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Abstract

In this thesis I extend the chirality-flow method to the full standard model at tree-level by
including massive particles and electroweak interactions. The chirality-flow method is a
new diagrammatic method for calculating Feynman diagrams that is based on the spinor-
helicity formalism, that before this thesis was written had been worked out for massless
QED and QCD at tree-level. I summarize what is known about massive spinor-helicity
calculations and use this as the basis for the extended diagrammatic interpretation for
massive particles. I use the Lorentz structure of the electroweak vertices to rewrite them
in the chirality-flow picture.

Popularvetenskaplig beskrivning

Det finns manga vagar att ga i jakten efter en battre forstaelse for var materiella varlds
minsta bestandsdelar, elementarpartiklarna. Vi kan bygga kraftigare och mer exakta par-
tikelacceleratorer och darmed forbattra den experimentella delen av partikelfysiken. Vi kan
ocksa forsoka hitta nya teorier om hur varlden fungerar, nagot som i praktiken ar valdigt
komplicerat. Vi kan istallet fokusera pa smartare satt att gora utrdkningar inom dagens
teoretiska ramar, vilket ar vad den har uppsatsen handlar om.

Inom partikelfysiken ar vi ofta intresserade av att rdkna ut sa kallade 6vergangsamplituder.
Dessa kan exempelvis liknas med en sannolikhet att ett visst tillstand av partiklar ska
overga till ett annat tillstand av andra partiklar vid en kollision i partikelacceleratorer.
For det mesta har vi inget exakt svar for 6vergangsamplituderna, sa istéllet approximeras
dem. Malet ar att forsoka gora sa bra approximationer som maojligt.

Ofta anvands en typ av diagram, som kallas for Feynman diagram efter nobelpristagande
fysikern Richard Feynman, for att hjalpa till i berakningarna. Diagram &r ett smidigt sétt
att lattare visualisera utrakningarna och det finns flera typer av diagram som anvands. Nu
har vi en ny metod som kallas for ” chirality-flow method” med en ny typ av diagram som
forhoppningsvis ska kunna gora utrakningar lattare. Den hér nya metoden har utvecklats
for att kunna appliceras pa vissa av elementarpartiklarna, dar partiklarnas massa ocksa
har ignorerats. Malet med den har uppsatsen ar att inkludera alla typer av kénda ele-

mentarpartiklar samt deras massa, sa att den nya metoden kan appliceras i alla méjliga
fall.
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1 Introduction

In particle physics we are often interested in scattering amplitudes which are needed to
calculate cross sections. The complexity of the calculations increases not only from loops
in higher order terms of the perturbation series, but also when we increase the number of
external particles involved in a specific process. To counter the complexity of calculations,
we would like to have better and more efficient methods of calculating the scattering
amplitudes, which will help us increase the accuracy of our theoretical predictions.

The chirality-flow method [I] is a new diagrammatic method for calculating scattering
amplitudes, which has been developed for amplitude calculations for massless QED and
QCD at tree-level. It is based on the spinor-helicity formalism [2], 3], 4] [, 6] where objects
used in amplitude calculations such as Dirac spinors, Feynman-slashed momenta, and po-
larization vectors are all decomposed and written in terms of two-component Weyl spinors
[7]. The chirality-flow method interprets the Weyl spinor inner products as flow lines in
chirality-flow diagrams. These flow diagrams are very powerful because they drastically
simplify calculations.

In this thesis, I have generalised the chirality-flow method to also include masses and the
electroweak sector, so that it can be used for the full Standard Model at tree-level. This
has been achieved by using what is known about massive spinor-helicity calculations and
including that in the diagrammatic framework of the chirality-flow formalism. I find that
massive Feynman diagrams with a specific helicity configuration can be decomposed into
sums of massless chirality-flow diagrams, which allows us to apply the tools that have been
developed for the massless chirality-flow method.

Before we begin, I will give a brief overview of the thesis. In section [2, I start with the
representations of the Lorentz group and how objects involved in Feynman diagrams can
be written in terms of two-component Weyl spinors using the spinor-helicity formalism.
Then in section [3] I summarise how this formalism can be used to create a diagrammatic
method, called the chirality-flow method, which has been recently developed for massless
QED and QCD at tree-level. In section 4] I use what is known about massive spinor-
helicity calculations to put it into a form which can be inserted into the chirality-flow
framework. I then in section [5| describe how massive particles can be interpreted and used
diagrammatically, and I also give chirality-flow rules for the electroweak vertices. Lastly
in section [0] I show some examples of the diagrammatic method being used.

2 Background

We will begin with brief summaries of two components that lie at the core of the chirality-
flow method: the Lorentz group and the spinor-helicity formalism. These two parts will
be used as the starting points for the description of the chirality-flow method.



2.1 The Lorentz Group

The Lorentz group [§] describes Lorentz transformations in Minkowski-space and it has 6
generators: 3 rotation generators J; and 3 boost generators K;. The generators satisfy the
following commutation relations:

[Ji, J]] = iﬁijkjk, [Jl, Kj] — ieiijk, [KZ, KJ] = —Z.Gijkl]k. (21)

Together, the generators and commutation relations describe the Lie algebra of the Lorentz
Group. It is possible to define a new set of operators as combinations of the rotation and
boost generators,

1
N = 5 (J; £iK;), (2.2)

which gives us a new set of commutation relations:
[N;", N| =ie N, [N;,Nj| =ieNy, [N, ,N;|=0. (2.3)

We see here that N;© and N, form two copies of su(2)c Lie algebras that commute with
each other. The Lie algebra isomorphism so(3,1)c ~ su(2)c @ su(2)c is a more formal way
to display this. This isomorphism between Lie algebras can be used to characterize the
irreducible representations of the Lorentz Group as (s, s2), where s1, s9 = 0, %, 1, %, ... give
the specific irreducible representations of the two copies of su(2)c.

Some examples of common representations are:

e The scalar representation is given by (0,0), where both copies of su(2)c are given in
the trivial representation.

e Left-chiral and right-chiral Weyl spinors are 2-component spinors that transform
under the (%, 0)-representation and the (0, %)—representation, respectively.

e Dirac spinors are 4-component spinors that are formed by combining a left-chiral and
a right-chiral Weyl spinor, and they transform under the (3, 0)& (0, §)-representation.

e The (%, %)—representation is the vector representation. We use this to represent a

vector object as a product of a left-chiral and a right-chiral Weyl spinor.

2.2 The Spinor-Helicity Formalism

There are two parts that lie at the core of the spinor-helicity formalism: the use of 2-
component Weyl spinors and the use of the helicity basis. Dirac spinors, Feynman-slashed
momenta, and polarization vectors can all be written in terms of Weyl spinors. Using
these spinors, it is possible to form two types of Weyl spinor contractions that are Lorentz
invariant, which is usually helpful and appreciated. The helicity basis is a good choice for



a spin basis, as the helicity operator commutes with the Dirac Hamiltonian, which means
that their eigenstates are the same. The use of helicity is especially useful for massless
particles because it is then Lorentz invariant, whereas for massive particles helicity is
frame dependent.

Since we are working with Weyl spinors, we use the Weyl/chiral basis for the gamma
matrices,

where o' are the Pauli matrices:

N R (N (A o)

We write the o-matrices as v/27# to avoid having to carry around unnecessary factors of 2
through the calculations. For the 7-matrices we have the relation

g =Tr (t'7") = 7_'537”’5‘1 = T“"j‘ﬁfgd,

(2.6)

where the o and § indices will be explained further in section [3.1], without a factor of 2 that
would have been included if ¢ matrices were used instead. The chiral projection operators
P;, and Py also take on a diagonal form in the chiral basis:

1 5 00

| 10 1 10
v =iy = ( 0 1) - Pe=g =)= (0 0) -
(2.7)

We can use bras and kets to represent the Weyl spinors: square bra-kets, [p| and |p],
represent left-chiral Weyl spinors and angled bra-kets, (p| and |p), represent right-chiral
Weyl spinors. The square and angled bracket spinors are related by hermitian conjugation,

Pt = (pl, Ip)" = [pl. (2.8)

More specifically, [p| and (p| are 2-component complex row vectors, while |p] and |p) are
2-component complex column vectors. We can use these to form antisymmetric spinor
contractions as

pips] = = [pjps]  and  (pip;) = — (pjpi) , (2.9)
both of which are Lorentz invariant complex numbers. It is in principle possible to form

contractions with spinors of opposite type, but these will not be Lorentz invariant quanti-
ties.

