state with final momentum p”.

The Wigner angles (o, 3,7) in the left-hand side of (A.59) are determined in terms
of (p,w). They can be computed for example by choosing a particular finite dimensional
representation and comparing the final matrices in the left- and right-hand side of (A.59).
However these expressions are too cumbersome to be presented in the most general case.
In practice we only need to consider a few special cases. The most important one for our
paper is discussed in appendix A .4.

A.2.4 Clebsch-Gordan coefficients
In this appendix we compute in detail the Clebsch-Gordan coefficient C’f{ defined in (2.23).
For convenience let us recall its definition here

(2m)2 W (P — pl — P5)dan X CL(P1, P2, @) = (¢, £, X; Y|k, Ka), (A.60)

where k1 and kg are the one-particle states (with masses mq, mo, spins ji, jo, helicities
A1, A2 and three-momenta py, p2) and « is the multiplicity label of the two-particle states
which reads as

o = ('ml, 77’L2,j1,j2, )\1, /\2). (A.Gl)

Using it the decomposition of generic two particle states can be written as

ki1, k2) = D CX(B1, B2, @) e, 75 4, s ). (A.62)
[N

We start by bringing the states in the right-hand side of (A.60) to the center of mass
frame. This is done by injecting an identity operator

I=Un(®)Uy " (7) (A.63)
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composed out of the helicity boosts (A.53) into the definition of the Clebsch-Gordan
coefficient (A.60), we then have

(51, 72) = C@, 1 0) x ), G1)P5,, (@), (A.64)

The value of 7 in (A.63) is chosen in such a way that the inverse helicity boost Uy * ()
brings the pair of vectors (p1,p2) to (p{, —py) which are in the center of mass frame. The
Wigner angles &y and & correspond to the Wigner rotations Wi and W defined as

Wi = U, (AR)AUL@), A= U, (D). (A.65)

In practice we never need the general expression (A.64). We will therefore not attempt
to derive the Wigner angles & and . What we will need instead is the Clebsch-Gordan
coefficient in the center of mass frame

which enters in the right-hand side of (A.64). Notice that we dropped the primes and the
subscripts compared to (A.64). Recalling the definition of the two-particle center of mass
states (2.26)

(P, 0, ¢); A, A2) = [ma, 7 ji, M) @ [ma, =5 ja, Aa), (A.67)

where (p, 0, ¢) are the spherical coordinates of p, and using the definition (A.60) we can
write the Clebsch-Gordan coefficient (A.66) as

(2m)16(0) x CX(F, ~7.00) = (e, 0:£, 35 A1, 2o (. 0, 9); A1, Aa)- (A.68)
We also notice that the state (A.67) obeys the following relation
R(,0,=)|(P, 0,0); A1, Ao) = e7*9*[(p, 0, 9); M1, Aa). (A.69)

We prove it later in this section.
In order to compute the Clebsch-Gordan coefficient (A.68) we inject the identity
operator
1= R(¢,0,—)R™" (9,6, —¢) (A.70)
in the right-hand side of (A.68). Due to (A.51) and (A.69) the matrix element in the
right-hand side of (A.68) becomes

<C, 0, 67 )"(pa 0» ¢)a A1, )\2> = e+2i¢>\2 Z ‘@)Z\A’(qb? ‘91 _(Z)) <C¢ 0, g) )‘/‘(p> 0, 0)7 A1, )\2>
N (A.71)
= e+2l¢)\2 @f\ A2 (¢7 9? _¢) <C, 07 Ea )\12|(p7 07 0)7 Ah )‘2>

In the second line we have used the fact that the states here are eigenvectors of the J3
generator and we have defined

)\12 = )\1 — )\2. (A72)

Finally, we denote the matrix element in the right-hand side of the second line in (A.71) by

(2m)*6(0) x Cy(p) = (c1,0,4, A12| (P, 0,0); A1, Ao). (A.73)
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As indicated, the coefficient Cy(p) can only depend on the spin label ¢ and the length p.
Its value is fixed by the choice of normalization. We will derive it shortly. Plugging (A.71)
and (A.73) into (A.68) we derive the final expression of the Clebsch-Gordan coefficient

CA(B, —P,a) = Co(p)e™ 9295, (6,0, —9). (A.74)

Using (A.74), see also (A.67), we can write the decomposition (A.62) in the center of
mass frame. It reads

‘(pv 97 d))) )‘13 >\2> = 6+2Z¢>\2 Z Cf(p) @f\kw (¢a 97 7¢)|07 65 Z? )‘7 Oé>

I\
= ZCg(p) ei(Aﬁ)‘?*)‘)‘ﬁdﬁ)\u (0)]c,0; 4, \; ). (A.75)
I
We can invert the above equation using (A.15) and the orthogonality of the exponential
function
= 20+1 27 1 —i(M4 A=\
¢, 054, A o) = 4ch(p)/o dg | dcos e~ MHA2= VoL (0)](p, 0, 9); A1, Aa). (A.T6)

Derivation of (A.69). Let us denote the vector p aligned with the direction of the
z-axis by p,. Notice that as defined both p’ and p, have the same length p. Using the

definition (A.67) we can write

R((ba 97 _¢)’(p7 07 0); )\17 A2> -
(R(9,0,—¢)|m1, 7% j1, A1) ® (R(¢, 0, —¢)[ma, —P; 2, A2)) - (A.77)
From (A.56) it is clear that the rotation operators bring the two one-particle states from p,

and —p, configuration to the p and —p configuration with some additional phases & and
&, In other words

R(¢,0,—9)|(p,0,0); M, Ao) = €' €1%2)|(p 0, $); Ay, \o) (A.78)

The goal of this section is to compute the phases &; and &s.
Let us start from the state with p,. Its spherical angles are (0,0). Using the definition
of the helicity basis (A.52) we can simply write

R(¢,0, —¢)|ma,Px; 41, M) = R(,0, =) R(0,0,0)e "5 |my, 0; j1, A1) (A.79)
- |ml7ﬁj17 >\l>

Thus, we conclude that
& =0. (A.80)

Let us now address the state with —p,. According to (2.27) its spherical angles are
(m, ) instead. Using again the definition of the helicity basis (A.52) we can write

R(¢a 07 —QZS)’TTLQ,]TZ; j25 )\2> = R(QS’ 95 —qb)R(Tﬁ T, _W)e_inKS |m25 67 j27 )‘2>
= R(m+ ¢, — 0, —1 — ¢)e 29373 1y (0; o, o) (A.81)

= e 202 my 5 o, Aa).
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In the second line of (A.81) we have repeatedly used the identities (A.45) and (A.46). In
the last line we have used the fact that J3 and K3 commute and that the center of mass
state is the eigenstate of the J3 generator. Thus, we conclude that

§2 = —2X20. (A.82)
Combining (A.78) with (A.80) and (A.82) we arrive at the desired property (A.69).

Computation of (A.73). The coefficient Cy(p) in (A.73) is fixed by the normalization
condition (2.14). In what follows we carefully compute it. Using (2.20) and performing the
change of variables, see appendix A of [12] for details, we get

(K}, Kbl k1, ka) = (2m)%4pTp3 6P (5] — 71)6 (73 — P2)buva (A.83)
= (27)%4 \/f 5 (p'™ — p")§(cos 0’ — cos0)5(¢ — ¢)daran (A.84)

where « is given by (A.61) and
Satec = St 871518745203 20 Srt na- (A.85)

Now let us take the norm of both sides of (A.76) and use (2.22) and (A.84) to get

204+1 \?_ o [-p?
5/ 6/ 5/ = _— 2 4 —_—
bty = (Tgan) @4 3

27 +1 .
X /0 do » dcos fe” "M A= Negl | (g)

X/ d¢/ dCOSHI Z()\/+)\l )\,)(bld/\/)\/ (0)

x §(cosf — cos0)5(¢' — §)bara-

(A.86)

The delta functions over the angular coordinates removes two of the integrals and sets ¢’ = ¢
and cos @ = cosf. We can then use the orthogonality of the small Wigner d matrix (A.16)
along with the orthogonality of the exponential function to obtain

204+1 \? 9, [—p? Am
1=(—— 2 44— ——. A.
<47rrcg<p>|> @ 7 21 (A.87)

2

Noticing that in the center of mass frame —p? = ¢?, we immediately get

C(p)|? = 4m(2€ + 1) x 1%' (A.88)

The phase of the Cy(p) coefficient is unobservable. In all the final formulas it will enter in
the form (A.88). Thus we can simply set this phase to zero and obtain the final expression

Cu(p) = , [4m(20 + 1) x 153. (A.89)
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A.3 Finite dimensional Lorentz representations

Let us discuss two particular finite-dimensional representations on the Lorentz group, namely
the vector and spinor representations.

Vector representation. The generators of the Lorentz transformation (A.30) obey
the algebra (A.33). In the vector representation of the Lorentz group, the generators
satisfying (A.33) can be written as

[MM] = =i (0"50"0 = 0"50%,) = [MM™]'o = —i (n"05y — 3hn"P). (A.90)

According to (A.36) and (A.37) they split into generators of boosts and rotations as

0 +100 0 0+10 0 00 +1

K i +1.0 00| K2 =i 000 0f K, = 0000 |
0 000 +10 0 0 000 0
0 000 0000 +100 0
00 0 0 0000 00 00

e R I R e (R
00 -1 0 0+10 0 00 00

Using (A.36) the matrices of finite transformations follow straightforwardly, for instance for
the boost along the z-axis we get

coshn 0 0 sinhn
0 1 0 0
Bs'»=| o o 1 o (A.91)
sinhn 0 0 coshp

Similarly using (A.37) for the rotation around the y-axis and z-axis we get respectively

1 0 0 0 1 0 0 0
0 cos 0 sin 0 cosvy —sin 0
Ra(B)" = 0 G B (A.92)
0 0 1 0 0 siny cosy O
0 —sing 0 cospf 0 0 0 1

In defining a 1PS we apply a boost along the positive direction of the z-axis to the
particle at rest. The boost parameter can be found from

0

P m
0 0
= Bs(n) , n=0. (A.93)
0 0
p 0
Using (A.91) we get
p’ P
coshn =—, sinhnp= —. (A.94)
m m
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Consider now a state with the three-momentum p’ constrained to the xz-plane
P = {p°,ps,0,p.}. (A.95)
In terms of rapidity and spherical coordinates it is described by the following parameters
' (n,0). (A.96)
The components of the vector (A.95) can be expressed in terms of the components (A.96) as
p’ =mcoshn, p=msinhn, p,=psind, p, = pcosh. (A.97)

By definition (2.5) the helicity state is constructed by applying (A.53) to the center of mass
states. We have

p° m
2 oy | V] (A.98)
0 0
D= 0
where in the vector representation the matrix Uy (p) reads as

coshn 0 0 sinh n

sinhnsinf cos6 0 coshnsinf

Un(p) = Ra(0)Bs(m) = |~ 1 : (A.99)
0 0 1 0
sinhncosf —sinf 0 coshncosh

Spinor representation. In order to define the spinor representation of the Lorentz group,

we first define the 4 x 4 gamma matrices in our conventions®3

0 ot
K= A.100
gt <5u 0) : ( )
where

ot =(1,6) and ot =(I,—75) (A.101)

and & are the usual 2 x 2 Pauli matrices:

01 0 —1 10
01 (1 0) ) 02 <Z O) ) 03 (0 _1> ( 0 )

From the explicit form of the gamma matrices it is easy to verify that they satisfy
{47} = =29, (A.103)

where {A, B} = AB + BA is the anti-commutator. We can now define the generators of
the spinorial representation of the Lorentz group:
i

SHY =
4

[v*,77]- (A.104)

“3Note that we work in the Weyl (also known as chiral) basis for the gamma matrices.
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These generators satisfy the Lorentz algebra (A.33) and we can split them into boost
generators K = S% and rotation generators J* = %eiijjk. For the reader’s convenience,
we write out these matrices explicitly

0 —%00 0-3 00 —£00 0
7 1 %
el oos] 00 0] K=losso |
° 2 2 2 v
0 0%0 00 —30 0 00-%
0200 0-50 0 000
g 3000 2 5000 P 0-20 0
0001’ 000-%1’ 0030
0030 00%0 00 0—3

Using (A.36) and (A.37) the matrices of finite transformations follow straightforwardly, for
instance for a boost along the z-axis by rapidity 1 we get

e 0 0 0
0 e”2 0 0
B = A.105
s =| o S0 e o | (A.105)
0 0 0 e
while for rotations about the y-axis by an angle 8 we get
cos (% —sin (g) 0 0
: [ 0
o) — sin ( 5 cos(i) 0 0 A1
Ry(0) = ) NE (A.106)
0 0 cos (5 —sin (5)
0 0 sin (g cos (g)
In case of a rotation about the z-axis by an angle ¢ we have
% 0 0 0
io
ry@)=| O 00 (A.107)
0 0 e 2 0
0 0 0 €%

A.4 An example of the Wigner rotation

Consider now the vector (A.96) and the following Lorentz transformation applied to it

A = Ry(12) Bs(X) R2(¢1), i € [0, 7], (A.108)

which implements a rotation around the y-axis by an angle v; followed by a boost along
the positive z-axis with the rapidity parameter x and another rotation around the y-axis
by an angle ¥s. As a result we get the following 4-momentum

p't = A*,p¥ (A.109)
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which is described by the parameters
e (0,0, (A.110)

and also lies in the xzz-plane. The four-vector p’* can be generated using the helicity boost
Un(p') = Un(1, 0') analogously to (A.98). The components of p’* can be found from (A.109).
The values of (1/,6’) in the helicity boost matrix then follow straightforwardly.

