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Abstract.

This work is focussed on the light-by-light scattering: in particular we study N-photon
amplitudes in the low energy limit at the tree-level and one-loop level. We explore
the advantages of helicity formulas involving field strength tensors to compute photon
amplitudes, at the tree level we present a new master formula to compute N-photon
amplitudes for arbitrary N and any helicity assignments. We compare our results
to a low energy expansion of the known amplitude for small values of N and find
complete agreement; nonetheless the new formula presented here offers significant
computational advantages at higher values of N.

Finally, we rederive an explicit formula for the one-loop on-shell N-photon amplitude
and we study a double summation that appears by the use of a Taylor expansion to
make progress towards simplifying its form.

Resumen:

Este trabajo se centra en la dispersin de luz por luz: en particular, estudiamos las
amplitudes de fotones N en el Imite de baja energa a nivel de rbol y nivel de un ciclo.
Exploramos las ventajas de las frmulas de helicidad que incluyen tensores de intensi-
dad de campo para computar las amplitudes de fotones, a nivel de rbol presentamos
una nueva frmula maestra para computar las amplitudes de fotn-N para N arbitraria y
cualquier asignacin de helicidad. Comparamos nuestros resultados con una expansin
de baja energa de la amplitud conocida para valores pequeos de N y encontramos
un acuerdo completo; sin embargo, la nueva frmula presentada aqu ofrece ventajas
computacionales significativas a valores ms altos de N. Finalmente, redirigimos una
frmula explcita para la amplitud de fotones N en la carcasa de un bucle y estudiamos
una suma doble que aparece mediante el uso de una expansin de Taylor para avanzar
hacia la simplificacin de su forma.

Palabras clave: Lagrangiano de Euler-Heisenberg, Electrodinamica cuantica, limite
de bajas energias, nivel de un lazo, nivel arbol.
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space-time metric convention in Minkowski space
fully anti-symmetric

unit tensor

scalar product of two four-vectors

four-position vector

D-dimensional volume element

differentiation operator

commutator

anticommutator

Dirac gamma matrices

fifth gamma matrix

unit matrix

slash notation

Dirac delta function

trace/ determinant of a matrix

background field tensor

constant background field tensors

background four-potential

four-momenta bracket notation for positive and negative-helicity

spinor helicity parameters
Worldline Green’s function on the open line
Sign function

Tab. 0: Summary of commonly used mathematical symbols.




Introduction

Photonic amplitudes

It is said that Physics was born with Aristoteles and that it is the discipline whose
principal object of study is nature. This is the reason why the methods used by the
physicist are strongly related to the meaning of the word Nature [1]. However the
meanings of words depend enormously on time and culture, for example our concept
of the atom is very different from that of the Greek philosophers. Even so chemical
experiments can be described and classified by the atomic hypothesis of ancient times
that consider the atoms as the building blocks of matter. The modern attitude to
nature is directly influenced by modern science and technology, and nowadays the
phrase used by scientists “description of nature” became to mean the mathemati-
cal description of nature [2]. If we consider that Nature is constituted by matter, a
mathematical description of matter can be tested with experiments and observations,
however, these observations can leave us with new concepts, for instance, when we
look at the universe our mathematical description of the universe has to introduce
the concept of invisible dark matter in order to fits our observations, thus to answer
the question: What are the constituents of visible and invisible matter? is a very
difficult task that physicists have.

Today, theoretical physicists try to make a mathematical formulation to arrive at laws
that describe the structure of matter; on the other hand, experimentalist are devel-
oping clever and bigger accelerators to probe these laws, and they have found some
features: matter is formed by elementary particles*. Some natural questions emerge:
Which is the particular force law that describes the interaction between elementary
particles? and How many fundamental forces in nature exist? Until now we know
that there are just four fundamental forces in nature: strong, electromagnetic, weak T,

*The elementary particle concept is a little problematic since the arrival of new technology can
bring the experimental physicist to new ways of testing the structure of the particles, for example in
the late sixties experimental physicist found evidence that the charge of the proton is concentrated
in three lumps “quarks”.

TThe theory of weak interactions treats weak and electromagnetic interactions as different man-
ifestations of a single electroweak force, in this sense the four fundamental forces can be reduced to
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and gravitational. Each force is mediated by the exchange of a particle therefore they
belong to different physical theory; for a complete introduction to particle physics see
3].

This work is related with the electromagnetic force, this force has as a mediator the
photon, and is described by quantum electrodynamics (QED).

QED is one of the most successful of the dynamical theories since it is the best tested
theory we have’. In this introduction we attempt to present how the light-by-light
scattering concept appears in QED, what has been done so far and how we are going
to study this problem.

When Dirac attempted to construct the relativistic quantum theory of an electron
moving in a given electromagnetic field, he found that the solutions of his wave equa-
tion admit an equal number of positive and negative energy solutions, thus some
fundamental alteration in the interpretation of negative eigenvalues had to be done.
The appearance of this new interpretation problem led Dirac to the prediction of the
positron in 1929 [4], and it was found experimentally in 1932 [5]. The study of the
Dirac’s theory of the positron led Euler and Heisenberg to define the term “critical
field” [6]. This term corresponds to the amplitude of a constant electric field which
spontaneously creates an electron-positron pair from vacuum®. Note that the critical
field is not an umbral, because the probability of pair creation still exists for small
amplitudes but this probability is exponentially suppressed. The study of the fact
that an electric field can create a real electron-positron pair was performed by Sauter
in 1931[7], and J. Schwinger in 1951[8] Y. This phenomenon is related to the problem
of the scattering of light by light, and the differential cross section for this scattering
was first calculated by R. Karplus and M. Neuman in 1951 [9].

Contrary to classical theory in QED the vacuum has a certain rich structure where
particle/antiparticle pairs “live”. These pairs act as dipoles and thus the vacuum
becomes polarizable. Although the classical theory of electrodynamics is governed
by linear equations, when we consider these new quantum effects we can talk about
nonlinear effects in QED.

These nonlinear effects have several implications that have no classical counterparts.
For example, in atomic spectroscopy where one has the opportunity to verify any new
model or to test any new approach by the study of the “simplest” atoms, in 1947
Rabi and his colleagues discovered the anomalous magnetic moment of the electron
[10]. By measuring the hyperfine structure separation of the atomic hydrogen and
deuterium they found an important difference between theory and experiment .

three.
iThe consistency of measurements of the Electron anomalous magnetic moment and the value
predicted by QED theory is one of the reasons why QED is the most successful quantum field theory.
$The QED critical field strength &, = m?c®/|e|h ~ 1.3 x 10'°V/cm which corresponds to a laser
intensity of I, = 4.6 x 102W/em? unfortunately this intensity is not yet attainable nowadays.
YThe production of a real electron-positron pair is known as Sauter-Schwinger pair production.
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Another non-classical effect is the so called Delbriick scattering; this effect refers to
the scattering of light by a static field generated by a nucleus. When a photon in-
teracts with a Coulomb field, this photon is converted into a pair of electron and
positron that then interact with the nucleus via virtual photons, and at the end, by
conservation of energy, this pair forms a final photon with the same energy as that
of the incident photon, see [11] for a experimental description of this effect.

Other nonlinear processes of QED include photon splitting, where again an initial
photon is converted into a virtual pair and then it transforms into two photons [12],
and nonlinear Compton scattering, see [13] for a modern study of this effect.

All these effects show us the importance of the study of light in our understanding
of the structure of matter. Among the different nonlinear QED effects, the emission
and absorption of photons by matter is always present; this converts the scattering
of light-by-light into one of the most interesting nonlinear QED effects.