We will now briefly look at how Dirac spinors, Feynman-slashed momenta, and polarization
vectors can all be written in terms of Weyl spinors. Dirac spinors transform under the



(3,0) @ (0, 5)-representation and can therefore be written in terms of Weyl spinors, here
shown in a generic form with its Dirac conjugate:

_ (la] U — 0_ —
v=([a). T = (91 1) = (81 e, 2.10)

where |a] and |8) are left- and right-chiral Weyl spinors, respectively. For a massive fermion
both chiralities contribute to a specific helicity state and it is possible to perform a Lorentz
boost to a different reference frame where the helicity is the opposite. However, the Dirac
spinor becomes particularly simple in the massless limit as one of the two Weyl spinors
goes to zero. Which one goes to zero depends on the specific helicity of the particle. This
is because for massless fermions helicity and chirality are in a one-to-one relationship,
meaning that a specific chirality only contributes to one of the two helicities. It is also not
possible to perform a Lorentz boost to change the helicity of the fermion in the massless
case.

The projection operators in eq. (2.7) simply project out the left- and right-chiral compo-

nents of the Dirac spinor:
0) ()
PV = , PrU = . 2.11
L ( 0 R |5> ( )

Four-currents and other objects can be split into parts in the chiral basis. An example of
this splitting is:

_ A 0 V27 ur\ t -
= (v o)) (\/571# 0 un) = V2ulrtug + V20l Fruy, (2.12)
where we have written the two Dirac spinors v and w in terms of their left- and right-chiral
components.

Feynman-slashed momenta pw = p,y* coming from the, for now massless, fermion propa-
i

gators —; can also be decomposed into Weyl spinors. In the chiral basis we have
p

(7))

For a p* where p* = 0, it is possible to decompose both P, and ;;36 into products of Weyl
spinors:
p,=Ilpl, ¢, =Ip)pl- (2.14)

This can also be applied for each individual p}’ where p* = 3", p!" and p? = 0 for all i. More
about this and the generalisation to massive particles will be described in section 4.1}

Finally, polarization vectors transform under the (%, %)—representation, which is the product

of the left- and right-chiral representations (3,0) ® (0, 3), and can be written in terms of

4



Weyl spinors as

qlm™|p) plT"]q)

e (p :[— and " (p) = —~=F, 2.15
)= " ®) =) (215)
where ¢ is a light-like reference momentum and where we for simplicity only include the
two massless polarization states.

3 The Massless Chirality-Flow Method

The chirality-flow method is a new method for calculating transition amplitudes, and it
was created as a diagrammatic method on top of the spinor-helicity and Weyl-van-der-
Waerden (WvdW) formalisms. Using this method it is easy to move from a Feynman
diagram, to one or more chirality-flow diagrams, to complex numbers in terms of Lorentz
invariant spinor contractions. The flow diagrams make it trivial to keep track of the spinor
contractions used in the spinor-helicity and WvdW formalisms.

3.1 Notation and Diagrammatic Interpretation

All objects described in the previous section can be given an index structure using the
Weyl-van-der-Waerden formalism [9]. We begin with Weyl spinors. Left-chiral column
spinors are given upper dotted indices, |p] +> 5\2‘, and right-chiral column spinors are given
lower undotted indices, |p) <> Ao, where we for now use A for the undotted spinors and
) for the dotted spinors. Hermitian conjugation is used to add or remove a dot over an
index which gives us the row spinors:

D)t = As, (xa>* =\, (3.1)

We can use the antisymmetric tensor € as a metric for the spinors, in the form of €*#, €7,

€ap, OF €43, to raise or lower dotted and undotted indices, where 2= -l = ¢y = —€15 =
1 and other elements are zero. We have:
A = 60‘5/\5, 2\ = edBS\B, Ao = eaﬁ)\ﬂ, Ag = edﬂ-:\g. (3.2)

Using € as a metric, we can form Lorentz invariant spinor contractions or spinor inner
products, and these can be drawn as diagrams. The undotted indices are related to undotted
lines and angled brackets, and dotted indices to dotted lines and square brackets. We have:

(pipj) = (if) = AW Nja = € Xighja = | —>—— ] (3.3a)

)

J
pips) = lid] = Xiad] = €N AT = i e (3.3)



(ij) = 7", (ij) =— (i), and [ij] = —[ji. (3.3¢)
We note that undotted indices are contracted from upper to lower, dotted indices from
lower to upper, and that the arrow points from the first particle index to the second. The

direction of the arrow is important as these are both antisymmetric contractions, because
of the antisymmetry of e.

The spinor contractions may also be written using Kronecker deltas as A%\, = A\#0,” )\, 5

or S\WS\? = N\ a0% ﬁj\f where we may choose to define

I . e >-----

5= 4 3 and 0% = 4 ' (3.4)

For massless fermions, when helicity and chirality are in a one-to-one relationship, a single
two-component Weyl spinor is enough to describe a fermion of a specific helicity. A left-
chiral Weyl spinor describes an outgoing positive helicity fermion or anti-fermion, and a
right-chiral Weyl spinor describes an outgoing negative helicity fermion or anti-fermion. In
this thesis all particles are considered outgoing. The four types of outgoing fermions/anti-
fermions and the relations between indices, brackets, Feynman diagrams, and chirality-flow
diagrams are:

Right-chiral fermion: AL e lil= O—— o= O—=<—1i , (35a)

Right-chiral anti-fermion: A\ > i) = O—e— ' = O—>——1i , (3.5b)

Left-chiral fermion: Xig & [i| = O—— o= O--<----4 ,  (3.5¢)

_|_

Left-chiral anti-fermion: A& ¢ |i] = Q_<_j_ = -»----¢ . (3.5d)

Note that the direction of the arrows in the chirality-flow diagrams are defined opposite to
the direction of the Feynman diagram arrows.

If we for a massless four-vector p* use light-cone coordinates p* = p° £p? and p*+ = p' +ip?
we can write its Weyl spinors as [I]

1

1 +
i + — p

p PT)s Apa s lp ( >,
,/p+( ) p p) N pt
< 1

Yol = o= (0F pH). N ol = % (fp) | (3.6)

Ay < (p| =

The Weyl-van-der-Waerden notation imposed on eq. (2.12)) implies an index structure for
the 7 matrices, used in ffv (fermion-fermion-photon) and ffg (fermion-fermion-gluon)



vertices, which diagrammatically looks like

5]

s B
. AR
TH oy B — \\/\NM and 7T« T = ) ey (37)
» of /\/W
Py a

where the photon line may also be replaced by a gluon line.

If a massless external particle is given a specific helicity, then that corresponds to a specific
chirality, which means that only one of the two matrices above will contribute to a vertex.
If an outgoing positive helicity particle is connected to a ff~v or ffg vertex, then only
the flow diagram in which that particle line is dotted contributes to the amplitude, and
for outgoing negative helicity particles, only undotted lines contribute. This also means
that if two outgoing massless fermions are connected to the same f f~v or ffg vertex, then
they need to have opposite helicities for the amplitude to be non-zero. An example in the
massless case is

J J
>ku =ieQV2 Mu = 1eQyV2X 47N 5 = 1eQV2[i|T]5),
7

) /,1

it
(3.8)
where the factors in front of the second diagram come from the f fv vertex and the fermion
lines have been translated using eq. . In this same line we see how the expression can

also be written in index form or bra-ket form.