The Wigner rotation associated to generic Lorentz transformations are defined in (A.59).
In case of the Lorentz transformation (A.108), upon plugging the above results in the
definition (A.59), we get the following explicit result

1 0 0 0
- 0 cosw 0 sinw
Ruyigner = U, (0)) AUn(p) = : (A.111)
0 0 1 0
0 —sinw 0 cosw
where the Wigner angle written in compact form read as
0,0 _ .2 h inh
cosw =22 m/ o X7 sinw = w sin(6 + ). (A.112)
pp
The Wigner angle w depends on five parameters (7,0, x, %1, 12). The full form of the angle
w reads as A (8 -
COSW = ————, sinw= sin(0 + ) sin X, (A.113)
B2 -1 VvB% -1

where we have defined
A = sinh n cosh x + cosh nsinh x cos(6 + 1), (A.114)
B = coshn cosh x + sinh 7 sinh x cos(0 + 11). (A.115)
B Parity and time-reversal

In this section we will discuss the discrete symmetries of the full Poincaré group, namely
parity P and time-reversal T .

B.1 Parity
Parity in the defining vector representation of the Lorentz group is given by the following
matrix
1 0 0 O
0-1 0 O
P = ) B.1
00 -1 0 (B-1)
00 0 -1

We denote the parity operator in the (infinite-dimensional) unitary representation by the
same symbol P. It obeys the following commutation relations with the generators of the
Poincaré group

pPrpt = (P, —P), PK'Pt=-K', PJPl=J (B.2)
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In what follows we will use (B.2) to derive the action of parity on one- and two-particle
states. We will then derive constraints on the scattering amplitudes due to parity. Let us
begin with the following preliminary computation of the parity transformation property of
the helicity boost operator (A.53),

PUL(P)P" = PR(¢,0, ~¢)P"PBs(n)P'
= R(¢,0,—)Bs(—n) (B.3)
= R(,6, ~¢)R(0,7,0)Bs(n)R' (0,,0).
Here in the first line we injected the identity I = PTP, we then used the commutation
properties (B.2) in the second line. Finally, in the third line we used (A.44).

One-particle states. Consider the action of parity on a one-particle state (2.13) in the
rest frame. Since parity commutes with all of the rotation generators J;, it must leave the
helicity of the particle invariant.** Therefore the most general possible action is a simple
multiplication by a phase which we denote by 7. In other words

Plm,0;4,A) = n|m, 0; 4, \). (B.4)

This phase n is called the intrinsic parity of the particle. Due to the discussion of section 3.3
in [19], one can always define parity operator P in such a way that either P? = +1 or
P? = —1. As a result, applying (B.4) consecutively we conclude that

n”=+1 or n?=-1 (B.5)

We can now deduce the action of parity on a generic one-particle state (2.13), see
also (A.52). One has
Plm, 7 j,A) = PU(P)Im, 0 4, A)

= PULB)P'Plm,0: 5, \)

= nR(¢,0,~¢)R(0,,0)B3(n) RY(0,7,0)[m, 0; j, \)

= n(=1)7"R(¢,0, ~¢)R(0,7,0)Bs(n)|m. 0; j, — ).
Here in the third line we used (B.3) and (B.4), instead in the fourth line we used (A.51), (A.6)
and the following property of the small Wigner d-matrix

By (=m) = (=175 . (B.7)

(B.6)

Next, by repeatedly using (A.45) and (A.46) one can show that
R(¢,0,—¢)R(0,7,0) = R(¢ + 7,7 — 0, —(¢ + m) e 2005, (B.8)
Inserting this relation into (B.6) and using the fact that J3 commutes with K3 and that
the p'= 0 state is the eigenstate of J3 we conclude that
Plm, 5, ) = n(=1)7 e CT2OAR(G + w0 — 0, (& + m)) Ba(n) [m, 0 j, =)
= n(=1)"* 20U (=) |m, 0 j, =) (B.9)
= n(=1) e m, 5 j, =)

“4This can be seen by applying parity to the eigenvector conditions (A.5).
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Here in the second line we used (2.27) and (A.53). In the third line we used (A.52) and the
fact that
64i7r)\ — e4i7rj =41 (BlO)

for any A and j which are integer or half-integer. Summarizing, the final expression for the
action of the parity operator on a one-particle states reads as

Plm, 5,4, \) = n(—1)72e**?|m, -5 j, = \). (B.11)

Two-particle COM states. From the action of parity on one-particle states (B.11), one
can conclude the action of parity on two-particle center of mass states defined in (2.26).
One has

Pl(p,0,0), A1, A2) =P (|m1, 0 j1, A1) ®|ma, =P jo2, A2))
=i (—1)71 M (= 1)z A2 20N 2T Gy A ® M, B o, —A2)
= (= 1)1 2 A2 20NN (g ) ), —Ap, — o),

where n; and 72 are the intrinsic parities of the first and the second particle respectively.
Notice also that in the third line we used for the second particle the identity

1 = M), (B.12)
which holds true since X\ + j is always an integer. To summarize, we have
Pl(p, 6, 0), A1, Aa) = mma(—1)71 2772220t (p 1w — 0, ¢ 4 ), =1, —Ao). (B.13)

In principle (B.13) is our final answer. However, for applications to scattering amplitudes
we need to bring (B.13) to a different form. We focus on the case where ¢ = 0, when (B.13)
simplifies to

P|(p’ 9’ O)a >\17 >‘2> = ,’71772(_1)j1—j2—>\1—>\2 |(pa ™= 07 7T)7 _)‘1’ _>‘2> (B14>
Here the two-particle state in the right-hand side by definition reads as
[(p,m = 0,7), =A1, =A2) = |m1, =P, j1, —A1) @ [ma, P j2, —A2), (B.15)

where the three-vector p has (6,0) spherical angles and the three-vector —p has (7 — 6, )
spherical angles. Using (A.45) and (A.46) one can derive the following relations

R(m,m — 60, —7) = e ™2 R(0,0, —27), (B.16)
R(0,0,0) = e ™2 R(m,m — 0, —7). (B.17)
Using the definition of helicity states (A.52) and the relation (B.16) we conclude that the

first one-particle state in (B.15) can be written as

—

;j17 _A1>
= e~ ™2 R(0,6,0)e2™ By (1) |ma, 0; j1, — A1)
= e 2N imR R(0,6,0)Bs(n)|m1, 0; j1, — A1)

= (_1)_2j1€_iﬂj2|mlaﬁjla _>\1>

’mly _ﬁ; Jis _/\1> = R(Wv = 07 —W)B("?)‘mh

(B.18)

— 65 —



PENY ) RS
A () 9
[ Parity 0 Ry(m) 0
> 2 > >z > » 2
0 0 0
2% A 4N
P N0 N

Figure 7. The geometric picture behind (B.14) and (B.20). Particle 1 is red and particle 2 is blue.

In the third line we used the fact that J3 commutes with K3 and that the state with =0
is the eigenstate of J3. In the last equality we used (B.12). Analogously using (B.17) for
the second one-particle state in (B.15) we conclude that

Ima, B ja, —A2) = € "2 my, = ja, = Aa). (B.19)
Plugging (B.18) and (B.19) into (B.15) we obtain the following relation
[(p. 7 — 0,7), —A1, —A2) = (=1)"21e™™2|(p,0,0), = A1, —Aa). (B.20)

Finally, plugging (B.20) into (B.14) and using an obvious identity (—1)77=* = (—1)/+}
which holds true since j + A is always an integer, we obtain the desired expression

Pl(p,0,0); A, Xo) = mmp(— 1) FHNFR2e=mR (5 9 0); Xy, —Ny). (B.21)

The benefit of this equation is that the states in the left- and right-hand side are in the
same configuration contrary to (B.14). For a pictorial representation of the above formulas
see figure 7.

Two-particle irreps. The two-particle states can be decomposed into states in the
irreducible representation of the Poincaré group. We refer to them as the two-particle
irreps. In the center of mass frame such a decomposition and its inverse are given by (A.75)
and (A.76) respectively. Applying parity to (A.76) and using (B.13) we get

2w s .

Ple, 034,25 A1, ho) =N /0 dep /0 dosin@e @Ot NG ()P|(p,6,0); 0, 0)  (B.22)
27 ™ .

=i [ do [ apsing VY (0)](p.m—0,04m). M),

where we have defined

2€+ 1 co 1—J2—A1—A
= — m = —1)17I2mATA2 B.23
47Cy(p) ) 12 mmnz2(—1) ( )

Changing the integration variables from 6 and ¢ to 8/ = 7 — 0 and ¢’ = ¢ + 7, using the
following property of the small Wigner d-matrix

l o4
d\\(m = 0) = (=) d§)_(0), (B.24)
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the second line of (B.22) can be written as

Ple, 05,05 A1, Ao) = (—1) "M (1) Aypgm (B.25)

3 s ) ,
X / d(ﬁ//o dO’ sin §' i1 +r2+0)¢ d(f) \ (9/),(})7 9/’¢/)7 AL =)

Avf 12

Consider now a function f(¢) which is 27 periodic in ¢. The following property then
holds

2w ¢o+2m
asfo) = [ dof(o) (B.26)
0 b0

for any real ¢o. We notice that both e!A1T32+0¢" and |(p, @, ¢'), —\1, —A2) are 21 periodic
in ¢'. The former follows from the fact that A\; + A2 + ) is always an integer. The latter
follows from our definition of the helicity basis (A.53), see in particular footnote 42. We
can then use the definition (A.76) one more time to conclude that

Ple, 030, X; A1, Ag) = (—1) M2 A =) FA80m e, 050, A5 — A, — o). (B.27)
Plugging in (B.23) and using (B.12) the above can be brought to the following final form
Ple, 036, A A1, A2) = muma(—1) 77192, 050, A = A1, —Aa). (B.28)

Constraints on scattering amplitudes. In parity invariant theories the scattering
operators .S and T obey

S =pspt =pisp, T =Prp=piTp. (B.29)

Using (B.29) in the definition of the center of mass amplitude (2.61) we obtain the following
constraint on the COM scattering amplitudes

<(p/a 0, 0)’ A3, >‘4’T|(p’ 0, 0)7 A, )‘2> = <(p,’ 0, 0)’ A3, )\4|PTT'P|(p, 0, 0)» AL, )‘2> (B3O)
Using (B.21) the right-hand side of this equation can be written as

((p,0,0); A3, \a| PTTP|(p, 0,0); A1, Aa)

= munamint (= 1)t AR (L )dstiat At

<(p/7 97 0)7 _>\37 _)‘4|€i7n]271€_i7r‘]2 ’(pa 07 0)? _)\la _)\2> (B?)l)

Plugging this into (B.30), using the fact the scattering operator T is invariant under
rotations and invoking the definition of the COM amplitudes we obtain the final constraint

T12—>34§f:§§ (s,t,u) = munanan; (—1)71 72 st (—1)/\1+/\2+)‘3+)‘4T12—>34:§f::§§ (s,t,u).
(B.32)
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B.2 Time-reversal

In the defining vector representation time-reversal is given by the following matrix

-1000
0 100
= B.
T 0 010 (B-33)
0 001

We use the same symbol 7 to denote the time-reversal operator in the (infinite-dimensional)
unitary representation. Using (B.33) one can deduce the following commutation properties
of the time-reversal operator with finite rotations and boosts in the unitary representation

Te WidiTt = e=Widi  and  Te Mgt = ¢inif, (B.34)

Similarly, the action of time-reversal on the translation operators is given by
TefiPotTT — €+iPOt and Te+i13-:f7~1' _ 6+i13~f. (B35)
We recall now that 7 is anti-unitary, namely it obeys the following condition

TiT! = —i. (B.36)

Using these facts we deduce the following commutation relations of 7 with the generators
of the Poincaré group

TPTH = (P°,-P), TK'T'=K' TJT =-J". (B.37)

In what follows we will use (B.37) to derive the action of time-reversal on one- and
two-particle states. Then (as in the previous section) we will derive constraints on the
scattering amplitudes. As before, we begin by computing the transformation property of
the helicity eigenstate boost (A.53) under time-reversal,

TULD)T' = TR(¢,0,—¢)T TBs(n)T"
= R(¢,0,—¢)Bs(—n) (B.38)
= R(¢,0,—¢)R(0,,0)Bs(n)R"(0,7,0).

Here in the first line we injected the identity I = 777, we then used the commutation
properties (B.37) together with (B.36) in the second line. Finally, in the third line we
used (A.44). Interestingly enough, (B.38) is the same as (B.3). Thus, we expect that in
what follows we will be able to utilize many intermediate results from the previous section.

One-particle states. Let us first deduce the action of time-reversal on a one-particle
state in the rest frame. Consider the following relation

TR(a, B,7)|m, 0; 5, \) = TR(c, 3,7)T T |m, 0; 5, )

o (B.39)
= R(a, ﬁ,’Y)T|ma 07]5 >‘>,
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which holds true due to (B.36) and (B.37). On the other hand we also have

TR(O&, 67’7)’777’7 6;j7 )‘> = Tgf\/A(a7lB77)‘m76; ja )‘>

o o (B.40)
= D5\ (o, B,7)T|m, 0; 5, X').