The quantum corrections related to photon-photon scattering are encoded in the ef-
fective Lagrangian. It was in 1936 that Heisenberg and Euler obtained a closed-form
integral expression (see Section 2.2) for the nonlinear correction to the Maxwell La-
grangian at one loop order [14]. The expansion terms of this Lagrangian can be used
to describe the light-by-light scattering in the low energy limit. Even though light-by-
light scattering is one of the oldest predictions of QED, the experimental physicists
have found the first direct evidence of this process just a few years ago in the ATLAS
detector at the LHCI[15].

Nowadays the scattering of light by light is an important phenomenon in many areas
of modern physics, and this converts the photon into the ideal spin-one particle to
study. Albeit QED is valid for arbitrary physical systems which underline the electro-
magnetic interaction, in the present thesis we will focus on the N-photon amplitudes
in the low energy limit at tree and one-loop level a study of two-loop N-photon am-
plitudes can be found in [24].

In chapter 1, since we are interested in exploring the advantages of the spinor helicity
technology, we begin with an introduction to this technology and present some useful
identities in order to manipulate the standard integral representation of the Euler-
Heisenberg Lagrangian to use it to compute photon amplitudes in the low energy
limit; we obtain a compact expression in terms of some coefficients that contain a
double summation, and we will try to find a way to simplify it. In the large N limit
we find substantial simplifications.

In chapter 2 we study the photon amplitudes in the low energy limit at tree-level.
We begin with a derivation of the scalar propagator in its integral representation and
then we expand this propagator and, analogous to the one-loop case presented in
the chapter 1, we use spinor helicity in order to construct a master formula to com-
pute N-photon amplitudes for all helicity assignments and arbitrary N, and finally
we present the conclusions of this work. This thesis also contains some appendices,
in appendix A we present our conventions, appendix B is dedicated to the spinor
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helicity computations, and in appendix C we present the methods used to study the
coefficients of the one-loop N-photon amplitudes.



Chapter 1

One-loop level photon amplitudes
in the low energy limit.

The understanding of the dynamics of elementary particles is based on the calcula-
tion of decay rates and scattering cross sections. The particle decay refers to the
process of one particle transforming into other particles, but this decay is restricted
by some conservation laws whereas when two particles interact an area transverse to
their relative motion within they are going to scatter from each other can be calcu-
lated and is called the scattering cross section. This work is dedicated to the study
of light-by-light scattering particularly to the study of photon amplitudes. To deter-
mine a scattering amplitude an evaluation of the relevant Feynman diagrams has to
be preformed; these diagrams are obtained from a perturbative expansion in terms
of one coupling constant as we are going to see in chapter 2. This chapter is related
to photon amplitudes at the one-loop level; in the computation of one-loop massive
amplitudes little is known beyond the four-point case, however in the limit of low
photon energy the N photon amplitude for arbitrary N can be obtained as we will
see.

One way to simplify calculations of amplitudes that include massless particles is the
use of spinor helicity so first we are going to introduce this technology provides very
useful identities, then we are going to extract information of the N-photon ampli-
tude from the Euler-Heisenberg Lagrangian since it is well-known that in the low
energy limit the QED effective Lagrangian for a background field with a constant
field strength tensor contained the information of the photon amplitudes and finally
we will try to derive simple closed-form expressions for these amplitudes.



6 Chapter 1. One-loop level photon amplitudes in the low energy limit.

1.1 Spinor helicity technology

All out conventions and definitions used to present this technology are extracted
from [16]. The starting point is the definition of helicity: the helicity of a particle is
defined as the component of the particle’s spin measured along the axis specified by
its three-momentum. For any massless four-momentum p we can write:

—p = |p) [p| + |p] (P (1.1)

We introduce a bracket notation where the square-bracket |p|,[p| and the angle-bracket
Ip) , (p| represent positive-helicity and negative helicity respectively. The angle and
square spinors are the core of what is known as the spinor helicity technology. These
bra-kets are nothing to be scared of: they are simply 2-component commuting spinors
that solve the massless Weyl equation[17]. With this spinor helicity technology we
can express the photon polarization vectors in terms of the bracket notation:

u _ {al"E]
i (k. q) = Vigh' (1.2)
o (I, q) = — 21 (1.3)

V2 [gk]”
where ¢ is an arbitrary reference momentum. When we want to compute photon

amplitudes using spinor helicity we have to assign to each photon a field strength
tensor given by:

fi/ = kzuef — éffk;l,. (1.4)

Using spinor helicity we find some useful identities for the anti-commutators (see
Appendix B for the complete derivation):

(5} = =l (1.5

U 07} = =5 ki), (1.6
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Where 7 is the metricH,
In the following, we are going to apply the spinor helicity notation to make the
amplitude computations easier and more compact.

1.2 The Euler Heisenberg Effective Lagrangian

As was mentioned in the introduction the fact that an electromagnetic field can
create virtual pairs of particles leads to a change of the Maxwell equations in the
vacuum. If we want to study these quantum fluctuations we can use as a starting point
the effective Euler-Heisenberg Lagrangian (EHL) because it takes into account the
interaction of the electromagnetic field with these vacuum fluctuations. For instance
the EHL encodes quantum corrections, these corrections are assumed to be local,
at least for slowly varying field indeed we can used the EHL to compute photon
amplitudes in the limit of vanishing photon energy involving constant external fields.
Around the 30’s Heisenberg began investigating the consequences of the positron
theory and in 1936 Heisenberg and Euler published the famous paper Consequences
of Dirac’s Theory of the Positron where they give an analytic expression of the one-
loop Effective Lagrangian written as a function of the invariants £? — B? and (E - B)?
[14]. In QED the constant electromagnetic field is one of our favorite objects by being
one field configuration for which the Dirac equation can be solved exactly. We are
looking for information about the low energy limit of the one-loop photon S-matrix
so we will need to study this Lagrangian. It was by Heisenberg and Euler efforts that
we have the following expression for spinor QED in the low energy [18]:

[»EH — _L * d_T -m2T

spin 87T2

e*ab e?, 1
——(@-Vv)-=]. (L
o T c (tanh (eaT) tan(ebT) 3 (a ) T2) (L.7)

Naturally, we have an analogous expression for scalar QED that was computed by
Weisskopf and it is expressed as [18]:

1 *dT 2 e2abT e? 1
EEH — / - —meT (A2 b2 -\ 1.8
sealar = 762 o 7€ sinb(eaT) sin(eoT) T 6@ ~ V) T 7 (18)

Where a and b are related to the two invariants of the Maxwell field by:

a*> — b = E* - B2, (1.9)

HSee appendix A where the conventions are given.



8 Chapter 1. One-loop level photon amplitudes in the low energy limit.

Figure 1.1: Perturbative expansion of the one-loop effective action. The number of
external photons lines is even due to Furrys theorem

ab=FE - B. (1.10)

In the previous expressions, E and B denote the electric and the magnetic field
respectively, F},, the electromagnetic field strength and F' is the dual field strength
tensor defined by:

-1
= =€wapF’. (1.11)

HV_Q

The importance of the EHL lies in the fact that it contains the information on non-
linear QED effects such as photon-photon scattering, photon dispersion, and photon
splitting, thus it can be used to compute on-shell one-loop N-photon amplitudes. The
last two Lagrangians involve a summation of all one-loop diagrams therefore the one-
loop effective action has a natural perturbative expansion in powers of the external
photon field A, as illustrated the Feynman diagrams of Fig 1.1.

The real part of the effective Lagrangian describes dispersive effects and its imaginary
part the absorptive ones, we are going to study how photon amplitudes are directly
related to the EHL. In order to obtain the amplitude with photon momenta k1, ..., ky
and polarisation vectors €1, ...,y we will use the field strength tensor definition (1.4)
to introduce the total field strength tensor as:

F= Zf (1.12)

The corresponding photon-amplitudes can be obtained by inserting F' into the ef-
fective Lagrangian and extracting the terms involving each f1, ..., fy precisely once
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[18]:

F(EH) [k’l, E15 eees k’N, €N] = ‘C(ZF)’flfN (113)

In order to employ this effective action to compute photon amplitudes in a constant
electromagnetic background field for both scalar and spinor QED by using spinor
helicity, we are going to use the results of the last section.