The fermion propagator contains a factor of p7 = p,y* which in the chiral basis looks like

(%)

where the subscript indicates what matrix p# has been contracted with. From here on, p_
and P, will simply be referred to as p and p, respectively. For the determinants we have
det (p) = det (jb) = p? which is zero in the massless case. If the determinant of a 2x2
matrix is zero, then it can be decomposed into an outer product of two vectors, or in this
case two Weyl spinors, so that v/2p*® = M = |p] (p| and v2p,5 = Ay, 3 = ) [p|. The
reason for this decomposition is to make it possible to form spinor contractions as (ij) or
[ij]. For p and p we have

p p
P=VI VI = s e P VI V= e
a G “ b
(3.10)
where in both diagrams the arrows point in the direction of the index order, meaning that

in the first diagram they point from & to 3, and in the second diagram they point from «

to f.



We also have for p* [1]:

Vi D e (3.11)

which will be used for the triple gluon vertex in eq. (3.25)) and the triple electroweak vector
boson vertex in eq. ((5.15)).

A 4-vector p* can be written in bispinor form, where

0 3 1 -2
& & & - —p +1
V2pth = \/Ep#mﬁ = p#gﬂﬂ S p= (_1;91 _]Zp2 §’+p3p ) (3.12a)
and 0 3 1 2
5 . . . - —i
\/§pa5 = ﬁpuT#,a/g =p'C, s P = <51 N 5)2 ];0 _§3> ) (3.12b)

We can also use eq. (2.6)) to get back the 4-vector we started with:

P = p T = Do (3.13)

The scalar product between two 4-vectors p! and p? can be represented diagrammatically

as
by

2pi - pj = 2pi'p; Tr(1,7) = Tr(pl.i)j) = \/ip?ﬁ\/ipjﬁd = \A . (3.14)
7

The 4-momentum p* going through the propagator can always be written as a sum of
4-momenta p}, where each individual p} satisfies p; = 0, which means that each P, and p,
can be decomposed independently into products of Weyl spinors:

p, = k](k| < AINY, P, = |k)[k] < Ak,axw. (3.15)

As an example of p = >, P, being decomposed between two Weyl spinors [i| and [j), we

have
(i plj) = (Z%) 1) = (Zlk k‘l) ) = Z[ k] (k) . (3.16)

forming a sum of Weyl spinor contractions.

The vector boson propagator in Feynman gauge is simply proportional to the metric tensor
g". The relation between ¢ and the 7 matrices in eq. (2.6)), together with the Fierz
identity,

o = 6, ’757 (3.17a)

aB B



which is diagrammatically,

N B NN 1
_ vi , (3.17D)
g YT o Ty
means that we can write:
—igh” —1

HAAAAAN Y 2 O : (3.18)

When substituting the vector boson propagator we need to make sure that we use one
dotted and one undotted line. It is not important which way a specific flow arrow points,
only that they are opposite for the two lines, and for that reason they can be completely
left out of the generic diagram above.

In some cases it is possible to have 7-contractions in the form of

WG A (O B Y .
TR = €T or T Ty = €ar€gy (3.19)

However, it is always possible to flip a 7 to a T or vice versa so that there is exactly one 7
and one 7 so that the Fierz identity in eq. (3.17a) can be used. The details of this can be
found in [1].

The positive and negative helicity states for the polarization vectors can be written

NI (o]

o, r) = = 2
el (pi,m) N, o (3.20a)
)\?7_'“'5\1’? | =p
(e r) = et G (3.20b)
iy AT [ir]
and upon contraction with 7, we get
x 4 _ s MA? |i]<7"| 1 G
Y (pi )’ = e (pir) = T v~ g O (3.21a)
T N\yy
PLPY |7" 1{i

* «Q *Q r Y 1 e - -
e (pi,r) e =" (py, 1) = S o = T L~ ' (3.21D)
1,7 Y7\

where p; refers to the physical momentum of the particle and r is an arbitrary light-like
reference momentum.

It is possible to write the two expressions in eq. (3.21]) into a more general form,

AoNow  Lipllim L o '
o ipVim, o p' m _ S --»----1p , 3.22
(p ) /\’Y )\wv"f fh<2p7 Zm) fh(lp’ Zm) tm ( )

9



where for h = £ we have

h=+: iy=i, im=r fulipim)=(ri),
h=—: dy=r, ip=1, fulipim)=ir]. (3.23)

It is possible to choose different reference momenta r; for different particles i, and the
dependence on the reference momenta will vanish for gauge invariant quantities. The choice
of reference momenta can be made for convenience, to make certain diagrams vanish. A
common choice is to choose the reference momenta of all like-helicity bosons to be equal
to the physical momentum of a boson with the opposite helicity, which is useful because
we have the relations:

eL(p1,7) - €4(pa,r) =0 and €L (py, p2) - €% (p2,72) = 0. (3.24)

The triple and quartic gluon vertices can be written as

K1, al

gl gof 1o
pa/ \pz = _T [gmuz (p1 - p2)u3 + gh*he (p2 - pa)“1 + gt (p3 - pl)m]
13, a3 H2, a9
s 1 1 1
Js ajazas \\ ; /,'
& —— 9 1—’2\\\ + 2&5 + //3._\1 s (325)
1, a1 H2, a2
— ig? [fa1a2bfa4a3b(gu1u4gu2u3 _ gmusguzm)
Hg Qg H3, a3

4 fa1a4bfa2a3b(gu1uzgu3u4 _ guwsguzm)
+ fa1a3bfa2a4b(gmuzgu3u4 _ gu1u4guzu3)]

2
= < 9s ) Z Tr(talt@t%t%) [2gm#3g#4u2 _ gmmgusml _ gulmguzus]
S

V2

(2,3,4)
(3.26)
2 L £ le—/—= 2 1 2
Hi<gs) > Tr(tertesee) |2 \:,,;:' - _
v2 5(2:3.4) L7\ PEEEELLE 3 X 3
(3.27)

The g*i*i factors become double lines via the Fierz identity and the p* factors are replaced

using eq. (3.10)).

10



3.2 Diagram Examples

Now that the basics of the chirality-flow method for massless QED and QCD tree-level
diagrams have been presented, let us look at some examples. In these examples all particles
are considered outgoing. There are also often multiple diagrams contributing to a specific
process, but here we are looking purely at individual diagrams. Something to keep in
mind is that in the massless case only one chirality contributes to a certain helicity. This
means that in the first example below, the two fermions that share a fermion line need to
have opposite helicities for a non-zero amplitude; chirality flips at the vertex, and therefore
helicity must do the same.

We start with the simplest example, which just consists of four fermion legs and a photon
propagator, which can be used to calculate amplitudes for processes such as e et — p=pu*.
In this diagram the 4+ and — labels refer to the helicity of the particle. We collect all the

+ -
2 3

1 4

Figure 1: A four-fermion diagram with a given helicity configuration.

necessary factors from the vertices and the photon propagator together, and apply the rules
given in eq. to transform the Feynman diagram into a chirality-flow diagram. The
positive helicity (left-chiral) particles are replaced with dotted lines, the negative helicity
(right-chiral) particles are replaced with undotted lines, and the photon propagator is
replaced with a double line whose arrow directions are fitted to the arrow directions of the
external legs. The result is:

5™ T3 2~ 3
2ie? < T 20 (23] (41)

(p1 + p2)2 /—4—\\ (p1 + p2)2
1 4 1 4

where in the final step, the two lines have been written as their spinor contractions. Note
that the final step is completely trivial; the chirality-flow lines are the spinor contractions.
Another type of diagram we can look at is one with a fermion propagator instead of a
photon propagator. One example is a diagram with two fermion legs and two photon legs:
Again we have a Feynman diagram with a specific helicity configuration. The helicities of
the external photons do not actually have to be specified at this stage as they can be given
in the generic form of eq. , but have been anyway for demonstrative purposes. In
this example we have two new objects that were not seen in the first example: the fermion
propagator and the external photon or vector boson in general. By again collecting the

11



Figure 2: A f f~~ diagram with a given helicity configuration. The fermions are considered
massless.

relevant factors, and in this example also including the two factors in the denominator
from the photon polarization vectors, we get:

PR e AVAVAVAVE s r
—2¢? i i
A = 243 (3.28&)

(p2+ ps)” (r33) [4rd] Y "
I~ —— AN LopoTd

—2ie?