Here in the first line we simply used (A.51). Instead the second line follows from (B.36)
and the explicit form of the large Wigner D-matrix, see (A.7) and (A.10). Comparing the
above two expressions we conclude that

R(ev, 3,7)T|m, 0; 4, \) = 25\ (a, B,7) T |m, G; 5, N'). (B.41)

By comparing (B.41) with (A.17), we see that the time reversal transformed one-particle
states (in the center of mass) are in the dual spin ¢ representation. Using (A.21) we conclude
that*s

TIm,0; 4, A) = e (—=1)77m, 0; 4, =), (B.42)

where ¢ is the proportionality coefficient obeying |¢|?> = 1. One can always define 7 in such

a way that 72 = +1 or 72 = —1. Thus, we have
=41 or =-1. (B.43)

In order to obtain the action of time-reversal on a one-particle state, we use the
definition of the helicity basis (A.52) and (B.38). We have

Tlm, 7 4, \) = TUA(D)m, 0, 4, \)
= TULB) T T|m,0,j,\)
= R(¢,0,—¢)R(0,7,0)B(+7)R'(0,7,0)T|m,0,j, \) (B.44)
= e(=1)" R(¢, 6, —¢)R(0,7,0)B(+n) R (0, 7,0)|m, 0, j, —\)
= eR(¢,0,—¢)R(0,7,0)B(+7)|m, 0, j, A).

In going from the fourth to the fifth line we used (B.7) and (B.12). Utilizing (B.8) and (B.12)
the above result can be brought to the following final form

T|m7ﬁj7 >‘> = 8(_1)2j672’i/\¢|m7 _ﬁm]v)‘) (B45)

Two-particle COM states. From the action of time-reversal on one-particle states (B.11),
one concludes the action of time-reversal on two-particle center of mass states defined
in (2.26). One has

T‘(I’? 97 ¢)a )‘17 >\2> — T(’mhp;jly)\l) & |m25 _ﬁ7j27)\2>) (B46)

= 189 (= 1)1 (—1)M2e 20N 2N 5 i, M) @ [, B o, Aa).-
Using (B.12) we can bring the above to the final form

TP, 0, 0); M, Aa) = e1ea(—1)X1e 2 NTrD2 (p 1 — 0,6 + 7); A1, o). (B.47)

From J37 = —TJ3 and (A.5) we could have only concluded that helicity flips under-time reversal.
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Two-particle irreps. Let us repeat that the two-particle states can be decomposed into
states in the irreducible representation of the Poincaré group. We refer to them as the
two-particle irreps. In the center of mass frame such a decomposition and its inverse were
given by (A.75) and (A.76) respectively. Applying time-reversal to (A.76) and using (B.47)
we get

2 s .
Tle.0:. M de) =N [ do [ apsing Tem o209 (6)((p.0.0): . )
27
=N / de / dOsinf et N NIGE) ()T (p,6,6): M, he)  (B.4Y)
21
= 53N / do / dsinge "M HANSGE) (9] (p, 70, $47), A1, o).

Notice that in going from the first to the second line we used (B.36). The constant N was
defined in (B.23) and we have introduced for brevity

5(133111 = 6162(—1)2j1. (B49)

Changing the integration variables from 6 and ¢ to ¢/ =7 — 0 and ¢' = ¢ + 7, using
the following property of the small Wigner d-matrix

diy(m = 0) = (~1)**d",,(0), (B.50)
we can bring (B.48) to the following form
Tle, 054, X5 A1, Ag) = eSgmN e MatAetm(_)h—A2—f (B.51)
. /7r Y /0 " sin ' =IO NG G (0)|(p, 0, 77), A, Aa).
Using (A.76) and (B.26) we conclude that
Tle, 0;0, X A, Ag) = e§gmerMatAetNm_py =0 0.0 X \p) Ag). (B.52)

Using (B.49) and the obvious identity (—1)** = (—1)*~¢ which holds true since £ — \ is
always an integer, we obtain our final expression

Tle, 0,6, M5 M1, A2) = e160(—1)2c, 0, £, =5 A, A2). (B.53)

Constraints on scattering amplitudes. In time-reversal invariant theories the scat-
tering operators S and T' obey

TSTV=5",  TTT' =1" (B.54)
Consider the states
) =[(0,0,0); X3, M), [d) = Tl(p,0,0); A1, Ag). (B.55)

By definition the anti-unitary time-reversal operator T satisfies

(TYITe)" = (lg), (B.56)
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where

|To) =T|o) and |Tv) = T|P). (B.57)

Using (B.47) and time-reversal invariance of the T operator (B.54), we have

o (B.58)
- 5152(_1) le ’(p,ﬂ',ﬂ'),)q,)q)

and

(Ty| = 33 (=1)*((p, 7 — 0,7), A3, M. (B.59)
Plugging (B.58) and (B.59) along with the definitions (B.55) into (B.56), we arrive at

<(p/7970)7)‘37)\4|T‘<p7070)7 )‘17)\2> -
eresesea(— 1) (= 1)X3 (P, — 0,7); As, M| TT|(p, 7, 7); A1, Ao)* (B.60)
eresesea(—1)7H (=1)*2((p, 7, m); A, AT (P, ™ — 0, 7); A3, M)

We are now left with bringing the matrix element in the last line of (B.60) to the standard
COM frame. For that we will use the following identity

R(r,m+60" —0,—7) = R(m,m — 6,0)R(0,8’,0)e™3, (B.61)

which is a simple reorganization of exponents in the definition of the Euler rotation (A.4).
Let us start by the following rewriting of the 34 two-particle state
(', — 0,7); A3, Ag) = ™R, m — 0, —7)|(p,0,0); A3, As)
= 2™ R(m,m — 0,0)R(0,0,0)e™3|(p', 0,0); A3, Aa) (B.62)
= ™M R —6,0)|(p',0,0); Az, Aa).
Here in the first line we used (A.69). We used (B.61) with 6’ = 0 in the second line. Finally
we used the fact that the states with the momentum along the z-axis are eigenstates of J3
generators. Analogously we can write the 12 two-particle state as
‘(pv T, ﬂ—); Al? )‘2> - €2i7r)\2R<7T, T, _ﬂ—)‘(pa 07 0)7 Ala )\2>
= 22 R(m, 1w — 6,0)R(0,6,0)e™3|(p,0,0); A1, A2) (B.63)
= TP R, — 6,0)|(p, 0, 0); M1, o),

where in the second line we used (B.61) with ¢ = 6. Plugging both (B.62) and (B.63) into
the last line of (B.60) we conclude that

<(p,7 97 0)7 )‘3a )\4|T|(p7 Oa 0)7 )\17 )‘2>
_ 6{6;6364(—1)2].1 (_1)2j36i7r(—>\1—>\2+)\3+>\4)
<(p7 97 0)7 Aly )\2| (R(?T, ™= 97 O))T TR(W7 ™= 9? 0)|(p/7 07 O)a )\37 A4> (B64>
The series of steps from (B.60) to (B.64) is depicted in figure 8.

Using the fact that the scattering operator is invariant under rotations and that
according to (D.17)—(D.19) the Mandelstam variables remain invariant under the exchange
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Figure 8. The geometric picture involved in going from (B.60) to (B.64). Particle 1 is red, particle
2 is blue, particle 3 is magenta and particle 4 is cyan.

p < P/, we can use the definition of the center of mass amplitudes (2.61) and write (B.64)
in its final form

A3, A —do— A1,
T12_>34>\i’:/\3(8,t,u):€T6§6364(—1))‘1 A2 )‘3+)‘4T34_>12>\;>\i(5,t,u). (B65)

Here we also simplified the phases according to (B.12). Notice that whereas parity (2.64)
imposes a constraint on the same amplitude, time reversal relates the process 12 — 34 to
the process 34 — 12, which are in general different.

B.3 PT

Let us conclude this appendix by discussing the situation when our physical system is
symmetric under simultaneous application of parity and time-reversal, in other words under
the PT transformation. Due to (B.11) and (B.45), the one-particle states transform under
PT as follows

PTIm, 7 4, A) = ne(=1) " m, B j, =A). (B.66)
One can then derive constraints posed by PT on scattering amplitudes. The simplest way
to obtain them is to combine (B.32) and (B.65). One then has

Thassay A (s, u) = (1 G CaCa(— 1) 27030 Ty 1y 30732 (5,1, ), (B.67)

where we have defined the phases as
G = eim;- (B.68)
It is interesting to consider the case of identical neutral particles with spin j and the

phase (. Then the equation (B.67) becomes

A3, A —A1,—A
Tki)\é (S’ t’ U) = T—)\;,—)\i (87 ta u)7 (B69)

where we have removed the subscript 12 — 34 since all the particles are identical and used
the fact that |¢|? = 1.
Any consistent quantum field theory must be CPT invariant [59]. This means that one

can always introduce the so called CPT operator which we denote by Y. In the system of
neutral particles one can choose

> =PT. (B.70)

As a result the constraint (B.69) on the scattering amplitudes of identical particles is not
an additional assumption but rather a consequence of the CPT theorem.
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C Identical particles

In this appendix we consider the special situation where a two-particle state (2PS) describes
a system of two identical particles with mass m and spin j. Such a system possesses Bose
or Fermi (anti-)symmetry. In other words, the two-particle state must satisfy

k1, K2)ia = (—1)% k2, K1)id- (C.1)

Here we have added a subscript ¢d to explicitly indicate that the state describes a system
of two identical particles. In order to satisfy (C.1), we have to take the symmetrized, in
case of bosons, and the anti-symmetrized, in case of fermions, tensor product, i.e

1 oo 5. ; o o .
|1, K2)id = NG (’mvpl;j7A1>®’map%]v)\2>+(_1)2j‘m7p2;]7)\2>®’mapl;]7>‘1>) . (C2)

We remind the reader that ® denotes the ordered tensor product that was used in (2.19) to
define generic two-particle states. The normalization of the state (C.2) follows from (2.14)
and reads

(K1, K2|Kk3, Ka)id = 0(k1 — K3)d (ke — K4) + (—1)2j6(li1 — Kq)0(K2 — K3). (C.3)
C.1 Two-particle COM states

As before we need to define the identical 2PS in the center of momentum. Adapting (2.26)
to the case of identical particles we get

|(p7 Ha ¢)7 >\17 )‘2>id =

1 S L. ; L. L.
—= (I, 555, M) @ [m, =5, Ao) + (=12 m, =55, d2) @ [m, s M) ) - (C.4)

V2

In the notation (2.26) this can be equivalently written as
1 .
(P, 0, ®); A1, A2)ia = 7 (|(P79,¢); AL A2) + (1) |(p, 7 — 6,7 + 0); )\27)\1>> . (CH)

The normalization of these states is fixed by (2.35). Analogously to (2.28) we can write it
in spherical coordinates as

id<(p"9’¢);>\17)\2|(p/7050); /la)‘l2>id = (06)
1672\/5 (8(0)0(¢) O(m—6)5(p+ )
(2m)'6%(0) x Vpp' < sin N sin(m — ) 6>‘2/\,16>\1X2> .

The symmetry (C.1) for the two-particle states in the center of mass reads as

Ox O, + (—1)

(P, 6, 9); A1, A2)ia = (=1)7|(p, ™ — 0,6+ 7); Mg, Ad)ia- (C.7)

Let us now restrict our attention on the special case ¢ = 0 and derive the following two
relations

(p,6,0); A1, A2)ia = € ™2 (p, 6, 0); A2, A1 )ia, (C.8)

(P, 6,0); A1, Aodia = (—1) 25| (p,m — 6,0); A2, M)ia- (C.9)
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Figure 9. The geometric picture behind (C.8). The particles are identical and are therefore
represented by the same colour.

The first one simply follows from (C.7) with ¢ = 0 and (B.20) and is shown in figure 9.
The second one follows from (C.7) with ¢ = 0 and (A.69) and is shown in figure 10. More

precisely

‘(pv 9) ¢)) )‘17 >\2>id = (_1)2j62i7r)\1R(7T7 ™ = 97 _W)Kp? 07 O)a )‘27 >\l>id
(=122 R0, 1 — 6,0)eT™3|(p, 0,0); A2, A1 )id
(—1)HemCatM)e=imla R0, 7 — 0,0)|(p, 0,0); A2, M )id

= (1) X mNTA) =T | (5 71— 0,0); A2, A1 )id-

(C.10)

In the first and the fourth line we used (A.69). In the second line we simply used the
definition of Euler rotations (A.4). Finally in the third line we used the fact that the states
with the three-momentum along the z-axis are eigenvector of J3. Using (B.12) in the last
line of (C.10) we obtain (C.9).

C.2 Two-particle irreps

We would now like to decompose identical two particle states (C.2) into irreducible represen-
tations analogously to the generic two-particle state decomposition (2.29). The two-particle
states in the irreducible representation are denoted by

’670,67)‘;>‘13)‘2>id- (C]_l)

As before the subscript id emphasizes the fact that we do not deal with a generic situation
but with the identical particle case. In what follows we need to define the states (C.11)
precisely and fix their normalization.

In a generic situation, the two-particle states in the reducible and irreducible representa-
tions are related by (A.76). Since the Lorentz transformation property of the states are the
same for identical and distinct particles, we can just use the decomposition formula (A.76)
but with an unspecified normalization N;q which we fix later in the section. One has

. 2 +1 .
’0703&)\3)\17)\2>id:~/\[id/0 d¢ 1dCOSQC_Z(MHQ—AWdﬁAH(9)’(19,97¢);)\1,)\2>id- (C.12)
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Figure 10. The geometric picture behind (C.9). The particles are identical and are therefore
represented by the same colour.