1.3 From the Effective Lagrangian to Photon Am-
plitudes

In this part the EH Lagrangian is particularly studied to find an explicit formula for
the one-loop N-photon amplitude in the low energy limit. It was shown in [18] that
after some manipulations, the formal expression ( Eq. 1.7) can be used to compute
the N-photon amplitude for arbitrary N. There is found a compact expression for
(Eq. 1.7) expressed in terms of some coefficients that contain the Bernoulli numbers,
following this derivation we are going to try to simplify a double summation that
appears in these coefficients. The standard integral representation of the EHL is our
most important tool:

1 [>dr _, - e?abT? e? 1
EH _ _ &2 mmiT —— (@ - -=). (114
Lsvin 82 J, T3 ‘ <tanh(eaT) tan(ebT’) 3 (a ) 12 (1.14)

Here m and T denote the mass and the proper time of the fermion loop respectively.
To use this Lagrangian density to compute scattering amplitudes the terms of zeroth
and second order in a and b have to be subtracted because the former corresponds to
vacuum polarisation and the later does not contribute. As was mentioned in section
1.2 spinor helicity technology can be used to compute the low energy limit of the
on-shell N-photon amplitude. In this limit the background field has a constant field
strength tensor f,,. Looking for an amplitude for a fixed and arbitrary N number of
photons we write the total constant field strength as:

K K+L
F=Yfie Y fi=i i (1.15)
i=1 j=K+1

In the previous expression we have assigned helicity '+’ to legs 1,...., K and the re-
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maining ones helicity '—"*
The two invariants of the Maxwell field can be expressed in a simple way by intro-
ducing some notation, first note that using (Eq. 1.16):

B P = —tx(F?) = —tr[(7)2] — ()] — [ ) ()] = (7)) (). (1.16)

With spinor helicity it is easy to check that the last two terms are zero, the terms
that do not vanish are:

Ztr (S0 Ztr ANt (1.17)
Using (Eq. 1.5)

tr[(fF)?] = ; > lkikjPtrn) = —2 Z [kik;)? (1.18)

4,J

Analogously
1
—\21 - 2
tr[(f7)} = — 2Z(kk _—22 (kik;)? . (1.19)
[2¥}

So:

E,F* 1 1

“T =3 Z[kikj]Q +3 Z (kik;)? . (1.20)

4,7 [2¥}

Now it is convenient to introduce a new notation:

DN | —

X+;% S kR =2 Y (k) (1.21)

1<i<j<N 1<i<j<N

Using this new notation:

*Note that photon labels are completely arbitrary
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1

ZFHVFMV = X++X_, (122)
1 ~ .

TFwF™ = =i = x-). (1.23)

The Maxwell field invariants are related to the field strength tensors and its dual by:

1 1
\/F PU)R (B P2 + L P, (1.24)

1 - 1 ,
= Z\/(FHUF“”)Q + (B F1)? = S F FH. (1.25)

Using (Eq. 1.23) and (Eq. 1.24):

0= VX5V b= iR~ VA (1.26)

Note that these Maxwell invariants appear squared in the EHL, thus the choice of
their sign does not matter.

In terms of y, and x_ the Lagrangian density at one-loop level for the spinor QED
case is expressed by :

£ (iFot) = i h d—Te_sz (\/ﬁ hi \/X_—)(\/ﬁ — \/X__) (1.27)
spin 8n2 J, T tan((y/ x5 + /X-)T) tan((/X+ — vx=)T)

To obtain the N-photon amplitude one must expand this expression in powers of
and y_. The expansion is carried out through the use of the following Taylor series:

- 2 Bn
Z 20 2, (1.28)

tanx

where B,, are the Bernoulli numbers. Then keeping only the part of order FV and
extracting those terms involving each individual f; just once:
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. mt 26\ & K N—-—K\ K N-K
ﬁgzm@ﬂw) - T o 9 Z (_) Z Cg))m (?, 9 > X.ﬁ X_2 ) (129)

K N-K N K BiiBy—i
(2 — (VYN A  \N-K-I E-+ION—k—l
o ) = VPV 3 MK —k)IN — K )1

(1.30)

Picking out the terms multilinear in the f/s implies that all amplitudes with an odd
number of "+’ helicities vanish in the low energy limit because such terms exist only
if K is an even number. The final result for the amplitude in the spinor case can be
written as:

4

WEH B _ m* [ 2e y (K N—-K _
Fipzfl )[gf;--.;€?<;€z<+1;w§€zv}:—@ (ﬁ) gpzn(§7 ) )X}XN—Kv(l'?’l)

where:
Xk = (x+ 7’311 different
(5)! 2 i
= 35 { [keykeo)? [kska)® - - - [kr_1kx]? + all permutatlons} . (1.32)
XNk = (Xf)TLmn different (133)

Now we consider the scalar case which is completely analogous to the spinor case.
The EHL integral representation for scalar QED was given in (Eq. 1.8):

1 < dT 2 e2ab e? 1
O / AL S@-t)—=]. (134
seatar = Y672 fo T € sinb(eaT) sin(eoT) T 6@ ~ V) T 72 (134)

In this case we need the Taylor expansion:

__ Z 2"_—2)?3%2". (1.35)

SlHCL’
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Following the same procedure as in the spinor QED case:

4
)(EH _ _ m 2e n/K N—-K B
Fgci(m )[51 ..;5};;51(“; G EN] = 162 ( ) éCi)ﬂ(E, 5 )X}XN—K' (1.36)

Now, we define:

K N—-K N K N-K o
(5 55) = CDEW =Y > (R
k=0 [=0
(1 _21—k—l)(1 _2 N+k+l)8k+lBN ot
KK — k)N — K —1)!

(1.37)

Once we have a simple expression for the one-loop N-photon amplitude in the low
energy limit, we proceed to explore the double summation that appears in the coef-
ficients of the (Eq. 1.31) with the purpose of simplifying this double summation:

ii ZBkJrlBN k—1 (1 38)
— £ RUNK — k)L — D) '

Preforming a change of variables L = K — m and k 4+ [ = x allow us to study the
summation over k:

B N (_)x—k
_;BxBM 2 Kz — k(K —k)/(K+k—m—z)

max(0,x—L)<k<min(K,z)

(1.39)

Remember that K represents the photons with helicity '+’ while L represents the ones
that have helicity -’. We start by exploring the case where K = L. Furthermore in
[18] it is shown that all the amplitudes with an odd number of '+’ helicities vanish
in the low energy limit, this implies that in (Eq. 1.40) x and m must be even to
have values different from zero, so after some manipulations using Mathematica (see
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Appendix C) we find that the summation over k has a global factor:

(-1

(z/2)T2K + 1]T2K — (32 +m)]

(1.40)

However this global factor comes with different polynomials every time you change
the value of m so by denoting these polynomials P, (K, z) the summation results to be:

) (_1)»’0/2Pm(K, x)
— ;BmBNCE (x/Q)!F[QK + 1]F[2K — (% + m)]

(1.41)

Based in these polynomials it was found 't that:

P.(K,z) = Z(—l)m_" (2m> (K—m—z/2—n+1)(x/2—=m+n+1)n_n,

o 2n
(1.42)
where (X)), is the rising factorial function:
(X)p =X*(X+1)*..x(X+n—1). (1.43)

After our manipulations we found another way to express Eq. (1.38). In the next
section we presented a limit case where the double summation of Eq. (1.42) is solve.

1.4 Asymptotic limit

The high-order asymptotic behavior of the QED effective action is something that
so far has not been widely explored, thus in this part we consider the limit were the
number of photons is big to see if in the next summation can be simplify.

ii Bk—HBN k-1 (1.44)
' 2 RINE — k)L - D) '

TTThe paper with the proof is in preparation we just corroborate that the formula works.
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We are going to consider the Bernoulli numbers approximation :

(—1)"+12(2n)!