Pl (4rs2) [2ra] + (133) [374] ) (41),  (3.28D)
where r3 and r, are the light-like reference momenta of the two photons. We have used
eq. for the external photons here. Since all particles are considered outgoing, the
momentum flowing through the fermion propagator can be written as either ps + p3 or
—(p1 + p4). Since all four particles are massless, we can use eq. for the propagator
line. As an example, we can here make a clever choice of reference momentum r, = ps
which simplifies this expression to

9t —<—ANAANST )
_ 2ie? 23] (41)
(p2 + ps)” [42]

A

(3.29)

I e AVAVAVAVZ

Before continuing, take an extra moment to admire the simplicity of the method used in
the examples above. It is possible by using the chirality-flow method to go from a Feynman
diagram to a complex number in a line or two of calculation, practically instantly after
some practice.

4 Massive Particles

We would like to extend the chirality-flow method to include massive particles. Spinor-
helicity methods and the Weyl-van-der-Waerden formalism are known for massive particles
[9], and this reference will be used extensively throughout this entire section. In this section
we discuss massive spinors, bispinors, and polarization vectors, to express them in a form
which will be used to include them in the chirality-flow method in section [, We will start
with bispinors.

12



4.1 Bispinor Decomposition

We would like to decompose p and jz) into products of Weyl spinors. If their determinants
are zero, as they are in the massless case where p* is light-like, then it is possible to
decompose them both directly,

p=1plpl,  p =D, (4.1a)

or in index form as
V2ptt =%, V2P, = pabs, (4.1b)

where we now use p directly instead of A\, as AL will in the remaining part of the thesis be
used for the two eigenvalues of p and p. If det(p) = det(p) = p* = m> # 0, then we need to
split p into a sum of two terms that are decomposed separately. We may decompose using
the eigenvalues of p and ,77), or use a more general light-like decomposition. The eigenvalue
decomposition is a special case of the more general type of decomposition, and it is more
symmetric and intuitive. The general light-like decomposition, however, gives us freedom
to choose a particular decomposition, which can be used to cancel certain parts of our
calculations.

4.1.1 Eigenvalue Decomposition

The eigenvalue decomposition involves the eigenvalues and eigenvectors of p and ;;7) The
eigenvalues can be found through the characteristic equation, det(p — A1) = 0, and they
are, for both p and p,

A =p° £ pl. (4.2)

Note that in the massless limit, where p? = (p°)2 — |p|° = 0, we get A, = 2p° = 2|p| and
A_ = 0. We also have the relation

det(p) = det(p) = A\ A = p> =m’. (4.3)
We wish to find the eigenvectors |ny] and |ni) so that
p=Ailn](ni| + A In_J(n_| and p=Ai|n)[ni|+ A fn)n|. (4.4)

These eigenvectors for the two matrices can be found in the standard way using matrix
multiplication:

in? PR Ty
s i sin iy ., [(—e 7" cos
g« ng]=e" (—eid’ 0(2)s g) , n% << n_]=¢€" ( ~sin? 2) : (4.5a)
(e cos? i sin ¢
ma o) =er (TLH) naomy = ((2E,). @)

13



where p is an arbitrary phase and where we have used spherical polar coordinates,

cos ¢ sin 6
p=|ple, e= |singsinb |. (4.6)
cos 6

The eigenvectors are normalized to satisfy 1 = (nyn_) = [n_n,], which is later used to
normalize the Dirac spinors in eq. (4.31]). We note that from eq. (4.5 we get the relations

= In) and o] = —|n.). (4.7)

There is a possible source of confusion regarding the eigenvalue equation due to the spinor
contractions being antisymmetric. What we get when applying p to [n,) is

plny) = ()\+\n+]<n+| + Af\m]@u\) Iny) = A|n_] (n_ny) = —A_|n_], (4.8)
which does not look like an eigenvalue equation. However, since [n_] = —|n,) we can
rewrite this equation into the form of an eigenvalue equation,

pln_]=A_|n_]. (4.9a)
The same method can be used to write out the other 3 eigenvalue equations:

plni] = Aslna], (4.9b)

Py = Aln), (4.90)

plne) = Aplny). (4.9d)

The conclusion of this discussion is that the eigenvectors for p are |n.] and the eigenvectors
for p are |n).

We can rewrite the decompositions in eq. (4.4) by letting the two Weyl spinors each absorb

a factor of VA,
Ipe] = VArIna],  [px) = VAxlng), (4.10)

so that p and ;;7) can be written as
p=lpslpel + lp-J(p-| and p=Ipo)lpr]+ Ip)lp-| (4.11)
In this new form, (p,p_) = \/MT = m and eq. turns into
Vil = Vadlp) and V/Alp-] = —v/Alp). (112)

We also list these relations:

plp+) = [p-1 {p-p+) = —m|p-], (4.13a)
plo-) = lp+] (p+p-) = mlp+], (4.13D)
plp+] = [p-) [p-p+] = mlp-), (4.13c)
plp-1 = |p+) [p+p-] = —mlp4), (4.13d)

which will be used to find the Dirac equation solutions in eq. (4.30)).
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4.1.2 General Light-like Decomposition

A more general way to decompose p* is to write it as

2

Pr=p"+agt, o= p-q#0. (4.14)

2p-q’

Note that p-q = (pb +aq)-q= P’ - ¢ since ¢> = 0. We may choose a light-like four-vector
¢" arbitrarily, which determines the other light-like four-vector p?*. It is straightforward
to verify that p** is indeed light-like:

2

by2 2 p 2 2 2 2
=p*—9 . = =0 4.15
(P’)"=p oy gl At = =0, (4.15)
since ¢* = 0.
We have found two light-like four-vectors p’* and ¢* which means that we can now write
p and p as
p=1P10"| +alg(gl and p=p")[p’| + alg)ldl, (4.16a)

or in index form as
Voptt = pAp 4 g’ and \/515&3 — pzﬁ; + agady- (4.16D)

Explicit expressions for the p’ and ¢ Weyl spinors can be found using eq. (3.6). In the

2 _ om? b n
55 — g = 0 which means that p’* — p* so eq. (4.16) trivially

massless limit, a =
reduces to eq. (| .

The specific choice of ¢* that gives the eigenvalue decomposition is g* = % (1, —e), which is
clearly light-like since e is the unit vector in spherical polar coordinates given in eq. (4.6)).
With (p°, |p|e) = p* = p’* + ag” we find that

2p-q=7"-1+ple-e=p"+|p| = Ay, (4.17)
p? A
o= 2p-q: n~ =, (4.18)
P == agt = (. Iple) - (1) = (1) (1.19)
The decomposition of p* can in this case be written as
= Ak +Ant, where nff = % (l,e) and n" = % (1,—e), (4.20)

where p* has been split into light-like forward-pointing and backward-pointing components.
We can also define:

P = Apnly (4.21)
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The backward-pointing component will vanish in the massless case as A_ goes to zero.
Contracting this p* with either * or " gives us back the two expressions in eq. (4.4)), or
to express it another way:

i)yl =ntou,  Inlin_| = n"o,, (4.220

nlng| =nta,, |n-)n-| =n'a,, (4.22b)

which is straightforward but tedious to verify component-wise.