We can use this formula to deduce the symmetry property of the state (C.11) under the
exchange of two particles. Plugging (C.7) into the right-hand side of (C.12) we get

. s ™ .
(—1)%Niq /0 d¢ /0 dfsin @ e~ Ot =N2G) (9)|(p, 7w — 0, + 7); Aoy A

X 3T s . 7
= (~1)¥Nig / de' /0 df' sin@'e= OV G (m 0)|(p, 0, ¢); Ao, Mia

_ (_1)2jei7r(>\1+>\2—)\)(_1)€+>\
3 ™ . ,
X Md / d¢/ /0 da/ sin 0,6_1()\14—)\2_)\)(;3 dgé)\m (6/) | (p7 9/3 QS/), >\23 )‘1>id' (013)

In the second line we changed the integration variables from 6 and ¢ to ' = 7w — 6 and
¢’ = ¢+ w. In the third line we used (B.24) to rewrite the small Wigner d-matrix. Also
recall the definition

)\12 = )\1 - )\2. (014)

The last line in (C.13) simply contains the two-particle irrep (C.12). In order to see this,
we refer the reader to (B.26) and the discussion below. Combining (C.12) and (C.13), and

taking into account (B.12) we finally get*®

le, 056, A A1, A2)ia = (—1)7TM722(¢, 050, A5 A2, At)ia. (C.15)

We can now define two-particle irreps (C.11) describing identical particles in terms
of generic two-particle irreps by requiring that (C.11) automatically satisfies the condi-
tion (C.15). Our choice here is as follows

1
|C, 0,0, \; A1, )\2>id = 5 (’C,O,E, A A1, )\2> + (_1)€+)\1—>\2|C’ 0,0, \; A, )\1>> . (0.16)

4Notice that due to (C.15) the two-particle irreps with Ay = A2 exist only for even spins £. When \; # )2
we can form two linear combinations from two-particle irreps, one of which exists only for even spins ¢ and
the other one only for odd /.
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The normalization of the states (C.16) follows from the normalization of each of the two
terms fixed by (2.22) together with (2.25). As a result the normalization of the states (C.16)
is given by (2.22) along with

1 _
b =5 (Baax;Bang + (~1)FM72265 3, ) - (C.17)

Having defined (C.16), we can apply (2.29) to both terms in the right-hand side of (C.5).
Using the property of the small Wigner d-matrix (B.24) we get

(.0, 6); A1, Aodia = V23 Culp)eM122 V94 (G)[¢, 0:.0, X5 M, Ao, (C.18)
PN

where the coefficient Cy(p) is given by (2.32). As before we can invert the above equation

to get precisely (C.12) with
2041

1T 4mv2Cu(p)

C.3 Constraints on scattering amplitudes

N, (C.19)

Consider now the scattering of identical particles.*” The amplitude describing such a

situation is defined as
T;\f7§\;(87 ta ’LL) X (271—)45(4) (0) = id<(p/7 07 O>7 A37 )\4|T’(p7 07 0)7 )\17 )‘2>id7 (020)

where the identical two-particle states were defined in (C.5). We now deduce constraints
the amplitude (C.20) must obey in order to incorporate the symmetry property (C.7). In
practice we will use (C.7) rewritten in the form (C.9).

Let us start with the outgoing particles 3 and 4. Using (C.9) one can rewrite the
right-hand side of (C.20) as

ia((p',6,0); )\3,>\4|T|(P70 0); A1, A2)id
= (=DM Mg (P, ™ — 0,0); Mg, As|e™ BT (p, 0,0); A1, Az)ia (c.21)
= (—1)% <(p T —0,0); Mg, A3|e™ BT e ™75 (9, 0,0); Ar, A2)ia '
= (-1 /\4+)‘1 “224((p', 7 — 60,0); A1y As|T|(p,0,0); A1, Agia.

In the third line we simply injected the identity operator made out of z-rotations. In
the fourth line we used the fact that the states with the momentum along the z-axis are
eigenstates of J3 generators. Looking at the definition of the Mandelstam variables (D.18)
and (D.19) we see that the exchange 6 <> m — 6 simply corresponds to ¢ <> u. Combin-
ing (C.21) with (C.20) we obtain

T3 (s, b, u) = (—1)M A2 Tt (5 gy 1), (C.22)

which is nothing but the (34) ¢t — u crossing equation.

4"More generally one can consider scattering processes with only incoming or outgoing particles being
identical. As presented, most of the results in this section still apply to these situations.
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Let now address the incoming particles 1 and 2. First, we need the following relation
which holds true for generic two-particle states (and therefore also for identical two-particle

states)
(P, 8,0); A3, \y) = (—1) Mem o2 (p 7w —0,0); A3, Ag). (C.23)

It simply follows from (A.69) and (A.46), see also (A.4) and (A.53). Due to (C.9) and (A.69)
we also have the following relation for identical particles

(P, 0,0); A1, Ag)ia = (—1)M 27372 (p 0, 0); A2, A1 )ia. (C.24)

Using both (C.23) and (C.23) in the right-hand side of (C.20), and the fact that the
scattering operator is invariant under rotations we conclude that

TR (s, u) = (—1)M et A s (s gy 1) (C.25)

which is nothing but the (12) ¢ — u crossing equation.
Combining both crossing equations (C.22) and (C.25) we obtain the following purely
kinematic constraint

T (s, 1) = T (s, 1 w). (C.26)

Here we used the fact that Ay — Ao + A3 — A\ is always an integer.

D Center of mass frame

In this section we define the center of mass frame describing two-, three- and four-point
amplitudes.

D.1 Two-point amplitudes
We start with the two-point amplitude defined in (2.52). It reads

free (€1, D15 1, A\1; 1 |T |2, P2; €2, A2 72) free- (D.1)
It is non-zero only for pj = po due to translation symmetry. By using the three boost
generators one can set
p1=p2 =0. (D.2)
The remaining symmetry is SO(3). The matrix element (D.1) at the point (D.2) must be
invariant under this SO(3) symmetry. Applying an SO(3) rotation to (D.1) we get

free<Cla 6; 617 )\1; 71 |T|02a 6; 627 )‘2; ’72>free =

Y seelen, 0; 01, X3 11| T |2, 0; £, Ad; Y2)ivee X 9*&11)(0‘71)9%22(@)- (D.3)
Y

In order to make the amplitude invariant one has to demand that
ree (1, 03 1, A; 1| T ez, 05 €2, Ag; 72)free X 61,0560, 22- (D.4)

Then due to the orthogonality (A.14) the Wigner D-matrices disappear completely and one
recovers the invariance of the two-point amplitude. The condition (D.4) means that there
is only one independent two-point amplitude

Ny =1. (D.5)
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D.2 Three-point amplitudes

Consider the following matrix element
0ut</{1, K’2|Ca ﬁa Z’ )\; 7>in = free<"{1a I{2|S|C, ﬁa ‘ga )‘; 'Y>free' (D6)

It appears in the discussion of poles, see for example section 2.5.1 in [12]. It also appears in
computations of partial amplitudes, see the end of appendix H. It is interesting to ask what
happens if the ket state in (D.6) is actually a one particle state, namely when we deal with
the following object

out (K1, K2|K3)in = free (K1, K2|S|K3) free- (D.7)

It describes the decay process of the asymptotic state 3 into two asymptotic states 1 and 2.
Strictly speaking such a matrix element must be zero, since asymptotic states by definition
cannot decay.*® In some circumstances when a particle is unstable but lives long enough
it might be useful however to treat it as an approximate asymptotic state and prescribe
physical meaning to (D.7).

Let us discuss the spin structure of (D.7) in the COM frame. By using the three boosts
we can set p3 = 0. By using two rotations we can move to the following final frame

p}f = {E17 07 07 +p}7
pg = {E2> Oa 07 —p}, (D.S)
p5 ={E3, 0, 0, 0},

where the energies read as

lm3miomd|md—md

y E2_

B . E3=mg (D.9)

2ms 2ms

and we have

1

- 2ms

(ms3 + my + ma)(ms — mq — mg)(ms — my +mz)(ms +my —msy). (D.10)
The value p should be real, this enforces the condition
mg > mi + ma. (D.11)

Having chosen the frame (D.8) one is left with a single generator of rotations around the
z-axis. This means that one has a remaining SO(2) symmetry and the matrix element (D.7)
in the frame (D.8) must be invariant under it. To find the consequence of this symmetry one
can inject the identity operator composed out of z-rotations into (D.7) twice and requiring
that the matrix element remains invariant. It leads to the following constraint

A3 = A1 — Ao (D.12)

481f a particle is unstable an observer after waiting long enough will see the decay product which is
described by true asymptotic states.
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Given the condition (D.12) one can easily count the number of different three-point
amplitudes N3. It is given by
+71 +J2 +73
Na= > > > bntrns (D.13)

A1=—J1 Ae=—j2 Ag3=—J3

This expression was rewritten in a compact form in [27], it reads as
N3 = (2]1 + 1)(2]2 + 1) — 7”(7“ + 1), r= max(j1 + 92 — 73, 0), 71 < g2 < J3. (D14)

D.3 Four-point amplitudes

The four-point amplitude was defined in (2.41). Using all the generators of the Lorentz
group, we can bring this amplitude to the following frame

p ={E1,0,0,+p},
Py = {E»,0,0,—p},
py = {E3, +p'sin 6,0, +p’ cos 0},
pif = {Es, —p'sin6,0, —p’ cos 0},

(D.15)

where p > 0, p’ > 0 and 0 € [0, 7] and the energies are given by

Ey=\/mi+p? Ea=\/mj+p? Ez=\mi+p? Ei=,\/mj+p? (D.16)

The Mandelstam variables in the COM frame (D.15) then read as

s = (El + E2)2 = (Eg + E4)2, (D.17)
t=m?}+m3 —2E,E3 + 2pp’ cos b, (D.18)
w=m3+mj — 2E1E; — 2pp’ cosb. (D.19)

In the case of four-point COM amplitudes there is no additional symmetry left. Thus, the
total number of amplitudes is obtained by simply counting all possible helicity configurations

Ny = (201 + 1)(265 + 1)(203 + 1) (25 + 1). (D.20)

The relations (D.17)—(D.19) express the Mandelstam variables (s,¢,u) in terms of
(p,p',0). We can also invert these relations as follows. From (D.17) we get

~ Li12(s) , L34(s)
- 2ﬁ b p - 2ﬁ b

(D.21)

where we have defined

Eij(s) = \/(S — (mz — mj)Q) (S - (mz + mj)2). (D.22)

Plugging (D.21) into (D.16) we get the energies

s—m%—f—mg

2V/s

7E3:
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Subtracting (D.19) from (D.18) and using (D.21) and (D.23) we get

_ s(t—u) + (mf —m3)(m3 —m3)
cosf = Z12(5)Cn(s) (D.24)

In the range 6 € [0, 7] we can also write unambiguously

R 25V
sinf = v/1— cos?0 = Cra(5)Lan(3)’ (D.25)

where we have defined
& = stu—s(mj—m3) (mi—m3)—t (mf —m3)(m3—m3)+A; (mimj —mim3)

= stu—s(m% —m%)(m% —myj) —i—u(m% —m%)(m% —mi)—i—Au(m%m% —m%mi) (D.26)

together with

Ay =—m?+m3+ m% —m3, Ay =—mi+mj— m% +mj. (D.27)

Let us study the physical ranges of the Mandelstam variables. From (D.16) and (D.17)
the following inequalities follow

s > max ((ml +ms)?, (m3 + m4)2). (D.28)

Notice, that due to (D.28) all the energies F; in (D.23) are positive and L12(s), L£34(s) are
real as they should be. Since the value of cos# is bounded to be in the [—1,+1] interval, we
can derive the following constraints on the values of the variable ¢ from (D.24)

‘e [v n 512(83534(8)’1) B 512(83534(5)] 7

(D.29)
m2 — m2)(m2 — m2
vzf(m%—i—m%—l—m%—i—mi—s)—( L 2)(m3 4).
2 2s
From (D.28) and (D.29) in the equal mass case we recover the familiar result
s € [4m?, 00), t € [—(s—4m?), 0. (D.30)
There is a very special situation when

£12(S) =0 or [,34(8) =0. (D.31)

From (D.21) we see that this corresponds to when either incoming or outgoing particles
are at rest. In such a situation we cannot define the angle between incoming and outgoing
particles which can be see from (D.24) which is singular at (D.31). The values of s which
lead to (D.31) are

s=(mp£ma)? s=(m3zEtmy)?. (D.32)

E Crossing equations

The goal of this appendix is to prove the crossing relations in a general frame (2.70)—(2.73)
and then derive the crossing equations in the COM frame (2.74) and (2.76) together with
the Wigner angles «; and 3;.
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E.1 Analytic continuation of four-momenta

Consider the interacting part of the scattering amplitude

A3,A
T35, (P ph, P57, p). (E.1)
This function is defined only for non-negative energies p{ > 0, provided that the following
constraint is satisfied
(E.2)

2 _ 2
by = —my,

where m; > 0 are the masses of particles. However crossing requires us to evaluate the
amplitude (E.1) at —p{' points which means that one must extend the definition of (E.1)
also to negative values of energies p. This can be done by analytically continuing the
amplitude (E.1) in each component of four 4-vectors p!" to the full complex plane while
keeping the constraints (E.2) satisfied.* To perform this analytic continuation, one needs
to choose the path in (complexified) momentum space.

To continue the discussion in more detail let us focus for simplicity on a function of a
single 4-momentum

f(") (E.3)

defined for p° > 0 and p? = —m? with the non-negative mass m. The case of four 4-
momenta (E.1) follows straightforwardly by the repeated use of the steps here for each
it =1,2,3,4. Using the spherical coordinates p, 8 and ¢ one can write

p! = psinfcos ¢,
P’ =/p? +m?, p? = psinfsin b, (E.4)
p® = pcosé,

2

where p > 0 is the length of the 3-vector p. The relation p? = —m? can be rewritten as

p=iy/(m—p) (B0 +m). (E.5)

If we promote p° to the full complex plane, the function (E.5) will have an analytic structure

as depicted on figure 11 with two branch points £m and two branch cuts ending in these
points.
In order to study crossing we need to defined (E.3) at the following point

f(=p"). (E.6)
This can be achieved by performing the following analytic continuation
p° + ie — complex value — —p” —ie, p — complex value — —p. (E.7)

In the p° complex plane two different options for such an analytic continuation are depicted

1‘50

in figure 1 Note that the original domain of physical energy p® > m by convention lies

slightly above the right-hand branch cut.