BQn X (27’(‘)2”

(1.45)

In appendix C we present for which values of 2n this is a good approximation.
So:

)KL+ DK + L — k — 1)
BBy k-1 = BryBryr—k—1 ) ( (QW)E(EL ) . (1.46)

Now we can replace the last expression in Eq. (1.45):

A=) (g 4 DK + L— k= 1)
SYIPTR L . 1.4
S L) = 3 ; Cr)FF LRI — WL — 1) (147)

We have to exclude the case where k + [ takes odd values:

asymp K L (=) 4 (=R 4(=1)EFD2 (] £ DK + L — k — 1)
g :ZZC);())() (k+DYK + )

spin P (2m)EHLENNK — k)L —1)!
B (—1)K+L(K+L+2) ()N 2 (N+2) (1.48)
2K+1(L+1)( )K/2(3/2)K/2 (27T)N K+1 '
Before starting on the asymptotic analysis, let us return to Eq. (1.31):
K L
n(35) = DYV =3)S[K, L, (1.49)
thus, we define:
asym, K L N/2 asym
Gt (55) = (CDVAN =S, L)
2 N +2
= N -3 1.50
(27T)N( ) (K + 1) ( )

Dividing this through the exact formula for the coefficients one expects the ratio to
converge to unity if one fixes K or L and takes the other variable large. However,

this is very difficult to see numerically, at least with MATHEMATICA. A detailed
analysis shows that the main reason for this slow convergence are the terms involving
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the product ByBy, since our strategy of replacing ((2n) by unity in the formula:

—1)"*+12(2n)!
(27T)2n

By — & ¢(2n), (1.51)

leads to the replacement of By = 1 by —2. We can correct this part of the error by
adding a term 6.2 to S[K, L], that is replacing ¢t by:

~asymp
spin

= gt 4+ 6(—1)NP(N = 3)1——. (1.52)
After this modification the convergence of the ratio to unity for K or L to infinity
is already clearly visible in the numerics. However, this does not mean that the
original formula did not already possess this property. Applying our asymptotic
approximation to the By in Eq. (1.52) we can rewrite it for large N as:

cemy 2 (N 3)INT[(N +2)(N —1)
win T QN KILL |[(K+ 1)(L+1)

—6]. (1.53)

This shows that the correction term is actually subleading in the large L limit. Thus
its addition served only to accelerate the convergence of the ratio, it is not really
necessary for convergence. Therefore for determining the limit itself we can return to
Eq. (1.51). Using the asymptotic formula when L — oo:

(L—I—:L’)! ~ L*L!, (1.54)
we find:
K L 2 (L + 2K — 2)!
asymp (2}~ — 1.
w(303) oY (K + 1) (1.55)

This agrees with the known result for the K = 0 case. For K > 0 it is a new result.



Chapter 2

Tree-level photon amplitudes in
the low energy limit.

In the standard formalism of quantum field theory (QFT) perturbative calculations
are usually performed using second quantisation and Feynman diagrams but there
also exist first quantised alternatives namely the Worldline formalism/, this formalism
have been shown to be extremely useful particularly in QED.

Compact master formulas for the one-loop N-photon amplitudes have been derived
from the Worldline formalism and for scalar QED a master formula for the propagator
dressed with N-photons in a constant field was obtained in [19].

Based on the results at the one-loop level, it is desirable to explore the N-photon
amplitudes at tree-level in terms of the variables y, and y_ obtained in chapter 1
using spinor-helicity technology, so in this part of the thesis we manipulate the scalar
propagator in a constant electromagnetic field to obtain photon amplitudes.

In QED the constant electromagnetic field is one of our favourite objects by being
one field configuration for which the Dirac equation can be solved exactly. We are
going to compute a proper time representation for the propagator of a scalar particle
which moves from z to 2’ in such a constant background field.

2.1 Scalar propagator

Our starting point to compute the proper time representation of a scalar propagator

1s:
1

D™ (A) = (2|
()= @

%), (2.1)

IMn the literature this formalism is also known as string inspired formalism since the methods
used have analogies to computations in string perturbation theory. Nervertheless the knowledge of
string theory is not necessary for the application of the Worldline formalism.

17
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where:
I, =p,+eA, =—i0, +eA,. (2.2)

We write (2.1) in the proper time Fock-Schwinger representation:

D (A) = (z] / dTe-Tm* 1) |3y _ / AT T (/) TP |3y (2.3)
0 0

The last expression contains the Kernel which is defined as:

K™ (T; A) = (/| e ™ |2) . (2.4)

scal

This kernel has the path integral representation:

) z(T)=x'
K2, :/ Dx(T)e_S[I(T)], (2.5)
z(0)=zx
where
T Ta,a"
S:/ dT[ “4 + iei” A, (z(1)) | - (2.6)
0

*

In the Fock-Schwinger gauge * , a unique relationship between the gauge potential
A, (z) and the field strength F),, exists and this relation allows us to write the prop-
agator in terms of the field strength instead of the gauge potential. Thus, in the
Fock-Schwinger gauge the background is given by:

1

A“(:E(T)) = —§F“”(:E(T) - ZB)V. (2.7)
Putting this into (Eq. 2.6):
S— /0 ir {% _ %egaﬂFW(g;(T) _ oy (2.8)

Now, its convenient to introduce a change variables:

z(T) =z + %x_ +q(1), x_:=2"—z q(T)=q0)=0. (2.9)

*The Fock-Schwinger gauge is used to achieve manifest covariance in the calculation of the effec-
tive action.
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So
&(7) = — +4(7), (2.10)

S = /d{— =5 )2—%<%+Q)F(%x+q>]. (2.11)

After some algebraic manipulations and an integration by parts (IBP):

and

%
S = / dr [@ + = — %xﬁF Vq" + Eq“FWq } (2.12)

In terms of this change of variables the kernel can be expressed as:

sca

o2 —(Tar ie ——z
K”l—e_ﬂ/Dq(T)e Jo { Faai Fq}, (2.13)

or

sca

Kxxl — o T /Dq fo dT 4q(—%+2i6F%>q—%m,Fq]. (214)

This integral is in the Gaussian form and can be preformed by the use of a Green
function using string-inspired techniques and the result is:

FT 1/2 e2 T T 1 ’
Kfcf’;l —e T (47TT) D/2 [det (Sme(e—FT))] o~z Jo d7 [y dr'e FA(r7 JFa— (2.15)

we have introduced the Green function:

A(r, ") = (7] (dd2 — 2@6Fda7l_) |7') . (2.16)

This Green function satisfies the following identity:

L (Gar ") — Ga(r,0) — G(0,7') + G5(0,0)] (2.17)

é(ﬂ 7-,) = 9 [

where Gp is the bosonic Green function' in presence of an external field:

T Z L , .
gB(T, 7_/) _ @ (Sinze—zZGB(T,T) + iZGB(T, 7-/) — 1) . (218)

"The reader that is not familiar to this Green function is invited to read the section 5 of [20].
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with Z = eF'T. Because of the “string inspired” boundary conditions:

T T
/ dr Gg(1,7') z/ dr' Gp(r,7') =0, (2.19)
0 0

Eq. (2.15) turns out to be:

’ a2 eFT 1/2 e? T ar (T dr' e F r
ity = Tty oo (G ) | e oy

Performing the integrals over 7 and 7'

/ 12— FT 1/2 62 cot Z 1
K% = emar (4nT) ™" |det [ ————— STeF(eEog)Pe (201
scal € ( m ) |: S sin(eFT) € z ( )

Writing the previous expression in terms of Z

1/2
Kb, = (4xT)~ P/ [det ( )} CE (2.22)

sin Z

Putting this in the propagator and Fourier transforming to momentum space :

1/2 tan
)} (M) (2.93)

cos Z

D' (A) = /0 h dTe™T™ (2m)*5(p + p') {det <

2.2 Master formula

We want to use Eq. (2.23) to obtain a new master formula to compute N-photon
amplitudes for arbitrary N and any helicity assignment. The first step is to expand
the exponential and the determinant term.