We would like to find expressions for the different types of spinor contractions between p°
and ¢. Due to their antisymmetry and the relation [pbqr = <qp"> we only need to find
one of them, because the others can be easily found using these relations. We have for any
4-vectors p and k the relation

Paph™ = 7, 03k 1) = Pk g = p - K, (4.23)

where we have used eq. (2.6). We can use the relation above to rewrite the product of p*
and ¢" in terms of Weyl spinors,

2 q = V2,,V20" = V2,070 = ) + 00uGy) T 0" = VN5
= {(qp) [P’d] = |[Pd)". (4.24)

which gives us one of the expressions we seek,

[Pq] =e*\/2p-q= ei“"%, (4.25a)

«

where 2p - ¢ > 0 and ¢ is an arbitrary phase. From this we get the three others,

[CIPb} = —€e%\/2p-q= —ei‘p%, (4.25b)
<C]pb> —e /2% q= e_i‘p%, (4.25¢)
(Pq) = —e\/2p q= —ew%. (4.25d)

It is possible to express the p* Weyl spinors entirely in terms of p and ¢, which will be used
in eq. (4.41)). The equation

Pla] = (Ipbﬂpbl +OéIQ>[cJ!>|<J] =) [Pd] = P")e"/2p - q (4.26)

can be used to fit this purpose. We do a similar calculation for p|q), rearrange the two
equations, and arrive at:

Ipb]zm;fﬁqu Ipb>=mplq}
16
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4.2 Dirac Equation Solutions

The solutions to the Dirac equation (2(37 —m)¥ = 0, with ¥ being the Dirac spinor in
position space, can be divided into positive and negative frequency solutions,

gt = e—ip.xus(p) — e—ip~:0 (|UL]) ’ U~ = ez’p-xvs<p) — eip-x (

)

|”3L]>> : (4.28)

where s is the spin index and where the particle spinor u*(p) and anti-particle spinor v*(p)
have been split into their left- and right-chiral parts. Since we are using the chiral basis,
we can separate the Dirac equation into two parts in both cases:

plur) = mluz] and jz)|usL] = m|uy) (4.29a)

plvg) = —mlv;] and  plug] = —mlvg). (4.29Db)

4.2.1 In The Eigenvalue Decomposition

Using the eigenvalue decomposition in eq. (4.11)) for p and }_7) we can write the solutions as

u*(p) = (_‘)f;]) , u(p) = (E*D ,
v (p) = (_|?‘9p+]>> () = (gj) , (4.30)

which can be verified by using eq. (4.13). Here the labels for the Dirac spinors refer to the
helicities of the particles and the Weyl spinor labels refer to the eigenvalues A\ used in the
eigenvalue decomposition. These solutions are normalized as:

ut(p)u’ (p) = v*(p)o" (p) = 2p°6°", @ (p)u’ (p) = 2md™", and T*(p)v" (p) = —2md™".
(4.31)
To show that the spin labels in eq. (4.30) actually refer to the helicities we use the helicity

projector X+ = % (1 + 75;47), where s = %p”’ — g“oﬁ is the spin vector, which satisfies
s? = —1 and s-p = 0 [10, II]. The spin vector can also be written as s* = % (py —pt),
where p/, and p” are given in eq. (4.21]). The helicity projector together with the Dirac

equation solutions satisfy:

Ytut =ut, T ut =0, (4.32a)
Yum=u, Ytu =0, (4.32b)
Yot =0t TTot =0, (4.32¢)
Yo =0, Yrv =0. (4.32d)



These can all be verified in the same way. For the u™ spinor we have

R AR <—|p_1):<_%frp+>>

w0 0 [P+) LIp-]
) ( fl)pmpfi]) B (—@fzo_lg(_—%) B (T]LZS]) =u, (43

where we use p. [py) = |p+] (p+p+) = 0, p_|p-] = [p-) [p-p-] = 0, and eq. ({1.13). This
gives us for the helicity projectors:

(4.34)

To find the outgoing particle spinors from the solutions we have, we simply need to Dirac
conjugate the u-spinors. In total we then have

ut = ([ps] —(p-|) <« outgoing (+) helicity fermion, (4.35a)

(b= (p+]) < outgoing (—) helicity fermion, (4.35b)

vt = <—|p > < outgoing (+) helicity anti-fermion, (4.35¢)

v = <||]]; _D < outgoing (—) helicity anti-fermion. (4.35d)
+

4.2.2 In The General Light-like Decomposition

If instead the p and ]7} in the Dirac equation are decomposed in the general light-like
decomposition, the solutions can be written as

) (g
= (Tan) = (), (4.31)

and the outgoing particle spinors as

= (- ’“P[pb| —v/a(g]) <> outgoing (+) spin fermion (4.38a)
= (Valg| —e%{p’|) < outgoing (—) spin fermion (4.38b)

i
v > < outgoing (+) spin anti-fermion (4.38¢)

( g
=

x/_\q)

up’p

< outgoing (—) spin anti-fermion, (4.38d)
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where the spin labels do not refer to the helicities in this case, but rather to the spin
along an axis defined by the choice of ¢, namely the spatial part of the spin vector
st = %L — p%q“ = % (p"“ — aq”). The relations in eq. (4.32) also apply in the general
light-like decomposition case, but now we use this spin vector s* in ¥* = 1(1 + 75,47).

It is worth noting that if ¢* = %(1, —e), which is the specific choice of ¢ that turns the
general decomposition into the eigenvalue decomposition, then p™* = P, agt = p!, and

st = % (pb“ — aq”) = % (pfy —p"), as it is for the helicity projector used in eq. ‘D

The relations in eq. 1’ are verified in the same way for s# = % (pb“ — aq“) as we have

done before when s* = = (p! — p). For the u* spinor we have

Syt 0 Llag—p)\ (—Vald\ _ (<2l
= (ot = ") () - ()
_ (===l ey — <2 g)(e7e L) _(—Veld _
(_\/ﬁapb [p%{}) (_\/Wﬂpb)(ew%) (_ew|pb>> ) (4.39)

)
where we have used pb|pb> 1p] <p"pb> =0, ¢lq] = lq) [qq] = 0, and eq. |D This gives
for the spin projectors ©* = 1(1 + 75%7):

Yrut =u®, Y ut =0, (4.40)
and similarly for the other combinations of projectors and spinors.

It is possible to write the spinors in a different form, shown here for u™:

<= (48)- () - )

_ vl =
B \/m(pv+ )<()) [pbq](lﬁﬁ )|dlp, (4.41)

where we have used eq. (4.25)) and eq. (4.27)), and where we have introduced an extension
of two-component Weyl spinors to four-component Dirac spinors:

o= (). o= (). Wlo=(l 0. Go=(0 @). (a2

For all four cases we have:

—ip

Tt = (—e | —valg]) = _<;Tb><Q|D(7’v +m), (4.43a)

W= (Vald W) = o, +m) (430)
—e P —e7

e (D) % 8

SEE R A
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4.3 Polarization Vectors

All polarization vectors e should satisfy the transversality condition,

P'eu(p) =0, (4.44)
and the orthonormality relation,

m

i (p)g] . (p) = =04y (4.45)

for i, 7 = +,0, — being the three polarisation states for massive particles.

3

4.3.1 In The Eigenvalue Decomposition

In the helicity basis, which we have seen in the previous section is related to the eigenvalue
decomposition, the three polarization states can be expressed as:

i

el (p) = 6\/5 (0, — cos 6 cos ¢ % isin ¢, — cos Osin ¢ F i cos ¢, sin ) = e2¥'(p), (4.46a)
ey(p) = p—o M cos ¢sinf, sin ¢sinf, cosf | = l( h—pl)=s" (4.46b)
o\p m p07 9 ) m p—i— p_ ) .

where we have used the spherical polar coordinates defined in eq. (4.6). We consider
outgoing particles and therefore the complex conjugated polarization vectors. The matrix
or bispinor form can be found by contracting £;*(p) with either 7#%° or 7, and they are:

af’
0 (p) ¢ ey (n|, & ap(P) € In)nsl, (4.47a)
e (p) <> e |n_](nyl, & ) & e n)n ], (4.47D)

*af

7 0) & ——= (19l = )

0.0p(P) € mLﬁ(|p+>[p+| - Ip7>[pf\), (4.47c)

m

where the first four relations are straightforward to prove for each element using eq. (4.5)
and the last two follow directly from ef(p) = s* = L(p} — p"). Note that e (p) =

e ()7 # (57 (0)".

