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Preface

This book is intended to be advanced undergraduate—graduate friendly. With a less
strict yet formal language, it intends to clarify and structure in a very logical manner
concepts that can be confusing in Quantum Field Theory. It does not replace a
formal book on the subject. Its main goal is to be a helpful complementary tool for
beginners and not-so-beginners in this field. The reader is expected to be at least
familiar with basic notions of Quantum Field Theory as well as basics of Special
Relativity. However, most of the times being familiar with Special Relativity
doesn’t mean being familiar with tensor algebra or tensor calculus in general. Many
physics books assume that the reader is already familiar with tensors, so they begin
directly with advanced topics. On the other hand, many mathematical books are
somewhat too formal for a young physicist. Thus, I have introduced at the begin-
ning, a nicely self-contained, student friendly chapter, which introduces the tensor
formalism in general, as well as the concept of a manifold. This is done by
assuming only that the the reader is familiar with the notions of vectors and vector
spaces. Key aspects of Special Relativity are also covered.

The kinematics needed for the most common relativistic processes is given. It is
a logical schematic list of all the relevant and most important formulae needed for
calculating relativistic collisions and decays. It includes one-to-two and
one-to-three body decays, and also the two-to-two scattering process both in the
center of mass and laboratory frames. It also includes simplified general formulae of
one, two, and three-body Lorentz invariant phase space. As a bonus, the three and
four-body kinematics in terms of angular observables is also presented.

Noether’s theorem is mostly treated in the literature in a somewhat heuristic
manner by introducing many ad hoc concepts without too many technical details.
I try to fix this problem by stating the most general (Lorentz invariant) form of the
theorem and by applying it to a few simple, yet relevant, examples in Quantum
Field Theory.

I also try to introduce a simple and robust treatment for dimensional regulari-
zation and consistently explain the renormalization procedure step-by-step in a
transparent manner at all orders, using the QED Lagrangian, which is in my opinion

vii



viii Preface

the most suitable from an academical point of view. I dedicate thus, one chapter in
explaining the Dyson summation algorithm and try to clarify all possible confusions
that may arise. Various renormalization schemes are also presented.

Infrared divergences, as well as the ultraviolet ones are also extensively treated.
I explicitly calculate a few infrared divergent Green functions and show an explicit
example of cancellation of infrared divergences (step by step) using dimensional
regularization. Other interesting topics are also discussed.

Possible issues and confusion for tadpole renormalization are commented and
some illustrative simple examples are given in Chaps. 7 and 9, where we also treat
the renormalization of the W sector of the Standard Model. With the tools given
here one should find it straightforward to calculate and renormalize any N-point
Green function at one-loop level. A very short example of a two-loop calculation is
also given.

Valencia Victor Ilisie
July 2015
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Chapter 1
Vectors, Tensors, Manifolds and Special
Relativity

Abstract Assuming that the reader is familiar with the notion of vectors, within a
few pages, with a few examples, the reader will get to be familiar with the generic
picture of tensors. With the specific notions given in this chapter, the reader will
be able to understand more advanced tensor courses with no further effort. The
transition between tensor algebra and tensor calculus is done naturally with a very
familiar example. The notion of manifold and a few basic key aspects on Special
Relativity are also presented.

1.1 Tensor Algebra

Before we get to define the notion of a tensor, which will arise naturally, it is important
to start from the very beginning and remember a few basic notions about vector spaces
and linear maps (applications) defined over vector spaces. We shall assume that the
reader is at least familiar with vectors and vector spaces, so we shall try not to get
into unnecessary details. Let’s, thus, start by considering a vector space V), of finite
dimension n defined over the set of real numbers! R. Given an arbitrary basis {e; i

we can write a vector v € V,, as

One is probably used to see a vector written in the following form

n .
v= Zi:l vie;. (1.2)

Here we will suppress the bold vector symbol and adopt the standard Einstein sum-
mation convention for repeated indices, so what we get is the compact form (1.1).
Let’s consider an invertible change of basis given by the matrix A (det(A) # 0). We
can relate the new basis with the original one by

'In general it could be defined over C, but here, we are not interested in this case. Once the reader is
familiarized with the notions presented here, it is easy to further study the generalization to complex
spaces.

© Springer International Publishing Switzerland 2016 1
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2 1 Vectors, Tensors, Manifolds and Special Relativity

¢ =Ale, (1.3)

where the upper index of A stands for the row and the lower one for the column
(remember that, if not stated otherwise, summation is always performed over repeated
indices). Equivalently one can write the inverse relation

ej=(A )’jef. 1.4)

1

Because v is an invariant quantity, it is straightforward to obtain the transformation
law for the vector components

v=1lej =v/ (A7) ef =0"¢]. (1.5)
Thus, under an invertible change of basis (1.3) the vector components transform as
v = (A", (1.6)

or equivalently v’ = A; v,

1.1.1 Dual Space

The dual space of V,,, denoted as V," is defined as the space of all the linear maps
(applications) from V), to R:

6:V, > R
B:v = B), (1.7)
with the following property
BAiur + Aauz) = Aifur) + A fBu2), (1.8)

Yui,uy € V, and ¥ A1, A2 € R. The space V' is also a vector space of dimension
n and its elements are usually called covectors. Using an arbitrary basis {w'}?_, an
element 3 € V,* can be written as

B=puw. (1.9)

Therefore, given an element v € V), the linear map 3(v) € R can be explicitly writ-
ten as