We are going to use spinor helicity technology as in the one-loop case where we define:

K K+L
F= ij + Z fr=r+r. (2.24)
i=1 j=K+1

Note that the expansion of tan(Z)/Z contains just powers of F?*. The case n = 1
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give us:
(F?) = ("+ M)+ ) =02+ +UT )+ (2.25)
= DU+ U I U+ U (2.26)
= —7X+77 — X1 +72(f+f‘)- (2.27)

To get the last line we use:

SR = SRR = S RRE R = o (229

ik i>k i>k
1
D = DA Y= "2 D kR = —x_ . (2:29)

Where 7 is the metric (see Appendix A for conventions).

For n = 2:

Fl= (Y117 4217 = o+ xEn+6xxn—4x [T =4 f7f.
(2.30)

With the previous calculation we can infer that this powers depends only on the

scalars x, and y_ and the matrices n and f*f~. We can derive a way to write F?"
for any value of n(see Appendix B):

F2n — (er_i_ff)Qn

- Sl (lvm+ v+ v - v
PP [ = o - (v Vo] ).

(2.31)
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The previous result can be used in:

tanZ’SZ) = nio%an icn er) 2n pin

[
Mg

6T)2”([<mwx—>2” (VT — V]

n=0

(fe ) 2
(VX+ = VX2 = (WX +vx)™
— | n ]
_ 1 (tanh(eT (VX+ + vX2)) {]1 B (f+f)“”}
2\ eT'(yX+ +vX-) VXX
tanh(eT (/X5 — 7)) {1 N (f+f—)“”} )
eT(/X+ — vX-) VXX
(2.32)
T tan(Z)
In Eq. (2.23) appears e 'P~z P:
SR ECAN, -, <RGN, =W, S))
Xe 2/XFX— T(/XF —/X—) T(/XF+y/Xo)
(2.33)

On the other hand the expansion of the determinant is:

1/2
Det ! = Det (sec(Z))"/? = glog[Det(see(2))'/?] _ tr[log(sec(2))*/7]

cos(Z)
e%[log(SBC(Z))]’ (2.34)

where:

t—;[log (sec(2))] = 5 [Z anQ”] _Z [Z bn(eT)Z”F%]
- %[anwz“( D+ - i)
- —Z T (G + VAt

1 S (D) (VR — /XD il

— loglseeh(eT (/T + V) + Iog(sech(eT (VT V)
= log(sech(€7'(y/Xs + y/X2))sech(eT (/AT — VD). (2.35)
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With the previous expansions, we can express the propagator (Eq. 2.23) as:

D (a) = [T ar{ T el T (R + RsechleT (VT - V)

—Tﬁ tanh(eT( /X++ /X_))J’_tanh(eT(\/ﬁf /X—)) _9
2l er(vxrtvx=) eT(yXF~vX=)

_Tp(f+f_)p

e 2 /X+X,

e

tanh(eT (XF—yX=)) _ tanh(eT(MWXT))]
eT (VX —vX=) eT(yXF+vxX=) }

= / dTe T+ FIK | L], (2.36)
0

where F[K, L] is a function of the number of photons with positive and negative
helicity denoted by K and L respectively. To obtain photon amplitudes from (Eq.
2.36) we expand F[K, L] using Mathematica (see the Appendix B to find the details
of this computation), in the following we just present the computations for small
values of N, namely the 2- and 4-photon amplitude.

The first example that we are going to compute is the two legs case where we have
to consider just two configurations A(++) and A(+ -).

A(++):
0 0 .
A(--):
/ S dre TR 9] = QZP;X_ / T dTe TR 2y / " dTe T 7
0 0 o
= —%- (2.38)
A(+-):
/ h dTe T+ ply 1] = —262})"?][{; £ / T e-Tm? 452 3
O Aep-fiTfs 0 (239

(mQ + p2)4
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If we want to use the last results to obtain the two-photon scattering amplitude
we will need to amputate the external scalar legs by LSZ and add the two possible
configurations:

A 2e?m?y 4e®p - fitfy - p
'Dpp — 2 2\2 [ P 1J2 240
D = el (o - 20
_ (20t X)) ST (2.41)
(m2 + p?)? (m2+p2)2 ) :

Before proceed with the computation of more examples let us verify if the result
obtained can be extracted from the worldline representation of the propagator of a
scalar field coupled to an Abelian gauge field with gauge potential A* consisting of
plane wave, in the low energy limit. In terms of the worldline Green function for
Dirichlet boundary conditions as:

(z—a")?

D [ky.e1; ... kn,en] = (—z'e)N/ AT (4xT) Pl T et
0

N T
11 / dre i (ki@ + =2 F)+ 3z —a"))
i=1 70

x e o=t (Aighikg —2i® Aihik;—* Aljese;) \lmm...aw’
(2.42)
where, the Green function, its first and second derivative are:
1 1
Aij = §|Tz — Tj| — E(TZ —+ Tj) + TiTj, (243)
. T 1 1
Aij = Tj + 50’(7}' — Tj) — 5, (244)
(] ° 1
Ay = —0(m—m7)+ T (2.45)
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Now if we fixed N = 2 and applied a change of variables z_ = x — 2’ we obtained:
’ & 2 a2 o ’ T
D™ [ky.er;hy,e0] = —€? / dT(4xT)~PlRem Temar e gthee / drydry
0 0
T_ T_ , T_ R .
exp{51 . ?82 . ? — 2'&61 . ? (62 : k’l A12 + &2 k’g AQQ)
T_
—2262 T ( k?l A11 +é&1- k‘g.Alg) — 261 . €Q.A
exp{ —dey - kigg - k1® A * Ay — dey - kigg - ko®Aq*Ag
—dey - kogo - k1*A1p® Aoy — dey - koeo - k2.A12.A22}'
(2.46)

It is more convenient to work in momentum space, so we transform the last expression:

D7 = / dPpdP g D o)

After some algebraic manipulations and fixing 7, > 75:

/

Dpp — —62(27T)D5D(p+p/)/ dTe—sz
0

_ T(p—p'—k1—ko)?
4

T 71
— — / — .
/ dTl/ drye (p—p')(T1k1+T2k2)+|T1—T2|k1 k2{2512€1 < €9
0 0

e ((p =) — k) (0 — P) + k) e}
These integrals can be computed:
Do _62{ 32216 6der - (Ap—ko)(Ap+Fn) - }
Jife a1a2a3 ’
where:
Ap = p-7,

ap = (Ap — ]{31 — k2)2 + 4m2
as = (Ap—ky —ky)? +4(m* + Ap(ky + k;g)),
(Ap — ki — k2)? + 4(m* + (k1 (Ap — ky)).

as

(2.47)

(2.48)

(2.49)
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To extract the 2-photon amplitude in the low energy limit from Eq. 2.46 we must ex-
pand (f1)7%, (f2)~t and (f3)~!, then we must consider the terms that contain linearly
k1 and ks. In this limit Ap = 2p, with these considerations we finally found that:

92€1 " k2€2k1 — 281 . 82]€1 . kg

D = -9
€ (p2 +m2)3

_46251 peg - kip-ky + €1 kogy - pp-ky —e1-ap-kip - ky — €1 - pea - pky - ko
(P2 + m2)4 :
(2.54)

In terms of the field strength tensor:

, 2¢ . 4ep - fi - F, -
pw — C r(fi- f2) _ae’p Ji- /2 P (2.55)

(p2 +m2)3 (p2 + m2)4

To compare the last equation with Eq. 2.40 we need to use spinor helicity, use the
LSZ theorem and we found:

P 2 (2 X)) A Sy p 556
DY ==\ Ty e ) (2:56)

With the previous calculations became clear that our master formula (Eq. 2.36) is
more efficient than the master formula expressed in terms of the Green functions. In
the following we are going to compute more cases.