We can rewrite the expressions in eq. (4.47) in an alternative four-vector form by con-
tracting them with either The or TP eg e(p) = 5?6(]7)7"5@ = P|n )% (n_|P7h, =
e?P(n_|P7h.Iny]* = €*P(n_|7*|n.]. All three polarization vectors can then also be ex-

pressed as:

eV (p) = e*?[ny|m"|n_) = P (n_|T*|n], (4.48a)
e™(p) = e FPIn_|"|ny) = e P (ny |7 n_], (4.48b)

) = == (s lo0) = - 171p-)) = —= (s l7lpi) = p-I7#1p-). (1.480)

my/2 mv/2
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4.3.2 In The General Light-like Decomposition

In the general decomposition the (+,0, —) indices do not refer to helicity but rather to the
spin along the spatial part of the spin vector s* = % — p%q“ = % (pb“ — ozq“), in the same

way as for the generally decomposed Dirac spinors. These new relations look like

ey P’}{4] = [alid .
© ey +adP) & oy (44%0)
oy 4P| . P’)lal

e ~oslP) (4.450)

7 w) & —= (10101 = olallal). %,50) & —= (W - olalal). (490
and
iy _ PIT9) _ lal7p’] N
el'(p) = ) =P (4.50a)
gy _ lalT(p’) _ Pl7ld]
== "l - e (4-500)
) = —= (1) — alalr*la)) = —— (W) - o). (4500)

where at least by looking at the form of the Weyl spinors it is easy to see how these relations
reduce to the eigenvalue decomposition relations in eq. and eq. in the special
case where p” — A n, and ¢ — n_. The positive and negative spin polarization vectors
are of similar form to the massless polarization vectors in eq. , and in the massless
limit p” — p and ¢ becomes a reference momentum instead of defining a spin axis so that
the indices again refer to helicity.

5 Massive and Electroweak Chirality-Flow Rules

Now that we have the pieces needed for calculations that include massive particles in a
convenient form, let us move to the diagrammatic level. One large difference between
the massless and the massive case is in the relation between helicity and chirality. In the
massless case, helicity and chirality are bound together in a one-to-one relation, so that only
one chirality contributes to a certain helicity for a fermion. In the massive case, however,
helicity and chirality are not bound together, and both chiral parts contribute to a specific
helicity. This means that mostﬂ massive cases have a greater number of chirality-flow
diagrams that contribute to a certain helicity configuration.

1One exception is with diagrams containing the ffW-vertex, since the chiral nature of the weak inter-
action only allows one type of chirality-flow for this vertex.
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The massive fermion propagators carry an additional mass term which contributes to an
increase of possible chirality-flow diagrams, and the fermion legs will have both chiral parts
contributing to a certain helicity which also increases the number of possible chirality-flow
diagrams. However, the massive boson propagators and external legs will not contribute to
an increase of diagrams; the propagators will only have their denominators changed which
do not alter the spinor contractions, and the possibility of a boson leg with longitudinal
polarization also does not change the structure of the spinor contractions. We will also
include the W, Z, and Higgs boson vertices to the chirality-flow formalism. The vertices can
rather easily be written as chirality-flow diagrams using what we know from the massless
case by examining their Lorentz index structure.

5.1 Massive Fermion Propagator

The denominator of the fermion propagator is trivial in the massive case. We simply
replace p? with p?> —m? and since the denominator is not related to the chirality-flow itself
that is all we need to do. The numerator, however, contains p7 + my which in the chiral
basis can be split into four parts so that for the entire propagator we have:

P .
e g Emy) <mf Z%)
pr—mi  pP—mi \P, my
p
| | mpTT T e
o (mfdaﬁ ﬁpaﬁ) - a ’ . Y (5.1)
PP —my \V2,5 myba”) — p? —mj P L
——Q@->-- my >
a 3 @ B

where in the final step we use the index structure to form a diagrammatic interpretation.
The Kronecker deltas on the diagonal we have seen before in eq. . They connect
the two relevant ends without flipping the chirality, as opposed to what we have seen the
off-diagonal elements do. The off-diagonal elements, P, and ,336, can be used in the same
way diagrammatically as in the massless case, except for the fact that they may contain
momenta p; where p? # 0, which need to be decomposed to two terms when written as
products of Weyl spinors.

A simple example of a generic diagram with a fermion propagator is one with two fermion
legs and two vector boson legs, shown in fig. [3] where all labels have been omitted for
clarity. If the fermions are massive, so that both chiralities contribute to a specific helicity
for that particle, four different chirality-flow diagrams will contribute to a specific helicity
configuration for the entire Feynman diagram, shown in fig. [ In this figure we can see the
different components of the fermion propagator in eq. , in each of the four diagrams.
For a given helicity configuration in the massless case, only one of the two diagrams on
the left in fig. [4] survives, as both diagrams on the right always come with a factor of the
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Figure 3: A Feynman diagram without particle labels.
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Figure 4: Four different types of chirality-flow diagrams that contribute to amplitudes for
the type of Feynman diagram shown in fig. [3|

mass and therefore vanish in the massless case. Which of the two diagrams on the left that
remain non-zero if my = 0 depends on the helicity of the fermions, because in the massless
case only one chirality contributes to a specific helicity.

5.2 Massive Fermion Legs

For a massless fermion, only one of the two chiral parts of its Dirac spinor contributes for
a specific helicity. A single f f~-vertex may in the massless case look like this:

p
0
o ieV/2 \H (5.2)

e

< T

+

where we have a regular Feynman diagram on the left and its corresponding chirality-flow
diagram on the right. The vector boson has been written as double lines in the chirality-flow
diagram that can directly be contracted with another vertex or a polarization vector.

For a massive fermion, however, both the left and right chiral parts of its Dirac spinor
contribute for a specific helicity. In the massive case the f fy-vertex splits into two different
types of chirality-flow:

» P+ P
QN * o
po<ieV2 o - i (5.3)
v e x
k ey ko
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We can see where this relation comes from by looking at the same expression in algebraic

form:
0 V2B s
uy (k) (iey")v_(p) = ie (kyao —Kk& - o=
+(k) (iey) v-(p) = ie ( )<\/§Taa 0 ) ( )

P+
NG [k: a9y (k)T } , (5.4)

where the spinors for the two helicities are taken from eq. (4.35)). The two chirality-flow
diagrams in eq. (5.3) are the diagrammatic interpretations of the two terms in square

brackets in eq. (5.4)).

When m = 0, the eigenvalues A\_ = py — |p| are zero for both momenta k& and p, so both
k_ and p_ are zero since they are both proportional to \/)\_, . If no helicities have been
specified for the legs, there is no way to tell which part disappears when m = 0. If specific
helicities have been given, however, it is possible to see which part goes away in the massless
limit for any type of decomposition since both A\_ and a = 2‘%} equal zero when m = 0.
A different example we can use is:

T —p P
)\ \H \‘\\
i e ] el 69)
g 2 x
Tk ks — k-

where now both fermions have positive helicity. This helicity configuration does contribute
in the massive case but not in the massless case, because both p_ in the left term and
k_ in the right term will be zero in the massless case. The chirality-flow diagrams help
us in this case to see instantly that this helicity configuration does not contribute in the
massless case.

5.3 Electroweak Vertices

All the vertices discussed in this section are taken from [12]. The source includes Faddeev-
Popov ghosts, counterterms, and the three additional scalar fields from the Higgs doublet,
but we ignore these for now. We also ignore gluons in this section as they have already
been dealt with in [I].