“9In other words by using the analytic continuation, the amplitude (E.1) can be defined as a function of
4 x 4 = 16 complex variables which satisfy the four constraints (E.2).

50Ty be precise, the two different paths for analytic continuation take us to two different points on the
Riemann surface.

~ 81 —



AC. 1
—m m A .
B (4
%V
NS

Figure 11. The complex p® plane. We depict the analytic structure of the function p(p®) defined
in (E.5). It has two branch cuts. The original domain of the function p is given by positive values
p? slightly above the right cut. We define p for negative values of p° by an analytic continuation.
The two different options are depicted in red and blue. Two paths together encircle the +m branch
point and thus differ by a monodromy around that point.

Now let us investigate the behavior of the function (E.5) depending on the chosen path
of the analytic continuation. If the path does not cross any branch cuts we simply get

p — complex value — +p. (E.8)

In case we cross once one of the branch cuts we get an extra phase due to the monodromy
around the associated branch point which leads to

P’ £m — (p° £ m)e*™.
As a result for this path we get the following
p — complex value — —p. (E.9)

To summarize, the analytic continuation (E.7) can be implemented in two different ways
depending on the path chosen on figure 11. The two distinct options (E.8) and (E.9) due
to (E.4) read as

==, p—o+p, 06— 71—86, ¢ — T+ ¢, (E.10)
pO — —pO, p——p, 0—6, o — ¢. (E.11)

The first option (E.10) is commonly used in the literature. The second option (E.11) is
more suitable for massless particles since two branch cuts in figure 11 unite and one cannot
choose a path for the analytic continuation without crossing any of the two branch cuts.
For treating massless particles one can also use the first option (E.10) and take the limit
m — 0 at the very end.
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The helicity states are defined via (2.5) and at a practical level depend only on the
rapidity and two angles (7,6, ¢). Using the definition of rapidity (2.6) we can write (E.10)
and (E.11) as

n—irt—mn, 0—>m1—0, ¢—>71+ 0, (E.12)
n—ir+mn, 60—0, b — . (E.13)

E.2 Crossing equations in a general frame

Given an amplitude of the 12 — 34 process in a generic frame we would like to relate it in
this appendix to the four “crossed” amplitudes associated to the following processes

42 — 31, 13 — 24, 32 — 14, 14 — 32. (E.14)

We refer to these relations as the crossing equations. To be concrete we will focus on writing
the crossing equations for 12 — 34 and 42 — 31 amplitudes, the rest will follow by analogy.

Given an amplitude
Ti2434 ifi;‘ (p1, D2, 3, P4), (E.15)

one can obtain the amplitude 42 — 31 by crossing particles 1 and 4. The ingoing particle 1
becomes then the outgoing one and the outgoing particle 4 becomes the ingoing one. As a
result we need to make the following replacements: py' — —p/ and pj — —p//. Moreover if
a particle 1 has a charge (or more generally transforms in some representation of a global
group) the particle i has the opposite charge (transforms in the conjugate representation).
As a result (E.15) under crossing 1-4 becomes

A3, A
Tho—y31 Nyng (—P4: P2, D3, —D1)- (E.16)

In both (E.15) and (E.16) all 4-momenta have positive energies p! > 0 and are on-shell (2.48).

Without using the LSZ reduction formula one can only postulate crossing. It states
that one can define a single “mother amplitude” with complex values of 4-momenta such
that all the amplitudes in (E.15) and (E.16) are its boundary values. This is known as the
Mandelstam hypothesis. One cannot however simply equate (E.15) and (E.16). At the very
least these amplitudes should have the same Lorentz transformation properties. We will use
this requirement to fix the crossing equations up to an overall phase. This is the original
way by which general spin crossing equations were derived in [22].

Consider the transformation property of the amplitude describing the 12 — 34 process
under generic Lorentz transformations A. According to (2.54) it reads as

A3,A
Tia-34 535 (P1, 92, P53, pa) = (E.17)

j j *(7 *(7. PYADY
S I (01 MAE, (02, M) (03, M) Z3) (01, M) Tz sz 232 (9 25 21)-
N

3

Similarly the crossed amplitude describing the 42 — 31 process transforms as
A3,
Thost o e (—Pa, D2, p3, —p1) = (E.18)

*(j j *(j j AL
> A (o1 DY, (02, M55 (03, M) 308 (=pas M Tzt 313 (1 2 2, —1):
AL
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In the equations (E.17) and (E.18) we have schematically denoted the arguments of the
Wigner D-matrices by (p;, A). In practice they depend only on three Wigner angles which
correspond to the p; — Ap; Lorentz transformation. We denote these angles as

Dy i) = D303 (+p, ), (E19)

where i = 1,2, 3,4. The Wigner angles (o, f;,7:) generically differ from (&;, 3;,%;). They
are however closely related. The main technical task of this appendix is to understand
precisely how.

We would like to equate the amplitudes which transform in the same way under Lorentz
transformations. Thus, in practice we need to compare the transformation properties
of (E.17) and (E.18). This in turn boils down to comparing the Wigner D-matrices

9 (i A) vso B (p Ay and P (4paA) v DY (—pa, M),
In order to do this recall that according to (A.57) and (A.59) the Wigner rotation matrices
are defined as

DN (@, 8,7) = DI\ (+p,A) : R(a, ,7) = Un(+p) " AU (+p), (E.21)
PN (@,8,7) = 2\ (—p, A) : R(@,B,7) = Un(=p) " AUw(—p), (E.22)

where the helicity transformation Uy (+p) is defined via (A.53). We repeat this definition
here for convenience

Un(+p) = R(¢,0, —¢) x Bs(n). (E.23)

The quantity Uy(—p) is defined from Uy(+p) by analytic continuation. As discussed in the
previous section there are two distinct ways to do it, using (E.12) or (E.13). Below we
address the two options separately.

E.2.1 Analytic continuation 1
Using (E.23) and (E.12) we get
Up(—p) = R(r+ ¢, 7 — 0, —1 — @) X Bs(im —n). (E.24)

We can then focus on the vector representation defined in appendix A.3 and compute the
Wigner angles in (E.21) and (E.22) brute force using computer algebra.’!+2:53 Comparing
the results we conclude that

51Given a generic 3 x 3 rotation matrix it is straightforward to determine tan o, cos 8 and tan~ without

any ambiguity. In order to determine the rest of trigonometric functions it is necessary to choose the region
of 8 angle. One can either have 8 € [0, 7] or 8 € [0, —7].

2By convention § € [0, 7], however we are free to choose either 5 € [0,7] or 3 € [0, —7]. We make the
latter choice, however both options lead to the same conclusion in the very end.

53We first perform this computation for a generic infinitesimal Lorentz transformation. We then focus on
some simple finite transformations like boosts along the x, y and z axes separately.
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From the properties of the Wigner D-matrix it then follows that

TINGB.7) = ¢ 20N DD, (—a, B, —)e 2

i(m=2¢")N 2¢)A (E.26)
H(T=2¢" )N —i(r—2¢) @“( ,B,7),

see appendix A.2 of [16] for the summary of properties of D matrices. In other words
28 (=p, A) = /T2 milm 20X x0) (1 ), (E.27)

With the help of (E.27) one can rewrite the transformation property (E.18) in the

following form®*

>\37

T212_>31 N ( —D4, P2, D3 pl) _ Ze—i(ﬂ—%’l))\’l e+i(7r—2¢1))\1ei(ﬂ—2¢2}))\ge—i(7r—2¢4)/\4
4,A2 ’

*(g Mo,
.@( )(—|—p A).@( )(+p A)-@( 3)(+p17A)9A£%4)(+p47A)T42~>31 ™ )\’( pibpéapév_p,l)a

(E.28)

which can be rewritten as

(eii(ﬂ72¢1)>\l6+i(7r72¢4))\4T12—>31 ii:i;(_p&p%ﬂ% —P1 ) Z (jl +p17 )@(]2) (+pla A)

—i(m—2¢" )\ _i(m—2¢), A5, A]
‘@/\’(]3)(—’_]7 A)‘@ (j4)(+p47A) (6 ( 2¢1))\16( 200X 4,‘2142—>31 X )\/( pilap/%pil% _pll)) .
(E.29)

Comparing (E.17) and (E.29) we see that the following two objects transform in the same
way under generic Lorentz transformations

Tio34 AN (P1, P2, D3, pa) vs. e T200N im=200Na 0 290 (—py py . pg, —p1).
(E.30)
As a result, the only way to write crossing equations which involve objects transforming in
the same way under generic Lorentz tranformation is to equate the objects in (E.30). This
procedure leaves undetermined an overall helicity independent phase. The other crossing
equations follow by simply re-labeling the indices.
Our final answer reads as

A3, A 1) —i(m— (7 —
T12—>34 )\? )\;(p17p27p37p4) = 654) Z(Tr 2(]51))‘1@7'(77 2¢4)/\4T42_>31 A1, )\ —P4,P2,P3, —

)

A p1)
Tias34 ,\1 ,\2(17171727173,194) ) ¢ —i(m=202)2 giln 20300375 150 32 N A (p1, —p3, —p2, Pa),
A )
T12—>34 )\1 )\2(p1ap27p37p4) Z(W 2607 Z(ﬂ 2¢3)/\5T32_>14 )\;)\ ( —P3,P2, p17p4)7
A )
T12—>34 AL, )\2(p1ap27p37p4) Z(W 2¢2)h2 Z(ﬂ 2(754)/\41114—{32 )\?7)\4(1717 —DP4,P3, _p2)7
(E.31)
where 6&), e;?, e%) and 6&1) are the helicity independent phases unfixed by this procedure.
4n writing this formula we assumed that the relation between @A,(f\)( p,A) and 9/\],2\(+p, A) is obtained

from (E.27) by taking complex conjugation. This is not quite correct because we are interested in the
analytic continuation along the same path in the p® complex plane and not along the complex conjugated
path. However, the two continuations are related by a monodromy around square root branch points that
can only give rise to an overall helicity-independent phase which is irrelevant for the discussion below.
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E.2.2 Analytic continuation 2
Using (E.23) and (E.13) we get
Un(=p) = R(¢, 0, —¢) x Bs(im +n) = —Un(+p)R(7,0,0). (E.32)
Plugging it into (E.22) one gets
TN (@ B,7) = 5 (=p,A) - R(a, B,7) = R~ (x,0,0) (Un(+p)) " AUL(+p) ) R(x, 0,0)
= R™(m,0,0)R(«, ,7)R(r,0,0). (E.33)

Using the properties of the small Wigner d-matrices we can write then

29\(@, B,7) = "™ 7 (@, B,7)e "™ = 7°8) (. B,7). (E.34)

In other words we get 4
2. 8) =77\ (+p,A). (E.35)

Using this we can write the transformation property (E.18) as®

T42—>31§4 )\2( P4,DP2,P3, — Z@ +plaA)@( )(+p A)@( )(+p3)A)

PV
@i&;?_Mum,A)TMi N (=Dl .l —ph). - (E-36)

Let us rename A\ and A4 and call them —X; and —\4. We can also do the same for A} and
A} since they are dummy indices and the summation covers all the options. We get then

T212_>31 ti4 +)\2( —P4,P2,P3, — Z@ +p A)@( ) (+p A)@ ( )(+p37A)
* +)\ )\
‘@)\i{ii(+p47A)T42—>31 7)\’ +,\’( p47p27p37 p,l)

(E.37)

Comparing (E.17) and (E.37) we conclude that the following two objects transform in
the same way under the generic Lorentz transformations

FA3,—A
Tio s34 AL >\2(+p1,p27p37+p4) vs. Tio,31 “ny 1ap(—P4, P2, 3, —P1). (E.38)

Analogous discussion holds for other crossings we can thus write the following equations

Tioaa ) )\1 AQ (1, P2y p3spa) =€) Tiosat 7,\4 +)\2( —Pa, +p2, +p3, —D1),

Tio_s34 32 ,\1 (P1,P27p3ap4) = 6%) 11534 Iifj+’\4(+p1, —p3, —p2, +p4), (.39)
Tios34 3 ,\1 (P1,P27p3ap4) = e Ty i;’+,\2( —P3, +Pp2, —P1, +P4), '
Tia—s34 33 N AQ *(p1,p2,p3,p4) = Géi) Tyiss 1+ +,\1 (+p1, —p4, +p3, —P2),

(2 (2 (2 (2)

where as before €7, €55, €]5 and €y, are the helicity independent phases unfixed by this

procedure.