In the four legs case we have to consider three configurations A(+ + ++),A(+ + +
-),A(+ + - -) because the other configurations are related to these.

A+ + + +):

o) _— 264X2 o0 S
/ dTe TP F[4,0] = + / dTe Tm™+p9)d
0 3 0
_7€4p2)(i /‘00 dTefT(m2+p2)T5
15 0
4,4.2 poo
18 0
o 8et(2m! = 3mPp?)xA
o (m2 —I—p2)7

(2.57)
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A+ 4+ +-):
[e'¢) 4 — [e'¢)
/ dTe’T(mQJFPQ)F[g 1] = 6e*xip- (f7f7) -p/ dT e~ T(m*+p*) 5
’ 5
0 0
C2e'pPxap - (fYfT)p / T =T +0%) 76
9 0
o 16et (P = 9mP)xyp- (fTf) - p 5 58
- (m? + p?)7 (2.58)
A+ +--):
/ dTe TP P12 9] = 2e*y, - / dTe T+ 4
0 0
22e'pPxax- / T e-Tm?+5%) 75
15 0
_’_M /Oo dT e~ T(m*+p?) 6
9 0
+2€4p2(19' (f*f7)-p)? /OO dT e~ Tm*+p*) 6
9 0
_ 16et((3m! — 5mp® — 3pt)xyx— +10(p- (f*f7) - p)?)
(m2 +p2)7 ’
(2.59)
The last example presented in this work is the 6 point case.
A(++++++), A(+++++) A(+H+++--) A(+++---).
We start with A(++-++++):
> —T(m2+p?) 16¢° 6 4,2 2,4\ 3
(2.60)
A(+++++-):
Car T pls 1] = —L‘fﬁ(zw 4 206m%p® + 9p*)2ip- (fof) -
0 € ) - (m2 +p2)10 m m p p X+p +J - p

(2.61)
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A(++++-—):
o0 2.2 16€8
/ dTe~T(m*+p )F[4, 2] _ : € X+
0 (m? + p?)1°

((—1O5m6 + 514m"p* + 139m*p* — 60p°) x4 x—

+112(2p” — 13m)(p - (f+f-) -p)Q). (2.62)
Finally A(++4---):
o T(m?4+p? 128¢5(p - (ff-) -
[ =

((137m4 — 146m*p® — 73p")x 1 x— + 140(p - (f1 /) ‘p)2>-
(2.63)

With these examples it became clear that the master formula expressed in terms of
the invariants y,, x_ and f. f_ is an efficient way to compute multi-photon ampli-
tudes. Note that the spinor helicity technology help us with the treatment of photons
(massless particles), but we did not use it for the massive scalar particle because the
spinor helicity technology is often believed to be specific to the massless case. How-
ever it turns out that a massive momentum p* can be express in term of 2 massless
momenta [21]. In the appendix B we explore this fact in order to find simplifications.



Conclusions and Outlook

In this work, by exploring the coefficients obtained in [18] for the spinor QED case, we
rewrite them in terms of a relation of factorials, that seems to be unknown. Moreover,
in the asymptotic limit of the Bernoulli numbers these coefficients can be simplify
in a significant way, this is significant because it is quite rare that it is possible to
study amplitudes in the limit of a large number of external legs, so we will explore
the coefficients of the scalar QED case in the future.

We also studied the tree-level photon amplitudes and we derived a new master for-
mula that can be used to compute N-photon amplitudes for arbitrary N and any
choice of helicity. Our master formula shows significant computational advantage at
higher values of N, and to small values of N we compare our results with the ones
obtained with the Worldline master formula[23]. We would like to derive a similar
master formula in terms of spinor helicity notation for the spinor case. With the help
of spinor helicity, we present a compendium of formulas for the strength field tensor.
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Appendix A

Conventions

In this thesis the notation employed agrees with Mark Srednicki [16]. We use natural
units A~ = ¢ = 1 and the four-dimensional space-time indices are denoted by lowercase
Greek letters (a, 3, ...). The metric for Minkowski space is n** = diag(—, +, +, +).The
Einstein summation convention is always implicitly assumed and the metric is used
to raise and lower Lorentz indices x, = 7,,2"” and the totally anti-symmetric tensor
is denoted e#*# (9123 = —g( 93 = 1). Scalar product of two four-vectors is denoted

by z -y = 2*y, = "0, y".
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Appendix B

Spinor Helicity identities

The spinor helicity technology can be seen as a special notation for spinors and
polarisation vectors of definite helicity for massless electrons and positrons and it can
be used to simplify calculations in this way is important to have some identities at
hand.

We define:

p] = u_(p) =v(p), (B.1)
p) = ui(p) = v-(p), (B.2)
ol = a.(p)=1-(p), (B.3)
(pl = u_(p) =0v:(p) (B.4)
We then have a product:
[kllp] = [kp], (B.5)
(kllp) = (kp), (B.6)
[kllp) = 0, (B.7)
(kllp] = 0 (B.8)
This product is antisymmetric:
[kp] = —I[pk], (B.9)
(kp) = —(pk). (B.10)
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For any massless four-momentum p we can write:

—p = |p) [p| + |p] (P (B.11)

In spinor helicity, the photon polarization vectors in terms of bracket notation:

k) = - %q‘:j (5.12)
*k
e (k,q) = — [%[(ka, (B.13)
where q is an arbitrary reference momentum. It is easy to see that:
e+(kiq) -er(Kid) = %, (B.14)
Nk
e-(k;q)-e-(Kd) = %, (B.15)
er(kiq) -e-(K;q) %- (B.16)
Another useful relation in spinor helicity is:
—k+p =3 {kp) k] (B.17)

We are going to derive the identities of the anti-commutator Eq. (1.5) and Eq. (1.6).
For the derivation of these identities we will need to use:

FE™ = = imdan(P k), (B.15)
B = A (P, (B.19)

where:

Py = %(1 + ~°). (B.20)
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We are just going to show (B.18), and to simplify the notation we use [k;k;] = [i]]
and (k;k;) = (ij). First lets compute the right side:

(Pl ) = Z&ﬂt(ﬁ 2|k
g
_ _%( e — YR+ KRS + iklakzﬁgaﬁyﬂ).

(4(77“5 =™ ™) + 4ie®® ”“)

(B.21)

Now we are going to compute the left side of (B.18):
(O = (D) = (e = e k) (kares™” — e3,k5). (B.22)

Since the polarization vectors depend on arbitrary massless reference momentum q,
we can simplify the last expression if we fix :

@ =k, @@=~F (B'23)

With this election (B.22) is reduced to:

(FFP = —kik3ey - ef — k- ey e, (B.24)

Using (B.12) and (B.14):

+ ey _M R ki - ks W
(i) = (12) kyky + 5 <12> 5 (k2| 7" [ka] (k1] 7" | k2. (B.25)
Now, we can use (B.11) to substitute |k] (k1|:
oo 2 Rk
™ =~ Nm><ﬂv%v%ﬂ (520
o [12] ko w v
_ <12>k kY + 2<12>2t7’(P_k27 A7), (B.27)
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to get (B.28) we used the identity:

(kal v H1 7" [ka] = —tr(P_K;7" 1 7"). (B.28)