The vector particle vertex V ff can in a general way be written as

Hoo= @'e*y“(C'LPL + CRPR)7 (56)
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where P; and Pg are the chiral projection operators from eq. (2.7)), and C and Cg are
constants that depend on the specific particles involved in the vertex. We can write this
out in matrix form and write the 7-matrices as chirality-flow diagrams:

n
noo= ’L'e’y'u(CLPL + CRPR) = 26\/5 (CSTN O%T ) (57)
0 Cr \f
hd
& ieV2 - - (5.8)

\Y\

Cr Jalniedain 0

If we again look at eq. (5.4)) but for an arbitrary electroweak vector boson instead of a
photon, we instead get:

LTaB P+

—ieV/2 [CR/{MTMBM’ 5+ C(—k)7" 00 } . (5.9)

OB 3
@ (k) [iey"(CLPp + CrPg)v_(p) = ieV2 (kya —k®) <O Ofu_ ORO ) (pfi >

From this we see that C, is connected to the left-chiral part of an outgoing anti-particle (pé
in this case). If we were to consider incoming particles instead, C, would be connected to
the left-chiral part of an incoming particle. This is consistent with the fact that W-bosons
only couple to the left-chiral parts of incoming particles, since Cr = 0 for W-bosons, as
can be seen in table [

Vertex Cr, Chr
V1S 9 —Qy
3 Ly ;—Qy sin” fw sin @
fo M%iJ;QW cos Oy ~ cos 93 Qf
W+ﬂidj \/ﬁsi—nGW(VCKM)ij 0
W_diu]' \/§s+nGW(VCKM)IJ 0
+35.7. __1 5.
Wil \/isilnew(sl] 0
Wflil/j mém 0

Table 1: The values of C, and Cj for the different V f f-vertices.

The scalar particle vertex Sff can be written in a similar way to the V f f-vertex, by
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simply excluding ~*:

- =1e (CLPL + CRPR) . (510)

The only vertex relevant for us right now is the Higgs vertex Hff where O = Cp =
ﬁ We could also insert a different scalar field from the Higgs doublet and get
different values for C, and Cg, but as mentioned in the beginning of this section we ignore

these for now.

As an example, let us treat the two fermions as outgoing particles with assigned helicities
and write the diagram in algebraic form:

&
— — =ty (k)ie (CLPp + CrPr)v_(p)

e
Tk

— e (kia —k2) (CLPy + CrPp) (pp - )

—+,a
= ie (Crkyap® + Cr (—k%) pi.a) (5.11)

We see that scalar particles connect Weyl spinors of the same index type directly at the
vertex. These spinor contractions can be interpreted with chirality-flow diagrams,

- =ie|Cy » +Cg (5.12)
/k k’Jr/// —k_-

p p—-. P+
O\

where the scalar line has been removed from the chirality-flow diagrams as it does not add
any additional information at this level.

The contractions in eq. (5.12)) imply a certain structure for the vertex:

- =1e (CLPL + CRPR)

. Cp, O . ////
= e ( 0 CR) = ie : (5.13)
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The vertices consisting of three and four vector bosons have the same form as the gluon
vertices, but with different constants that can be found in table 2 We have already seen

from eq. (3.18)) and eq. (3.11) that g,, and p, can be put into a diagrammatic form:

g - and V2p, & P e= . (5.14)
If we do this for both vertices we get
1
pi]
P3 Py = —teCyyy [gumz (p1 — p2)u3 Tt Guops (p2 — PS)M + Guam (ps — pl)uz]
b N
B 12
1 1 1
o —ieCyyy— + K,‘ +
—eCyyy—= 1-92\ , /31
V2 e 223 T
3 o 2 3 9 3 2
(5.15)
and
i1 12
= ie’Cyyyy (294113 Gpuapz — Gpir o Gpins — gu1u49u2u3)
4 3
l— 2 1‘ ‘2
<~ i€20VVVV 2 \ — — i i (516)
gz 3 4 3

There are three additional vertices that contain factors in the form of g, or p,: VVS
(vector-vector-scalar), VV.SS, and V.SS. All VSS interactions involve at least one non-
Higgs electroweak scalar and the details around these are left out of this thesis, but the
vertex is still included to show that interactions of this type can also be put into diagram-
matic form. We can use eq. to put these three diagrams into diagrammatic form as
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Vertex Clyertex
YWFTW = 1
| e

WIWWEW |
11 W
W*ZW-Z — 25 bw
sin? Oy
— cos 0
WHAW =~ -1
3 Mj
HHH " 2sin Ow %V}‘;
3
HHHH " 2sin? Ow ﬁ
HWTW— My
sin Oy
HZZ sin GV[J/\JC‘/(‘)/SQ Ow
WEW-HH -
sm1 W
ZZHH 2sin? Oy cos? Oy

Table 2: Values of the factor Cyeex for the different boson vertices.

well:
K1 1
- - = ieOVVSgulug <~ @'eC’VVS (517)
2 2
1 v
/
= i€Qvassgmu2 — ieQCVVSS , (518)
N
2 N
o 11-2
PAVAVAVE I z'eC'VSS (k)l — kg)u < ieCVss— o—___. (519)
P v2

The final vertices that need to be dealt with are the simplest. The 5SS and SSS'S vertices,

N /

A = ieC’SSS and A X g = ’i62CSSSS, (520)

e AN / AN
7 N

do not contain any Lorentz factors and therefore do not affect the chirality-flow structure.
Any scalar line in a Feynman diagram can be completely ignored when drawing the relevant
chirality-flow diagrams, as long as the multiplicative factors from scalar interactions are
included.
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Vertices

Feynman Dirac

Chirality-flow

>MN ieY,(CrPr + CrPr) iev2 | Cp /LL + Cgr \f

> ie(CLPL+CRPR) 1€ (CL l + Cgr >>
m 1

% - - ZBC’VV&(],uluz ieCyys >‘
1o /.

o
NG 1—-2
N . . 1
AN ieCyss(pr — p2), ieCygs—= o=
B - D2
|
|
A ieCsgs ieCsss
1
pif \
. . 1 Y
P Ng —1€Cvyv [Guipe (P1 = P2)ps + Guopis (P2 = P3) s + Guap (P3 — P1) ] _ZGCVVVE 1-2°
M3 M2 3
AN 7/
AN 7/
. 9
X ie“Cssss
7/ AN
1 v
7/ . 2
e CVVSSQMAQ
AN
12 \
1 Iz (
. 9 . 9 \\ /,’/
E 1€°Cvyvy (290 us Guaps — GrpaJpsps — Jpapapiaps) ie*Cyyyy | 2

Table 3: Chirality-flow rules for the different electroweak vertices. The factors of C'r/r and Cyerex can be found in table and table
respectively.



6 Massive and Electroweak Diagram Examples

We will now look at some examples of Feynman diagram calculations using the chirality-
flow method. We being with an example used earlier in fig. [2, but now for massive fermions,
shown in fig. fl We remind the reader that in our Feynman diagrams, helicities are denoted
by superscript + and — signs, and in the following chirality-flow diagrams, the eigenvalue
decomposition Weyl spinors are denoted by subscript + and — signs. In this diagram and
all others in this section, all particles are considered outgoing.

R e AVAVAVAVE R

A

| e AVAVAVAVZ iy

Figure 5: A f f~~ diagram with a given helicity configuration. The fermions are considered
massive.