55Gee footnote 54.
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E.3 Crossing equations in a general frame: LSZ derivation

In this section we derive the crossing equation (2.71) from the LSZ reduction formula in the
case of spin 1/2 fermion scattering. The latter is carefully discussed in section 41 of [60].
The LSZ reduction formula in this case reads as

T12—>34§f:§§ (p1,p2,P3,p4) = /d4931 d*ry d*zy d*ey
x €37 [y (p3) (—ids + m3)] s
X € P [y, (pa) (—ids + ma)]ay
XAQT{ oy (24) Py (23) Py (21) Py (22) Q) connected
< 160+ mun, (1) €
X [(232 + ma)ux, (2)] oy €272, (E.40)

where |Q2) denotes the vacuum state and ¥;(x) are 4-component Majorana or Dirac fields
with masses m;. Analogously one can write

Az A
T13-5245; 35 (P1, D3, P2, Pa) = /d4x1 d*zo dias dzy

x €373 [y, (p3) (—idl3 + m3)]ay
x P [y, (pa) (=14 + ™))y

X <Q’T{\I/a4 (@'4)\1/@2 (932)\Ila1 (ml)qjaa (x3)}‘Q>C0nnected
% .
X [(Z a 1+ ml)uh (pl)]al etP121

— ,
X (0 @ 2+ ma)us, (p2)]ay €~ P27, (E.41)

In the above equations all the momenta have positive energy, namely p{ > 0. In order to
relate the two processes (E.40) and (E.41) one can analytically continue the latter process
in po and p3 to allow for negative energies. Assuming such an analytic continuation exists
one gets

T1§—>§4:\\f:§§ (p1, —p3, —p2,pa) = /d4x1 d*zo d*zs d*zy
X P37 [0y, (—p3) (—id3 + m3)]as
x e~ [y, (pa) (= iy + ma)] o
X AQUT{W oy (24) Vo, (22) Yo, (1) Way (73) D) connected
< (09 1+ ma)us, ()] €715
X [(132 + m2) v, (—P2)]ay €72%2. (E.42)

Notice also that the anticommutation of fermionic operators manifests itself in the following

relation

(QAUT{a, (24) Yoy (22) Py (21) Yoy (23) }HQR) = —(QT{Way (24) Py (23) Vo, (21) Pay (22) ).
(E.43)

According to appendix E.1 there are two ways of choosing the analytic continuation when
writing (E.42). Below we discuss both of them in order.
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Analytic continuation 1. Using the analytic continuation (E.10) and the definition (3.67)
it follows straightforwardly

ur(—p) = X2, (p),  Uin(—p) = AT, (p),
U)\(—p) _ €i)\(7r_2¢)’I,L)\(p), @)\(_p) _ €i/\(7r+2¢)ﬁ)\(p).

Plugging (E.44) and (E.43) into (E.42) and comparing the result with (E.40) we arrive at
the following crossing equation

(E.44)

T12—>34§fj§§ (p1,p2,p3,P4) = —e_i/\z(W_Qm)€_i/\3(7r+2¢3)T13_>§4§fj§§ (p1, —P3, =2, P4)-
(E.45)
Analogously one derives the other three crossing equations. The complete summary of
crossing equations reads

—iA1(m— 2¢>1) —idg(m+2¢4)

)

T42—) 1,\4 )\2( —P4,P2,P3, —
AQ:

T12—>34A1 AQ 5 (P1,D2, P3, P4

p1)
—ido(T—2¢2) —1>\3(”+2¢3) P1, —P3, p25p4)’
)

) =
T12a34)\1 2(p1,p2, 13, 04) = T35 4,\1, o
T12—>34A1 ,\ {(p1, Dy p3, pa) = —e M) mNa(m 20y L 2 4A3,\ *(—p3, P2, —P1,P4),
T12—>34A1 %, (P1,P2,P3,p4) = —iA2(T—2¢2) fm4(w+2¢4)T14_> 33, A4(p1’ —D4, P3, —P2).
(E.46)
We can now compare the above to (E.31) and deduce the undetermined phases®®
eﬁ) = 6%) = 653) = eg? =+1. (E.47)

Analytic continuation 2. Using the analytic continuation (E.11) and the definition (3.67)
it follows straightforwardly
uN(—p) =1 v_ , UN(—p) = 10— ,
A(=p) ‘ A(p) _A( p) v A(p) (E.48)
oa(=p) =iu_x(p),  x(=p)=1u_x(p).

Plugging (E.48) and (E.43) into (E.42) and comparing the result with (E.40) we arrive at
the following crossing equation

Az A oA
Ti2-534307%, (P1, P2, P3, pa) = T13—>i4+,\fij§ (p1, —p3, —p2, p4). (E.49)

Analogously one derives the other three crossing equations. The complete summary of
crossing equations reads

Tuagzx,\1 >\2(p1,p2,p3,p4) Thp 31~ ,\4,+>\2( —Da,P2,P3, —P1),

T12—>34>\1>\ (p1,p2,p3,04) =T —>24-T-§?+)\4(p17 —P3, —P2,D4)s (E.50)
T12—>34,\1 S (P1,D2,P3,p4) = T32_>14_3\\§’1A;1( —p3, D2, —P1,P4), .
T12—)34,\1 ,\2(19171?2,]?3,1?4) 14_>321§fj *(p1, —p4,p3, —p2)-

Comparing the above with (E.39), we see that all the previously undetermined phases are

6§4) = 6%) = 653) = egi) = +1. (E.51)

= —1 since A is half-integer.

56Here we use the fact that eZ*™
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Concluding remarks. We have derived in this appendix the crossing equations for
generic spin 1/2 particles in a general frame using the LSZ reduction formula. These depend
on the analytic continuation. For the analytic continuation (E.10) our crossing equations
are given by (E.46). For the analytic continuation (E.11) our crossing equations are given
by (E.50). All these formulas remain (almost) the same even if some of the particles have
spin different from 1/2. This follows from the fact that the spin structures of a generic spin
particle can be represented by products of u and v objects. The only change in the crossing
equations comes in the overall sign since some particles can now commute instead.

E.4 Crossing equations in the center of mass frame

The goal of this appendix is to write the crossing equations (E.31) and (E.39) in the center
of mass frame. We will see that both analytic continuations lead to the same center of
mass equations. The crossing equations 1-4 and 2-3 are called the s — ¢t equations. Since
they carry identical information, we focus only on the 2-3 crossing equation. Instead the
crossing equations 1-3 and 2-4 are called the s —u equations. Since they also carry the same
information we focus only the 2-4 crossing equation. The discussion of the s — u center of
mass equations is identical to the s — ¢t one, we will therefore only provide the final results
without any intermediate steps.

E.4.1 s —t crossing equation

According to appendix E.2 the 2-3 crossing equation depending on the analytic continuation
can take either of the two forms

Az,A 1) —i(m— i(7m— A2\
T12—>34 )\i:/\;l (p17p27p37p4) = 6%3)6 Z(ﬂ- 2¢2)/\262(ﬂ- 2¢3)>‘3T13_>§4 )\i:)\g(P17P27P37P4)7 (E52)

) 2 _
Tio3 X3 (P1, 92, D3, 4) = es Tz 34 NP, Py, P, Py), (E.53)
where we have defined
Pr=p1, Po=-p3, P3=-py, Py=py (E.54)

In the right hand-side of (E.52) and (E.53) P; and P describe the incoming particles 1
and 3 respectively, whereas P3 and P; describe the outgoing particles 2 and 4 respectively.
The Mandelstam variables associated to the left-hand side are as usual

s=—(p+p)?’ t=—-(p1—ps)? u=—(p1—ps) (E.55)
Instead the Mandelstam variables associated to the right-hand side are

S=—(P+P)?=—(p1 —p3)? =1,
= (P - P3)* = —(p1 +p2)° =5, (E.56)
U = —(P1 — P4)2 = —(p1 —p4>2 = U.

The Mandelstam variables remain invariant by definition under any Lorentz transformation.
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Let us now evaluate the left-hand side of (E.52) and (E.53) in the center of mass frame
of the 12 — 34 process denoted by p{®™. It is defined in (2.57), we write it here again for
convenience

Com = ( 07 07 +p)7
p™ = (B3, +p'sin 0,0, +p’ cos b),
= (&3, +p p ) (E.57)
Com = (E 07 07 _p)7
p™ = (B4, —p'sin 6,0, —p’ cos ).
The main feature of this frame is that it respects the center of mass conditions
P + = (F1 + E5,0,0,0),
P = (Ea+ By ) (E.58)
P 4+ pg™™" = (B3 + E4,0,0,0).
Then the right-hand side of (E.52) and (E.53) will depend on
Plcom = (Elaoaoap)a
P5o™ = (—F3, —p'sinf,0, —p’ cos ),
2 (—E3,—p p ) (E.59)
Pgom = (_E27 07 Oa p)7
P{™ = (B4, —p'sin 6,0, —p cos ).
The latter obey
Pt — PO = (Ey + E»,0,0,0),
87 = (B By : (E.60)

P{o™ — pSom — (B + Ey4,0,0,0).

However, this is not the standard COM frame of the process 12 — 34 since it differs
from (E.58). We refer to (E.59) as the (23) crossed COM frame.

Once the left-hand sides of (E.52) and (E.53) are evaluated in the 12 — 34 COM frame
which respects (E.58) we do not get closed expressions since the right-hand side is not in
the 13 — 24 COM frame but rather in the (23) crossed COM frame.?” We therefore need
an additional Lorentz transformation. It turns out to be simpler to bring the left-hand side
to the (23) crossed COM frame. This way upon (23) crossing we end up in the COM frame
for the 13 — 24. This is illustrated in figure 12.

We now consider the Lorentz transformation A such that

pi°™ = (E1,0,0,+p) P = (E1,0 0,+),
COHI_ E 70707_ Acom_ E y Slne 0 COSH
(Eo , p) / . (Es —D ), (E.61)
ps™™ = (E3,+p'sin 0,0, +p' cos 0) P = (E3,0,0,P),
= (B4, —p'sin 6,0, —p' cos 0) PO = (Ey, —p'sin 0,0, —p' cos 0),

where Ei, P, ,p' and 6 are the components of the 4-momenta in the new frame. The frame
described by the right-hand side (E.61) is precisely the (23) crossed frame (E.59) since
P — 57 = (B1 — E3,0,0,0),

Acom Acom (E62)
P — D —(E4—E2,000)

5TRecall that we defined the amplitudes as functions of Mandelstam invariants in the COM frame.
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Figure 12. Schematic picture of (23) crossing for COM frame amplitudes.

Due to the results of appendix D.3 we have

s+m3—m3 s—m3+m} s—i—mg—mi s—m%—i—mi
Bl=————= E=————m Ii=———— FE=———"7+—— E.63
1 2\/5 Y 2 2\/5 Y 3 2\/5 Y 4 2\/5 ? ( )
L L
_ 12(8) ;_ L3a(s) (E.64)

205 P="

These are originally defined in the physical range of parameters of the 12 — 34 process,
where in the case of identical particles we have

12 — 34 : s>4m?, te[4m? —s,0]. (E.65)

Remember that s is regularized as s + i€, where € > 0. We can unambiguously continue
all the formulas valid in the domain (E.65) to the physical domain of the 13 — 24 process
which for identical particles read as

13— 24 : t>4m?,  se[4m? —t,0]. (E.66)
The Lorentz transformation which allows for (E.61) and (E.62) has the following form
A = Ry(1h2) B3(x) Ra(¢1), (E.67)

where Ry and Bs are finite rotations around the y-axis and boost in the z-direction. Their
form in the vector representation is given in appendix A.3. By requiring (E.62) we can
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determine the unknown parameters v, ¥2 and x. First, using the rotation Ra(1)1) we make

com

the x-components of p{°™ and p§°™ equal. This is achieved for example with

p—p' cosb p’ sin 6

cos i =

siny = (E.68)

VP?+p? —2pp cosf’ VP2 +p? —2ppcosh
Second, using the boost Bs(x) along the z-axis we make the z-components of the rotated
vectors p{®™ and p5°™ equal. This is achieved with

Ei—E 2 .92 9, 2
COShX — 1 3 _ ml m2 m3+m4 : (E69)
V(E1—E3)2—p?—p2+2pp’ cosd 2\/5\/t
il VP?+p?—2pp’ cosl \/Sfl(m%—m%—m§+m§)2—4t
Sin = — —_ .
XN BB —p?—p? 1 2pp cos 0 2Vt

Third, the rotation Ra(12) brings us to the desired frame. However, we will not need the
explicit expression for the angle 15. As a result we get the following expressions

~ m2—m2+t A~ m2—m2—t ~ m2—m2—t o m2—m2+t
T—m3+ L Sl oL S Jo—! 2+

E 77 _77 _7’ _77
LW 2 Wi 3 Wi 4 Wi

2 2
f?2 _ (ﬁlz(tt)) ’ 15,2 _ (L‘?Zit)) )

(E.70)

(E.71)

There were several choices of signs in (E.69). We picked one such that the energy E
in (E.70) is non-negative in the physical domain (E.66) of the process 13 — 24.

Assuming that we have determined the correct values of parameters 11, 12 and y, we
can then straightforwardly compute the Wigner angles using the results of appendix A.4,
which read

E; E; — m? cosh ; sinh
cosa; = —— TEORIX - gin = TN i (9, + 1), (E.72)

A

P D; D;
Here the Wigner angles with the subscript ¢ = 1,2, 3, 4 correspond to Lorentz transformations
of pf°™ in (E.61). The spherical angles of the four-particles in (E.61) before the Lorentz
transformation read as

pr=py=p, th=0, O=m, p3=py =p', 03=0, 0,=0+m. (E.73)
Using the transformation property (2.54) of scattering amplitudes we can then write

A3 com ,com ,com ,.com
T12-534 /\1)\2(271 ™, pgT p ) =

] >\ ACOIN  ACOIM ACOIM  ACOIM
Zd A2, ()5S, (as)d () Troga NP3 (S, DS, ™, 5°™). (B.T4)

Analytic continuation 1. Having performed the Lorentz transformations (E.61) we
ended up with (E.70). These expressions contain an ambiguity on how to take a square
root. This is related to the choice of the analytic continuation discussed in section E. For
the choice (E.10) in the domain (E.66) we have

Li3(t) o Laa(t)
N - 2/t

D=+ (E.75)
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ACOIM

The spherical angles of the four-momenta p{®™" after the Lorentz transformation read as

Pr=p3s=pD 01=05=0, py=p,=p, b=0i=0+m (E.76)
Using these, the boost (E.69) and (E.72) we obtain in full generality the cosines®®

2 2 2 2 2
+(s + — t+ — +2m4 A
cosa (s +m7 —m3)(t + mj —m3) mi t’

Li2(5)L13(t)
e a2 2 2 9 2
cos g — (s —mi +m3)(t+ms5 —mg) + 2m5 At7
£12(S)E24(t) (E 77)
—(s+m3 —m3)(t — m? +mi) +2m3 A, '
cos ag = )
534(8)[,13(15)
+(s+mi —m3)(t + mi —m3) +2m3 A,
cosSQay = )
£34(S)£24(t)
together with sines
! £12(8)£13(7§) ’ 2 E12(8)524(t) ’ (E 78)
ST Laa(s)Las(t)’ E T L () Laa(t)

where the objects ® and A; were defined (D.26) and (D.27).