Let’s compute separately the trace term:

ki k by - ko ook o o
21<12>22t7"(P—%ﬂ“%w”) = 2212; o (tr(v VYY) = tr (P Py )),
ky -k
= &?; (kgk;; — Ky - k™ 4 kS kg + ikmkwsa“ﬁ”).
(B.29)
Using (B.17) we can simplify:
kr - ko [12]k7 kY 12] [12] [12]
= = tr (P M) = o L2 RVEY — ke - ko 4 kREY 4 ik ghpae P
2<12>2 7“( k27 %17 ) 2<12> 172 2<12> 1 2N+ 2<12> 172 +Z2<12> 18M2a€
(B.30)
Putting (B.31) in (B.28):
+ p+\pv [12] v VM wi.v . aufv
(fif fSHm = —m ki - kon™ — KUk + kU Ry — ikigkoqe™ " ). (B.31)

To show that (B.18) is valid, we need to compare (B.32) and (B.21) and is trivial to
see that:

ik koac®P = ikyokope®PP (B.32)

The procedure to show (B.19) is completely analogous and can be verified by the
interested reader. So let’s show the anti-commutator relation:

U 57) = —3lidln (8.3
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We will use the following identity:

(K1, Ko} = krakos{y™, 7P} = —2k1akosn™ . (B.34)

The anti-commutator is:

UFY = (R (D™ = = gstr (Pbk™) = {dtr (P ki)
= 2 (P Pk ) = — L (P gk
= =2k k(P )
= 2[<1ﬂ>k1-kz<%tr(v”v")—%tr(vwv“)) = 4[212%/61-162”(7”7“) (B.35)
_ 4[<112;> bt - o(—dn™) = —%kl e = %% (12) 1]y (B.36)
_ _%Hﬂ%fﬂ (B.37)

In an analogous way, it is easy to show that

Ui} = —5 (2 (B.39)

2

The freedom to choose the reference momentum of the polarization vectors led us
with some interesting results. Note that in spinor helicity the product of momentum
and polarization vectors looks like:

ey = o ta R _ = pIE el () el + [] (pDIR]
_ Adllp) [pllk] | {ql|p] (p] K]
T V2l V2 (A0
(qp) [PK]
AT (B.41)

To get (B.42) we used (B.8).
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If the polarization has negative helicity:

poe (kiq) = p (_ [%’qu?) _ [qg[fklf _ lal(p) [Jil/;r[qlg {p]) k) (B.42)
- M\I%{[g}lﬂl@ n [QH\Z/)]?ESIL]W (B.43)
%. (B.44)
By the antisymmetric property of the products (B.9) and (B.10) we will have:
k-er(k;q) = 0, (B.45)
q-ex(k;q) = 0. (B.46)

The same argument can be used to note that the right-hand sides of (B.14) and (B.15)
vanish if ¢’ = ¢, and that the right-hand side of (B.16) vanish if ¢ = &' or ¢’ = k.
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B.1 Multi-photon amplitudes with spinor helicity
technology.

In Chapter 2, we write the even powers of the total field strength tensor in terms of
X+, x— and fyf_ (Eq. 2.31). Here we present this derivation:

R ARTREED M ) (RN TS EaD Ol G [N e

k even k odd

= kZ (2,?) (fP22(f72) 2 ;Odjd (2,{7) (fF2) B0 (pm2) ko2 pt pe
SOl b SRS ol GO N R e e
- X (et e (Ve
- B2 (v v+ - v e
LI = v - (),

(B.47)

As we studied in Chapter 2, the scalar propagator contains the information of the
N-photon amplitudes in the low energy limit and to obtain this information, we have
to expand the propagator, once we write the propagator in terms of x., xy_ and f, f_
(Eq. 2.36). The expansion can be preformed by the use of Mathematica. The follow-
ing lines are dedicated to the Mathematica code of Eq. 2.36:

Mathematica code:

fPp-, Am_]:=Sech[e * T(Ap * Sqrt[x] + Am * Sqrt[x_])]
Sech[e * T(Ap * Sqrt[x.+] — Am * Sqrt[x_])]

Exp|

—T % p2/2

(Tanhle * T'(Ap * Sqrt[x+] + Am * Sqrt[x_])]/

(e * T(Ap * Sqrt[x+] + Am * Sqrt[x-]))+
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Tanh(e * T'(Ap * Sqrt[x+] — Am * Sqrt[x_])]/

(e * T(Ap * Sart[x+] — Am * Sqrt[x_])) — 2)—

T Ap * Am * p.(f*f7).p/(2 * Ap * Am  Sqrt[x+|Sqrt[x-])
(Tanh[e * T'(Ap * Sqrt[x+] — Am * Sqrt[x_])]/

(e * T(Ap * Sqrt[x+] — Am * Sqrt[x_]))—

Tanhle * T(Ap * Sqrt[x.] + Am * Sqrt[x-])]/

(e * T(Ap * Sart[x+] + Am * Sqrt[x_])))]

A[K_, L_]:=SeriesCoefficient[f[Ap, Am], {\p, 0, K}, {\m, 0, L}]
(*Two legs*)

(4 %)

A[2,0]

—T?x ¢ + 5p*T?x4p

Integrate[A[2, 0|Exp[—T'(m"2 + p"2)], {T, 0, Infinity},

Assumptions — m > 0&&p > 0]

o 2e2m2x 4
(m2+p?)*

(*--7)

—e*T?x_ + 3*p* T _

Integrate[A|0, 2|Exp[—T'(m"2 + p"2)], {T, 0, Infinity},

Assumptions — m > 0&&p > 0]
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o 2e2m2y —
(m2p2)"

* + %)
AL 1]
—22T3p.(fYf7)p

Integrate[A[1, 1|Exp[—T'(m"2 + p"2)], {T, 0, Infinity},

Assumptions — m > 0&&p > 0]

_4e’p (T f)p
(m2+p2)*

(* Four legs *)

(* +4+++ *)

A[4,0]

% (60e T4y — 426" p>T5x .2 + 5elpiToy . 2)

Integrate[A[4, 0|Exp[—T'(m"2 + p"2)], {T, 0, Infinity},
Assumptions — m > 0&&p > 0]

8et <2m473m2p2)x+2
(m2+p?)"

(F++ + —%)
A3, 1]
ST x4 (fTf7)p — 2 *Toxp.(fTf )

Integrate[A[3, 1|Exp[—T'(m"2 + p"2)], {T, 0, Infinity},

Assumptions — m > 0&&p > 0]
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16! (—9m24p? )x4p-(F )P
(m2+p?)’

(* ++-- %)

A[2,2]

1€ (90T x4 — 66p*TOx x4 + 5p*TOx_ x4 + 10T%(p.(f* f7).p)%)

Integrate[A[2, 2|Exp[—-T' (m"2 + p"2)], {T, 0, Infinity},

Assumptions — m > 0&&p > 0]

16e* ((3m* —5m?p? —3p* ) x—x++10(p.(/+/7).p)?)
(m24p2)7

As we have learned throughout this work, multi-photon amplitudes can be ex-
pressed in terms of x,, x_ and p- (ff7) - p. In the following we will present the
possibility of writing p- (f*f7) - p in terms of brakets. First note that:

p-(fTf) p=pu(fT ) Dy (B.48)
Now we can use Eq. (1.4):

SER = FYNEDN = R = e "B (ke —efky) - (B.A49)

J
= —ki- ke[l (B.50)

With the use of Egs. (B.12), (B.13) and (B.17):

74 1 v
S = gkl k) [Rily” [k;) (B.51)
On the other hand, a massive momentum can be expressed in terms of 2 massless
momenta as:
m2qH

P =+ —
2p-q

= '+ Ag" (B.52)
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We will use the last ingredients to express Eq. (2.39) in a braket notation:

p-(fiffa)p = +X)- (i fs) - (P+ )
= p-(fifa) D20 (fi fs) b+ N (ffy) a
= 1[/f1|15 ko) [Ka [ [K2) + %[kﬂg |K2) (k1] ko) + )\Z[’fﬂﬂ ko) [kl g |Fo2)

2

[k1p)? (pha)? + %[/ﬁ(ﬂ (qha) [k1p) (Dk2) + %[/ﬁCI]Q (gks)’

NN

(B.53)

To get the last line we used Eq. (B.11). One of the advantages of spinor helicity is
that q is an arbitrary massless reference momentum and to simplify Eq. (B.54) we
choose q = k;:
+ - Lo 2o 42
p-(fifa)p = Z[klp} (Pka) (B.54)
The previous calculation is just an example of how we can use spinor helicity to
express p- (f*f7) - p in the bracket notation.