We begin by collecting a factor of ieﬂ(—@ ¢) from each of the two vertices, a factor of

1 1
from the fermion propagator, and a factor of ———— from the two

(P2 + ps)? — m7} (r33) [4r4]

polarization vectors. We then go through all the possible chirality-flow diagrams for this
Feynman diagram, and add the respective Weyl spinor labels to all of them. The only
chirality-flow diagrams possible for this Feynman diagram are shown in fig. Fermion
number 2 is a positive helicity outgoing particle and fermion number 1 is a negative helicity
outgoing anti-fermion. These can be represented by the Dirac spinors

) = (2~ and o= (1), (6.1
expressed in terms of the eigenvalue decomposition Weyl spinors, where indices have been
added to clearly show what is dotted and what is undotted. We use these to add the
dotted spinors to the dotted lines and the undotted spinors to the undotted lines for
particles 1 and 2. Particle number 3 is a positive helicity photon, which means that the
dotted lines are given the physical momentum label 3 and the undotted lines are given
the reference momentum label r3; the opposite applies for particle number 4 since it has
negative helicity. Through the propagator we have the momentum ps—+p3 so the momentum
dot in the chirality-flow diagrams are simply given the label 2 + 3. The diagrams without
a momentum dot in the propagator come with a factor of my.

After some practice with the chirality-flow method it is possible to put these pieces together
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almost immediately, so that

o —<— N3
. Z . 1
A = ievV2(—Qy) (P2 + ps)? — 12 ievV2(—Qy) o T
I AVAVAVAV oy
— 2+ —————— »———-=-- 3 _2_ > 7»3

i 1+ < 4 1_ —————— <------ 7/-4
2+ —————— »------ 3 —2_- > 3
R T3
+my \ + my v (6.2)
N Loy __.T4
].7 ————— <€------ /”‘4 1+ < 4 i

At this stage we are in principle done with the calculation since every line corresponds
directly to a Weyl spinor contraction. However, for clarity we will also write this expression
in algebraic form:

R e AVAVAVAVE s

A = ie\/i(—Qf) ?ie\/ﬁ(—Qf);-

(r33) [4r4]

7
(p2 +p3)2—m

| e AVAVAVAVY iy
- [ms] (ral (124)(24 + 12202 + 13)[31) Ira] (41)
— (2 (3112024 + [2-162- ]+ 13](31) |4) [ra1 ]

g [243) (rad) [ral -] — my (2rs) [3r4 <41+>] (6.3)

As a check, it is also possible to arrive at the same expression as in eq. without the
use of chirality-flow diagrams, using standard Feynman rules and spinor-helicity methods,
which has been done for this and the following examples. This process, however, is slower
than using the chirality-flow method.

When the mass goes to zero both Weyl spinors 1_ and 2_ also go to zero because they are
proportional to y/A;— = /p? — |p;| which is zero when p? = 0. This means that the only
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surviving chirality-flow diagram in the massless case is the first diagram out of the four
above, which is exactly the same as the diagram in the earlier massless example in fig. [2]

Another example we can use is a diagram relevant for associated Higgs production, shown
in fig. |§| The superscript 0 in 4° refers to the longitudinal polarization which is a possibility

2= H ,3
v
1+ 7 40

Figure 6: An associated Higgs production diagram with a given helicity configuration.

for any massive vector boson. We again collect all the factors from vertices, propagators,
and polarization vectors, we draw the only two possible chirality-flow diagrams, and finally
use the Dirac spinor solutions to place the Weyl spinors in their correct positions. The
result is

27 H ,3
g =1eV2 — i€ mw L .
(p1 + p2)2 —m%  sin Oy cos? Oy m/2
1t Z b40
2_\\
‘\
Cr, \"“"“\ , (6.4)
—1 \40
which can also be written as
2 H 3
4 —1 mw 1
= ie\@ 16— .
(p1 + p2)? —m%  sin by cos? Oy m/2
1 Z 40

- [ = (| (140) 4] = ) [A]) 2]+ Calte ] (J4:)44] — 14 )4 ) \2+>] (6.5)

As a final example, we will calculate a more complicated diagram, shown in fig. [7} In the
same way as before, we collect the factors coming from vertices and propagators, but we
do not immediately write down all possible complete chirality-flow diagrams. Instead, we
write them as products of partial chirality-flow diagrams by cutting the vector boson that
connects the two fermion lines. This allows us to more easily find all possible chirality-flow
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H

1+ /
5

A

Figure 7: A Higgs production diagram with a given helicity configuration. This Feynman
diagram can be written as a sum of eight chirality-flow diagrams.

diagrams and helps us to keep better track of the arrow directions to avoid sign mistakes
that may appear when there are an odd number of spinor contractions. The result is:

2+ 3
z —1
= ieV2 . - ieV/2 x
(pl +p2) - mZ
H
+ J _
1 £ 4
_2 2+\\
X ! e | — my C +C ‘\\—>~ >
(pa +ps)? —mj 2 sin Oyymyy L,12 /r«w R,12 /+
17 —1z

//3— //3_ 3+ 3+
R4 +/ J
.

+ Cp 3amy + Cras . 445 T CRraamg ~ %~

4
2 yys
* N .\ AR
M 4+ 4+ NI

(6.6)
Some pairs of partial diagrams above can be connected instantly by gluing together the
two line types, undotted to undotted and dotted to dotted, because the arrow direction is
the same. In other pairs the arrow direction does not immediately match, but it is possible
to flip the direction of the arrows in one of the two partial diagrams. A simple example of
this is

X C'1:,34

which can also be written as
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A slightly more complicated example which also introduces a minus sign when the arrow

direction is flipped is
= (6.9)

<~ D T > D

‘<
.

which can also be written as

(lpr*li) = —=(il7pls)- (6.10)
Changing the arrow direction of a single line always introduces a minus sign, which is why
an even number of arrow direction flips (as in the first example) does not give a minus
sign, but an odd number of flips (as in the second example) does give a minus sign; in the
second example the momentum dot divides a line into two lines.

The final result after flipping the required arrow directions and gluing the diagrams together

1S
2" 3~

i (_L) y
(p4 + ps)? — m3 2 sin Oymyy

2+\ /37
\‘\ /1/
+ Cr12CL 34 R
1/ AV
2+\ /3_
‘\ /1/
+ Cr12CL 3amy i
—17 \
2+\
Cr12CR 34 ;<< 445 T Cr12CRr 34
/1/
1+’ 4+ -1
) 34

\—>—/3+ 2+ h

Cr12CR 34my + Cr12CR 34m4
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If the Z-boson propagator had instead been a W -boson, all factors of C'r would have been
zero, which means that only 2 out of the 8 diagrams would survive.

7 Conclusion and Outlook

In this thesis we have found a way to extend the chirality-flow method from massless QED
and QCD to the full standard model. In the examples shown we have seen that helicity
amplitudes are easy and quick to calculate using the chirality-low method. Using this
method it is possible to go from Feynman diagram to a complex number with very little
effort.

The electroweak vector bosons can be treated similarly to photons and gluons, with the
addition of longitudinal polarization for massive vector bosons. Scalar particles have no
Lorentz structure and are therefore not assigned any chirality-flow lines. For massive
fermions, both left- and right-chiral parts contribute to a specific helicity eigenstate which
increases the number of chirality-flow diagrams that contribute to a certain helicity am-
plitude. This means that massive helicity amplitudes can effectively be broken down into
a sum of chirality-flow diagrams that can be treated individually using massless methods.
We have also seen that the W-boson can drastically simplify expressions, by reducing the
number of allowed chirality-flow diagrams.

There are still some interesting topics that are worthy of further study. In the examples in
this thesis we have used the eigenvalue decomposition for pedagogical and aesthetic reasons,
but it is possible that the general light-like decomposition may be preferable in many
practical cases. It would be useful to find ways to choose the reference momentum such
that we maximize symmetry, cancellation, or computer efficiency, perhaps by only looking
at the chirality-flow diagrams. Loop calculations have been ignored for the moment, but it
would be favourable if these could also be included in the chirality-flow method. Finally, it
may also be interesting to try to include extensions of the standard model, e.g. the T'wo-
Higgs-doublet model (2HDM) [13], and higher representations of the Lorentz group into
the chirality-flow method. For the higher representations, spin—% particles in the Weyl-van-
der-Waerden formalism can be found in [I4], and spinor techniques for spin-2 gravitons in

).
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