Using the crossing relation (E.52), where we set ¢2 = 7 and ¢3 = 0, and plugging it
into (E.74) we get

Thoosan NN (0™, 957 D™, ™) = efg) 3 €m0
Y
d(jl) (a )d(jz) (Og )d(jS) (a )d(j4) (a )T_ B Alg)\i;(mom __ascom _ scom Acom) (E 79)
N XAy 3, (O2) AN A NAB) AN 3\ X) E13524 30 v \P1 > —P3» —P2 P4 ) .

There is one last important subtlety we need to take into account. Consider the four-
momentum of particle 3 in the left- and right-hand side of (E.61). Before the Lorentz
transformation the spherical angles of the p§°™ are (03, ¢3) = (6,0) by definition of the
center of mass frame. After the Lorentz transformation the spherical angles of —p§°™ are
(03, $3).? They can take one of the two option

0,0) or (6,7)=(—0,0). (E.80)

It is hard to see which option is correct from the above arguments. To check this we pick
random values of s and ¢ from the domain (E.66). We observe that € [—, 0] which favors
the second option in (E.80) is correct. As a result the amplitude in the right-hand side

% The values computed here match precisely the ones of formula (13) in [24]. Notice that our process
12 — 34 corresponds to their ac — bd. Thus, in order to see the equivalence one needs to identify the labels
asl=a,2=c,3=band 4=d.

PWe discuss here —p5°™ because it is the quantity which enters the right-hand side of (E.79).
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of (E.79) depends on the —f. In order to rewrite it in terms of +6 we use (2.105) and the
following properties of the Wigner d-matrix

S\ (—w) = ()N ) (+w) (E.81)
which lead to
3' if (S, T(S,0), U (S, ~0)) = X=Xz (8, T(S, +0),U(S,+0)). (E.82)

Plugging (E.82) in the right-hand side of (E.79) and using the definition (2.61) we arrive
at the final crossing equation

A3, )\’ )\’
T12_>34 )\1 8 t u = 625 Ze” +

j A5\
dn, <a )5, (a2)d5i (as)d§ (aa)Tisas 3P At s,u).  (E.83)
Focusing on the case of identical particles one can check that applying (E.83) twice gives
back the initial process 12 — 34. If we chose the other option in (E.80) the resulting
crossing equations would not have passed this consistency check.

Analytic continuation 2. For the choice of the analytic continuation (E.11) in the
domain (E.66) we have instead

b= L Lis(t) oy Laa(t) (F.84)

2\f P= 2\[

where the minus is taken for the crossed particles 2 and 3, and the plus is taken for the

unchanged particles 1 and 4. In other words after the Lorentz transformation (E.61) we get

L 513() o Loat) . Las(t) . Lau(?)

- - ) - ) =+ .
Dy 2\[ Dy 2\/£ D3 Qﬁ Dy 2\/%

Then the cosine and sine of Wigner angles will be given by (E.77) and (E.78) with an

(E.85)

additional overall sign in both sines and cosines for particle 2 and 3. Denoting the angles

(2)

for the second analytic continuation by c;” in other words we see that %0

2)

04&2) ) =g+, Oéz(; = oy. (E.86)

=aa1, ay =+, Ozég)
Using the crossing relation (E.53) and plugging it into (E.74) we simply get

2 2
T12_>34 > )\2 (p(lzom7p50m,p§0m7piom — 623) Z d Jl) ( ) ))\2 (Oéé ))

>\/ +>\ ACOM ACOIM ACOIM ACOmM
A (@8)d0N, ()5 i3s3 TN B, —B5™, =™ ™). (E87)

50Gince Wigner d-matrices are 47 periodic we might make an overall sign mistake in the final crossing
equation by choosing (E.86).
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Plugging (E.82) and (E.86) in the right-hand side of (E.87) and using the definition (2.61)
we arrive at the final equation

Tiooaa M0 (s 1) = ey) D2 ™M= 50X0q01) (1)) (as + )
)\/

j AL+
A9 (o + A () Tig o (37 (ts,u). (E.88)

Renaming the dummy indices Ay — —\, and A5 — —\; and using the following property
™ d0) (w) = ™ dY),, (w + 7) (E.89)
it is straightforward to see that (E.88) is equivalent to (E.83) up to an overall phase.

Concluding remarks. Let us conclude by stressing that Wigner small d-matrices obey
the following property
d\ (w + 27) = e2™4d\9), (w) (E.90)
M = AMA\W)- :

This means that for bosonic particles Wigner small d-matrices are 27 periodic instead for
fermionic particles they are 47 periodic. As a result the knowledge of (E.77) and (E.78)
does not always fix the Wigner angles «; uniquely since the sine and cosine are 27 periodic
functions. This issue appears only for fermionic particles and causes an ambiguity in the
overall phase in the crossing equations. Extra input is needed to fix this ambiguity.

E.4.2 s — u crossing equation

We now consider the s — u crossing equation due to (2-4) permutation in the center of mass
frame. It is given by

A3,A 1 THOVESY
T2 34 3Nk (s, b, u) = 654) Zem( +A3)
A

. )\/ A/
a9 (BOASE, (B, (Bs)dSs (B Tiasz 337 (wsts). (B91)

The cosines of Wigner angles read as®!

2 2 2 2 2
+(s+m5—m +m? —m5) +2ms A
cos (s 1 5)(u 1 1) 1 u’

£12 (s)£14(u)

—(s +m3 —mi)(u+m3 —m3) +2m3 A,

cos 3o = )
L12(5)La3(u)

+(s +m3 —mi)(u+m3 —m3) +2mi Ay

cos 33 = ,
£34(8)£23(’LL)

—(s+mj —m3)(u+mi—mi)+2mjA,

534(8)£14 (u)

5'The values computed here match precisely the ones of formula (26) in [24]. Notice that our process

(E.92)

cos B4 =

12 — 34 corresponds to their ac — bd. Thus, in order to see the equivalence one needs to identify the labels
asl=a,2=c¢c,3=0band 4=4d.
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The sines of Wigner angles read as

27TL1 \/5 2m2 \/5

= +512(5)£14(u)’ sin 2 = * Lia(s)Las(u)’
(E.93)

sin B3 = _—2m3 Ve sin B4 = +—2m4 Ve

37 £34(3)£23(u)’ 17 534(8)[,14(10’

where the objects ® and A, are defined in (D.26) and (D.27).

F Perturbative amplitudes

To complement the discussion of the main text we derive several perturbative results in
this section. The computations done in this section closely follow Part II of [60]. Let us
start by considering the following free Lagrangian density

- s
L. = U190, T — SmYY, (F.1)

i
2
where W is the four component Majorana field. It obeys the Majorana condition

v =vTc, (F.2)

where C is the charge conjugation matrix defined as

0 -1 0 0
+1 0 0 O

C= F.3
0 0 0 +1 (F.3)
0 0 -1 0

When acting on the vacuum Majorana field creates a neutral spin % particle. The intrinsic
parity, defined in (2.16), for such a particle can only be

n = +i. (F.4)

This is the only option compatible with the Majorana condition (F.2).

In what follows we will compute scattering amplitudes of spin % particles in Fermi,
Yukawa and pseudo-Yukawa theories to the leading order. We will conclude with a
brief discussion on counting interaction terms in the effective Lagrangian using scattering
amplitudes.

F.1 Fermi theory

Consider the Fermi theory defined by the following Lagrangian density

L= Lo+ (T0)(TW), (F.5)

A
8m?
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where A is the coupling known as the Fermi constant. After performing a standard
computation one can obtain the following expressions for the scattering amplitudes of
Majorana particles to the leading order

A _ _
TR (192,03 pa) = 5 ¢ ([ (3)u, (p1) [, (pa) s (p2)]

— [, (pa)ur, (p1)] [ (P3)u, (2)] + [0, (p2)ur, (p1)][irg (p3)0r, (pa)] ), (F.6)

where u and v are the spinor solutions of the Dirac equation. Their explicit form is given
n (3.67). By using the five tensor structures (3.65) and Fierz identities one can bring the
result (F.6), as expected from (2.56), to the following form

5
A
Txfl\z (p1,p2,P3,P4) = Z (5,8, u) ¥ TI,\l )\2(p1,p2,p37p4) (F.7)

where the functions Hy (with I =1,...,5) denoted collectively by H read as

1
N 0
s tou) = 2 |
(s, t,u) 3 X 0 (F.8)
1
-1
F.2 Yukawa theory
We consider now the Yukawa theory defined by the following Lagrangian density
1 1 1 —
L= Lijeo — 500" — SM>Q* + SgpUV. (F.9)

Due to (F.4) the interaction is parity invariant only if the scalar field has the intrinsic parity
ng = +1. (F.10)

Again performing a standard computation one gets the following scattering amplitude of
neutral spin % particles to the leading order

A3,
TR (p1, 2,3, pa) =

(F.11)

P ( [tixg (P3)ux, (P1)][Ux, (Pa)un, (p2)]
—t+ M?

_ [ (pa)un, (P[0, (3)1urs (P2)] | [0, (P2) i, (P1)][12; (P3)vr, (Pa)] )
—u+M? —s+M? '

By using the five tensor structures (3.65) one can bring the above expression to the
form (F.7), where

_s:%\/[2 1+ tf}WQ 1+ quIWQ

. t—M?  u—M?

H(s,t,u) = T B - ——_— (F.12)
t—}\/ﬂ o ﬁ

1 1
t—M?2 + u—M?

N
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F.3 Pseudo-Yukawa theory

The pseudo-Yukawa theory is defined by the Lagrangian density

1 1 | -
L= Liyee = 50uF0"¢ — S M?G* + S §p U7V (F.13)

Due to (F.4) the interaction is parity invariant only if the scalar field has the intrinsic parity
ng=—1, (F.14)

hence we refer to ¢ as pseudo-scalar. As before we compute the scattering amplitude to the
leading order and obtain

TA3 A 52 x < [a)\s (p3)75u>\1 (pl)] [{LM (p4)’y5u)\2 (pQ)} (F.15)

N (P1,D2,D3,p1) =G M2

[, (pa)y ux, (P1)][Uas (P3)7 ur, (p2)] n [02, (P2)7 un, (P1)][tir; (P3)7 0, (P4)] )
—u+M? —s+M? '

Again by using the five tensor structures (3.65) one can bring the above expression to the
form (F.7), where

1

1
t—M?2 + u—M?

1 1
N t—M?2 + u—M?2

~2
H(S,t,U) = % X _t—}\/lg + ﬁ . (Flﬁ)

1 1
4th2 _‘_1ufM2 .
oz Yo e

F.4 Counting couplings at a given order in EFT

Let us consider the effective Lagrangian density of a single Majorana field ¥ describing the
two to two scattering process schematically denoted by W — UW. It reads

L=LF 4+ Ls+Ls+Ls+ ..., (F.17)

where £, with n = 4,5,6 are the dimension 4, 5 and 6 terms. The question we will
address now is how to count the number of linearly independent terms in such an effective
Lagrangian density at each order n.

We start with n = 4. It is well known that there is only one linearly independent
term (UW)(WW) as was used in (F.5). Naively, one can write however many more terms by
appropriately combining

T, U0, UyHl,  TyHyS0, Tl v, (F.18)

Let us now rewrite the Majorana field in terms of a two component left-handed Weyl spinor

U= (;&). (F.19)

X, one has
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It is then straightforward to show that%?

UMl = xToty — oty =0, (F.20)
%@J”V\I/ = xo"x —xTa"x = 0. (F.21)

As a result at the n = 4 level we can write only four terms
245 {[@O)(WT), (T770)(T10), (T4#970)(Tyr"0), (TO)(T D)}, (F22)

Rewriting these in terms of the Weyl spinor x we see that they are either proportional to
each other or vanish

)= (o) = 2000600,
(‘1’75‘1’ :( e xxd) = “2000 0,
(" 0) (7 0) = (—2xTo"x) (—2xTox) = 4000 (XD,
(@) (T7°9) = (xx+ xx) (—xx+ xIx) =o. (F.23)

If one is interested in the counting of independent terms only, instead of performing the
above algebra one could notice that £4 terms in the leading order generate the improved
scattering amplitudes (s t,u) at the crossing symmetric point (3.53). Crossing equations
severely restrict the form of the improved amplitudes at the crossing symmetric point,
see (3.55). The latter contains only one independent parameter. One concludes that there
should be only a single parameter in the effective Lagrangian density L4.

As another example let us consider the n = 6 part. One can write

Lo 2 {(TO*0)(WW), (T0"0)(T0,), (T 0)(Tyy®),...} . (F24)

The improved amplitudes generated by such terms at the leading order will have the
following most general form

H(s,t,u) = (s —4m?/3) x A+ (t —4m?/3) x B + (u — 4m?/3) x C, (F.25)

where /T, B and C are some real constants. They are constrained by the crossing equa-
tions (3.27) and (3.28) which require (F.25) to take the following form

a x (s —4m?/3)
B ] bx (s+2t—4m?)
H(s,tu) = — F(a+2b) x (s+2t—4m?) |, (F.26)
b x (s —4m?/3)
(a + 4b) x (s — 4m?/3)

where a and b are the undetermined parameters. One concludes that there are only two
linearly independent terms in (F.24).