Appendix C

S|K, L| summation.

The principal object of study is:

ii BkJrlBN k—1 (C 1)
— £ BN (K ) '

Preforming a change of variables L. = K — n and k + [ = x this double summation
can be reduced to:

N K (_)z—k

SU m) = 3 Buby kzo Mz — (K —BIK +k—m—a) (©2)

SIK,m] = Z BBy kZO kl(z — k)(K (k))'(K +k—2m—ux) (C-3)

We used Mathematica to fix the value of m and see how this changed with the in-
crease of x.

For m = 0:

S[m_,x_, K]:=Sum|[(—1)"(z — k)/(k! * (x — k)! x (K — k)! * (K + k — (2m + z))!), {k,0, K}];

TabX0mCero = Table[S[0,0,2K], {K, 1,10}];
FullSimplify[FindSequenceFunction|TabX0mCero, n|]

45
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1
Gamma[l+2n]?

TabX2mCero = Table[S[0,2,2K], {K, 1,16}];
FullSimplify[FindSequenceFunction|TabX2mCero, K]]

1
" Gamma[2K]Gamma[1+2K]

TabX4mCero = Table[S[0,4,2K], {K, 1,16}];
FullSimplify [FindSequenceFunction|TabX4mCero, K]

1
2Gamma[—14+2K]Gamma|[l+2K]

TabX6mCero = Table[S[0,6,2K], {K,2,16}];
FullSimplify [FindSequenceFunction|TabX6mCero, K — 1|

1
6Gammal—2+2K]Gamma[l+2K]

TabX8mCero = Table[S[0,8,2K],{K,2,16}];
FullSimplify[FindSequenceFunction[TabX8mCero, K — 1]]

1
24Gamma[—3+2K]Gamma[l+2K]

We can see a global factor:

1
2K + 1]

The other factors are very easy to deduce and we conclude that for m = 0:

(-1
(x/2)T[2K + 1T[2K — 2]

2

Now consider the case m = 1:

TabX0mUno = Table[S[1,0,2K],{K, 1,16};

(C.4)
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FullSimplify[FindSequenceFunction| TabX0mUno, K]

1
Gamma[—1+2K]Gamma[l+2K]

TabX2mUno = Table[S[1, 2,2K],{ K, 1,15};
FullSimplify [FindSequenceFunction[TabX2mUno, K]

1
2(—14+K)Gamma[—3+2K]Gamma[l+2K]|

TabX4mUno = Table[S[1,4,2K], {K, 2,16}];
FullSimplify [FindSequenceFunction|TabX4mUno, K — 1]]

—5+2K
2Gamma[—2+2K]Gamma[l42K]

TabX6mUno = Table[S[1, 6,2K], { K, 2,15};
FullSimplify [FindSequenceFunction|TabX6mUno, K — 1]]

72K
6Gammal—3+2K]Gammal[l+2K]

TabX8mUno = Table[S[1, 8,2K], { K, 2, 20}];
FullSimplify[FindSequenceFunction|TabX8mUno, K — 1]]

—9+4+2K
24Gamma[—4+2K]Gamma[l+2K]

Again we always get a global factor (C.4), with this observation we can infer that
perhaps (C.5) is present for any value. After some manipulations for m = 1 we find
that:

(122K — (z + 1))
(z/2)IT[2K 4+ 1]T[2K — (22 + 1)

(C.6)

We can proceed in this way to find expressions for different values. We present m = 2

and after that we write just the results for other values.
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TabX0mDos = Table[S[2, 0, 2K], { K, 2,10}];
FullSimplify[FindSequenceFunction|[TabX0mDos, K — 1]]

1
Gamma[—3+2K]|Gamma[l+2K]

TabX2mDos = Table[S[2, 2, 2K], { K, 2, 24}];
FullSimplify[FindSequenceFunction[TabX2mDos, K — 1]|

. 2(=5+K)
Gamma[—3+2K]|Gamma[l+2K]

TabX2mDos = Table[S[2, 2, 2K], { K, 2, 24}];
FullSimplify[FindSequenceFunction[TabX2mDos, K — 2||

. 2(=6+K)
Gamma[—5+2K]Gamma[—1+42K]

TabX4mDos = Table[S([2,4,2K],{ K, 2,26}];
FullSimplify[FindSequenceFunction[TabX4mDos, K — 1]|

35+ K (—21+2K)
Gamma|—342K]Gammal[l+2K]

TabX6mDos = Table[S[2,6,2K], {K, 3, 26}];
FullSimplify[FindSequenceFunction[TabX6mDos, K — 2||

—634+(29—2K)K
3Gamma[—44+2K]Gammal[l4+2K]

TabX8mDos = Table[S[2, 8, 2K], { K, 3, 26}];
FullSimplify[FindSequenceFunction|TabX8mDos, K — 2]|

99+ K (—37+2K)
12Gamma[—5+2K]|Gamma[l+2K]
We found that for m = 2:
(=1)22(4K? = 2K (4(z + 1) + 1) + 2(x + 1)(z + 3)
(z/2)T[2K 4+ 1]T2K — (22 + 2)] '
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With this three cases we concluded that the summation has the structure:

(—1)*2 P (K, )

(z/2)T[2K + 1]I2K — (52 +m)]’ (C8)
1 (C.9)
20K — (z+1) (C.10)
AK? —2K(4(x + 1)+ 1) +2(z + 1)(z + 3) (C.11)
8K® —4K*(9(x + 1) + 3) + 2K (12(z + 1)
+33(z 4+ 1) +2) —4d(z + 1) (z +3)(z +5) (C.12)
16K* — 8K3(16(x + 1) + 6) + 4K*(40(z + 1)* 4+ 128(z + 1) + 11)

—2K(32(x 4+ 1)* +232(x + 1)* + 368(x + 1) + 6) + 8(z + 1)(z + 3)(x + 5)(z + 7)
(C.13)

32K° — 16 K*(25(x + 1) 4+ 10) + 8K3(100(z + 1)* + 350(x + 1) + 35)

—4K?(140(x + 1)® 4+ 1140(z + 1)* + 1995(x + 1) + 50) + 2K (80(x + 1)* 4+ 1100(z + 1)*

+4560(x + 1)% + 5510(2 4+ 1) +24) — 16(x + 1)(z + 3)(z + 5)(z + 7)(x + 9) (C.14)

In [22] they show that even though these polynomials looks very difficult they are
represented by the next expression:

Pu(K,z) ==Y (~1)™" (2m> (K—m—1/2—n+Dn(z/2—m+n+1)mn,

2n
n=0

(C.15)

where (X)), is the rising factorial function:

(X)n =X (X +1) .. (X +n—1). (C.16)
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With this results we can express (C.2) as

:ZBIBfo
m o . -
nz (x/2)T[K | J)F[K—(%m)](zn>(K‘m—x/2—”+1>n<x/2—m+n+1)m_n
(C.17)

C.1 Asymptotic limit

If we approximate the Bernoulli numbers as in Eq. (1.46) the double summation that
appears in Eq. (1.39) can be solve analytically. The next two plots are related to the
approximation of the Bernoulli numbers:

Figure C.1: Approximation for small values of n.
B,
7]
1.00003
1.00002
1.00001 |-
100000 == ®eeeecccccccccccccccccccccccoce

0.99999 |-

0.99998 |-

T w0 e w
Figure C.2: As n increase the approximation is better.

Figure C.1 show us how this approximation is good for n > 4.
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