52Note that all the Weyl indices here have been contracted appropriately.
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G Bound state close to the two-particle threshold

In section 3.3 we studied the non-perturbative structure of the scattering amplitude of
neutral spin % particles with mass m in the presence of a scalar particle with mass M.
Such a particle can be interpreted as a bound state of two fermions. The structure of
the improved scattering amplitude is given by (3.59) and (3.60) for the parity even scalar
particle and by (3.61) and (3.62) for parity odd scalar particle. The structure of the center
of mass amplitudes is obtained by plugging these into (3.24).

In this appendix we study the behavior of the center of mass amplitudes in the presence
of bound states in the limit when M — 2m. We follow the analysis presented in appendix E

of [3]. The leading behavior of the COM amplitudes is obtained by taking the following limit
M=(2—-¢em, s=(2m+ Ee)?, (G.1)

where F > 0 is kept fixed as we take the limit ¢ — 0. Applying it to (3.24) combined
with (3.59) and (3.61) in the leading order in € we get

-1 1
+1 1
. 2 g N P2 m 1
(I)scalar(E) ZE +m X 0 y (I)pseudoscalar(E) = ng + m; X 0 (G2)
0 0
0 0

We see that the amplitude with the scalar particle is completely finite in this limit, however
the amplitude with the pseudoscalar particle diverges. The partial amplitudes were defined
in (3.44). Plugging there the expressions (G.2), replacing s by M? and only then taking
the limit (G.1) we get

—1
+1
- 2
oy ig 1
(I)gca(l)ar( ) = @m \E X g ,
0
: (G.3)
1
-9
2= 1g 1 1
(I)f)seoudoscalar(E) = @m% X 8
0

Notice that poles coming from scalar particles can appear only in £ = 0 partial amplitudes
as is explicitly stated here.

According to (3.58) we can take combination of partial amplitude components to define
parity even @ (s) and parity odd ®* (s) partial amplitudes. In terms of the objects (3.58)
unitarity takes a very simple form

1+i®% (s)| <1, [1+i®"(s)| <1. (G.4)
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Using (G.3) in our context we can the write

2
_ 1 —
scalar exchange: @ﬂ_O(E) = —?g—ﬂm Ve,  =YE) =0, (G.5)
=0 g 1 1 (=0
pseudoscalar exchange: O(E) = —_— O (E) = 0. (G.6)

T 32r 1+ E/m /€

In the limit € — 0 the partial amplitudes (G.5) vanish and we cannot say anything
interesting about the coupling g?. Instead (G.6) diverges. In order to have a partial
amplitudes which is able to satisfy unitarity (G.4) we need the scaling

7’ = aye, (G.7)

with a finite as € — 0. It is also convenient to make a change of variables from F to z
variable which are related via
E=-m M (G.8)
(z4+1)% )
This maps the cut in the £ plane to the boundary of the unit disk in z. Plugging the above
into (G.6) we get

_ ja (1+ 2)?
=0(s) = o (1 +2)7 G.9
- () 1287 =z (G.9)
Using it and taking the leading behavior in small z, the unitarity conditions (G.4) leads to
a 1
-1 <1 G.10
’ 1287 z| — ( )

which should be satisfied on the boundary of the disc described by z = €'®, where ¢ € [0, 27].
It is then straightforward to see that the maximally allowed value of a which obeys the
unitarity condition (G.10) is

a = 128. (G.11)

Plugging it into (G.7) and expressing € in terms of m and M from (G.1) we get the analytic

7 < 198m 2= M (G.12)
m

H General spin tensor structures

upper bound

We have introduced the notion of tensor structures in (2.56). Even though one can completely
avoid talking about them, it is sometimes beneficial to know a basis of tensor structures
explicitly. In the case of Majorana fermions the detailed discussion of tensor structures
was given in section 3.4. In this appendix we will briefly explain how to construct tensor
structures for amplitudes with generic spin. There are several possible ways of doing this.
One way is to treat particles with generic spin as multi-spinors simply described by tensor
products of u and v objects defined in section 3.4. This approach was employed in [25].
Here we describe another approach used in [61]. (In the massless case it reduces to the
well known spinor-helicity formalism, see for example [62].) We chose the latter because it
closely resembles various approaches used in the CFT literature [26, 63—67].
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Index free formalism. In section 2.1, more precisely in equation (2.2), we have chosen
the basis of states to be |c,p; ¢, \), where A\ = —{,... +/¢ are the helicity labels. It is
convenient to move to another basis where instead of helicities A we use a symmetrized set
of indices

(ay...a), (H.1)

where aq, ag,... are the indices in the fundamental representation of the SU(2) Little
group.%? In other words we can have two equivalent bases

e, il ))& e, ) (a2, (H.2)

It is then extremely convenient to introduce the index free notation by contracting the
states with a complex vector (spinor polarization)

st = <€> , (H.3)
n

where ¢ and 7 are simply the components of the spinor polarization. With the help of (H.3)
one can define the Little group index-free states

e, 7 0)(5) = |e, 7 0) (91928 X 54, .. 54y, (H.4)

The relation between the two bases (H.2) can be determined by requiring
¢
e, 750 (s) = D e, b, A) x €, (H.5)
A=—¢

We have defined in (2.47) the interacting part of the scattering amplitude of four
particles. In index free notation it reads

@2r)* W + ph — vl — pi) x Tiassa(pi, 80) =
((s3) ms, s €3] © (s4) (ma, s €a]) T (Jma, 515 1) (1) © |, s ) (s2) ) (HL6)

Analogously to (2.56) we can perform the decomposition of the index free interacting
scattering amplitudes

(2111).. (24 +1)
Th2-534(pis 8i) = > Ty(s,t,u) Tr(pis si), (H.7)
=1

where T;(p;, s;) are the index-free tensor structures.

53Here we simply use the fact that any generic irreducible representation j of the SU(2) can be represented
_ (1 1

) ey
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Auxiliary objects. The index-free tensor structures appearing in (H.7) are kinematic
objects constructed from the 4-momenta p{" and the spinor polarizations s¢. The former
have Lorentz indices and the latter have Little group indices. In order to contract them we
need to somehow introduce an auxiliary object which has both Lorentz and Little group
indices and can be an intermediary in the contraction of the two. In what follows we will
define such an auxiliary object.

We use the two-component spinor notation of Wess and Bagger [68]. Given a 4-
momentum p* one can define the standard SL(2,C) matrices using (A.101),

Pai =D Oads }_)Bﬂ Ep~5ﬁﬁ. (H.8)
The indices are raised and lowered by the e-symbols €,5 and € &b where €'? = —¢19 = +1.
The representation (H.8) leads to
p? = —detp = —detp, (H.9)
pi pj = —% tr [pip;j]- (H.10)
One can introduce the following two objects which have one Lorentz index S5 or /3 and one
Little group index b = 1,2 (in the fundamental representation)®
ht, Ry’ (H.11)
related by hermitian conjugation
(h) =y (1) = (H.12)
The Little group indices are raised and lowered by the e-symbol €® = —ey,, where €2 = +1.

By taking these objects and contracting their Little group indices one can represent the
SL(2, C) matrices as
Pop = ha'hyg B = 0PI (H.13)

By definition the Little group transformations leave (H.9) invariant. Using the representa-
tion (H.13) and this invariance one can compute the actual expressions of h and h. They read

V2ym+p0 \ pl+ipt m4p’ —pP )

Tensor invariants. We can build tensor structures in (H.7) as products of elementary

matrix hg® = matrix Bbﬁ' = (H.14)

tensor invariants. These tensor invariants are in turn built out of

pi@ff’ hzﬂb, Bibﬁ 8? (H15)
by fully contracting their indices with all possible invariant objects such as the Kronecker
and the Levi-Civita symbols. Notice also that one can pair h; and s; by contracting
their Little group indices only if i = j because each particle has its own little group. For

[

transparency we indicate this contraction by “-”. Below we make a summary of all the

possible invariants.

64These “spinor-helicity” variables are denoted by A and X in [61].
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Type I consists of invariant objects with an even number of 4-momenta

S; 'h? 55 hjﬁ'Sj,
$i - b o(Pmbn)” hjp - 55,
Si -+ h? oz(pmf)nppl_)r)ﬁ th © S5,

(i)
(imng)

(H.16)

(imnprj)

Type I* consists of structures related by complex conjugation to the ones of type I
[2_7] = S; " ilid (Sa ilﬁ . Sj,

8
[imng] = si - hia “(Bmpn) g b - 55,
hia “(

o . (H.17)
[imnprj] = s; - hig @ pmpnf)ppT)B hf -8,
Type II consists of invariant objects with an odd number of 4-momenta
(img) = s; - he s
ij =S5 7 pma[j 7 3]7
(imnp] = 5i - h* o (PmBnPp) s 1) - 5, (H.18)

Type IT* consists of structures related by complex conjugation to the ones of type II

[zmg) = S; " iLid f)gnﬁ hjﬂ . Sj,

[imnpg) = si - hia “(Bmpnp)” his - 5;, (H.19)

Type III and III* consists of invariant objects involving the €, or ¢#V#? symbols

(Zmnpj} =S5;- hla (pmupnupppeuypnam)aﬁ’ h]B © S5, (HQO)

P e\ A VpK = \&
["'mnp.7> =5i-hig (pmupnupppeu P O-I'{) g th ©Sj5.
Basis of tensor structures. There are a large number of relations among tensor invari-
ants. For instance due to the following properties of o-matrices
ohGVoP = —paP 4 phPa? — nPPatt — (P,

H.21
GhoVaP = —nGP + ntPGY — PPt + ieVPEG,, ( )

see for example [32] for details, any invariant with many products of 4-momenta (py, pnpp - - -)
can be reduced to the ones involving at most two 4-momenta. As a result the most generic
tensor structure can be represented by

Ty = (i)™ [ig)™ (img]“ (imng) P [imng] ™ (imnpj] ™, (H.22)
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where A, B, C D, E and F are exponents fixed by the requirement?3-66
Ty o 521 5502 5268 5204, (H.23)

The latter is simply the statement that the amplitude must be a polynomial in each s; with
the degree fixed by the spin of the ith particle. This directly follows from the definition of
the index-free states (H.4).

Constructing all the possible structures according to (H.22) still gives a set of linearly
dependent objects. Eliminating all the dependent structures and forming the basis is the
most challenging part of the formalism. It can be done for particles with low spin, but it
does not seem to be a viable procedure for higher spin particles. Below we simply give a
taste of what kind of relations one could expect.

First, one can show that

(img) = +[jmi),  (immpg] = +[jmApi). (H.24)

This is the reason why type II* and type III* invariants have not being included in (H.22).
Second, due to
ohGY + oVt = 2 (H.25)

one can show that

(i) = — (i),  (gmng) = —({Gnmi),

[ij] = —[gi], [imnj] = —[jnmi]
together with
(imng) + (inmi) =2 (ko + kn) (). (H.27)
fimng] + inmg] = 2 (ks - k) fi).

These relations enforce for instance that type I and I* structures must vanish unless i # j
and that without loss of generality one can choose m < n. Third, one can write a number
of Schouten identities. Some of them are

(i) (kl) + (ik) (31) + (il) (5k)
(t5)(klm] + (ik)(jlm] + (jl)(ilm]
(ijk) (Lmm] + (61) [kjmn] + (k] (imn)]

0,

0, (H.28)
0.

Finally, one should take into account the conservation of 4-momenta

Py +rh =15 +ph (H.29)

and its consequences.

% Notice that the exponent F is either 0 or 1 since any pair of e-symbols can be written in terms of
the metric.

56Notice also that £; + £ + £3 + £4 must be even otherwise one will never be able to fully contract all the
Little group indices and form tensor invariants. This is a standard selection rule which comes out naturally
from this formalism.
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Partial amplitudes. For completeness let us mention that using tensor structures one
can also compute partial amplitudes.

In (2.101) we have shown how to decompose the scattering amplitudes into partial
amplitudes by injecting a complete set of states. The main objects in this decomposition to
be determined is the following matrix element

(K1, Kale, P4, A), (H.30)

where |k1) and |k2) are the 1PS and |¢, P, ¢, A) is a generic irrep with spin ¢ and helicity A.
The objects (H.30) are the Clebsch-Gordan coefficients of the decomposition. They were
computed in appendix A.2.4 in full generality using group-theoretic arguments. In the
COM frame they are basically the Wigner d-matrices.

We can repeat this procedure in the index-free formalism by injecting a complete set of
states in the following form

4 R d
! :/dpzxg(po)ZZ e, 4:7)(5) x Dy x (s)(c, 5 651, (H.31)
(27T) Yol

<~
where « are all the additional indices characterizing the state and Dy is the “gluing” operator
defined as
> 1 a1 Q20  —

.
D= (0 - 0 WOsan o oo, (H.32)

It simply contracts all the Little group indices of two states. The Clebsch-Gordon coeffi-
cient (H.30) then becomes

Cy(s1,52,5) = ((s1)(ma, Pr; £1] @ (s2)(ma, Pa; L2]) |c, P, ) (s3). (H.33)

One can explicitly construct tensor structures for (H.33). The partial amplitudes is given
then by gluing left- and right-hand sides of the amplitudes after the injection of the
identity (H.31), namely

<>
Cy(s1,82,8) X Dg x Cy(s3, 84, S). (H.34)

Here we keep the expressions slightly schematic by dropping the dependence of the 4-
momenta and focusing only on the spin dependence. The resulting expression (H.34) should
encode the Wigner d-matrix. For instance we have explicitly checked that for the scalar
particles (when there is no dependence on sj, s2, s3 and s4) the expression (H.34) is
proportional to the Legendre polynomial P;. For a similar discussion see [69].
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