Bv) = Biw' (v ej) = Biv) wi(e)). (1.10)
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In general, the quantity w' (e j) depends on the chosen bases {w'} and {e;}. However,
there is one basis of V" called dual basis of V,,, that has the following simple property

w'(ej) = &, (1.11)
where ¢'. is the Kronecker-delta defined the usual way ((5; =0ifi # j and (5; =1
if i = j). We shall work from now on using the dual basis and instead of writing its
elements {w’} we shall write them {e’}. Thus using this new notation (1.11) turns
into

ei(ej):éi.7 (1.12)

and so 3(v) takes the simple form

B) = fie' W ej) = v/ e (ej) = v/ 8 = Giv' | (1.13)

Let’s now deduce how the elements {e’} must transform under a change of the basis
{ej} — {e;.} in order to maintain the duality condition:

e(ej) = 5; =" (). (1.14)

Let’s suppose that the transformation {e'} — {e’'} is given by an invertible matrix
B (det(B) # 0):

¢ =Bl (1.15)
Inserting (1.3) and (1.15) into (1.14) we easily get
e (e}) = Bje' (A ex) = B] Al el (ex) = B] AL} = 6. (1.16)
Therefore, we obtain the following relation between the matrices A and B
BiAk=¢" = BA=1 = A=B"". (1.17)

where [ is the n x n identity matrix. In conclusion, the components of the covector
and the basis of V,* obey the following transformation rules

Bl=AlB;, o= (A7iel. (1.18)
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1.1.2 Covariant and Contravariant Laws of Transformation

Summing up, given v € V,, a vector (v = v'¢;) and 8 € V;* a covector (3 = i e'),
we have the following law of transformation for {e¢;} and {£3;}

eﬁ:AijeJ-, ﬂl/:Az]ﬁJ . (119)

We shall call this, the covariant law of transformation. For {¢'} and {v'} we have
found

= AaNel V= (AT | (1.20)

We shall call this, the contravariant law of transformation. This is the reason why we
use upper and lower indices, to be able to make the difference between covariant and
contravariant quantities. However, we have to be careful because not every element
with an upper or a lower index is a covariant or contravariant quantity. We shall
see an explicit example within a few sections.

1.1.3 Theorem

For a finite dimensional vector space V,,, the dual space of its dual space V,*, (called
double dual space, denoted as V,"*) is isomorphic to V,,.

This is just general algebra and we shall not be concerned about giving the proof
here. The important thing that we need to learn from this theorem is that there is a
one-to-one correspondence between V,, and V,**, thus, in what we are concerned,
we learn nothing new from V,**. As a consequence, we can safely identify the vector
space V, with its double dual V,**. Because of this, V}, can be viewed as the space
of all linear maps from V,* to R, v : V* — R. Therefore, if one identifies V;, with
the dual space of V,* then one can make the following definition

ej(e) =e'(ej) =5 (1.21)

Given this definition one can also make another one that will turn out to be useful

v(B) = B) = Fiv' | (1.22)

After this short reminder, we are now in position to define a more general element
of algebra that generalizes vectors, covectors and linear maps. We are talking of
course, about tensors. First we will need to introduce the tensor product.
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1.1.4 Tensor Product

Given two vector spaces V,, and V,, of finite dimensions n and m, the tensor product
is a map of the form:

Q: VuxVy — V,®Vy
®: (H,w) > uw, (1.23)

with the following properties:

L.Lvi+1)Qw=v1Qw+ 12w,
2.0Q (w; +wp) = v Q@ w; + v Q wa,
3AWRw) =AM Qw=vQ (A\w),
49w AW, (1.24)
Y, v, v2, € V,,Yw, wy, wa, € V,,, and VA € R. Note that the commutative property
doesn’t hold for the tensor product by definition.
The product V,, ® V,,, is a vector space of dimension n - m and its elements are

called tensors. If v = v'e; € V, and w = w/e; € V), theng = v ® w can be
written as:

q:v®w:viwjei®ej Eqije,-®ej. (1.25)

The tensor product can be defined over any finite sequence of vector spaces, dual
spaces or both. We can define for example?:

@:Vyx oo xVix o xV,yx - xVf
—>Vn®-~-®V:®-~-®Vn®---®Vn*, (1.26)

etc.

1.1.5 What Do Tensors Do?

Tensors are multilinear maps that act on vector spaces and their duals.
For example

Vi@®Vy: Vix Vi - R
uv: (a,pf) > u®w(a, ). (1.27)

2We shall only be concerned with identical copies of vector spaces and their duals, therefore all
spaces considered from now on will be of dimension n.
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The quantity u ® w («, 3) can be expressed using dual bases as

u@w (o, ) = u(a) v(3)
=u'e;(ajel) Ve (Breh)
=u'ajei(e) v fex(e)
= uiozjcsl-j v"ﬁlé,’(

=u' a; v* B (1.28)

However, not all tensors defined over V,* x V,* are of the form u ® v. The general
way of defining a tensor will be given in the following sections.

1.1.6 Rank Two Contravariant Tensor

A rank two contravariant tensor, or a (2, 0) tensor is a linear map of the form:

t:VixVy - R
t: (a,0) — t(a, ), (1.29)

with the following properties:

L. t()\]OZl + )\20425 ﬂ) = Alt(al’ B) + )\ZI(CVZ, ﬂ)
2. t(a, M1+ Aaf2) = Mt (o, Br) + At (a, (o), (1.30)

Ya, B, ar, a2, B, 0, V) and V A, Ay € R. It is straightforward to deduce that
the following property also holds

t(Ara, \of) = Mzt (o, B), (1.31)
Va, B € ViandV A1, A2 € R. Given a, 3 € V,* we can write ¢ (v, 3) as
t(a, B) = t(aie', Bjel) = a; Bjt(e', e)) = a; 81", (1.32)

where we have defined 7 (¢’, e/) = 1/ as the tensor components related to the given
basis. Thus, we can express ¢ using a basis and the tensor product as follows

= lije,' Rej|, (1.33)
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so that,

ta, B) =17 e; @ ej (axe®, Bre)
=tV fe® ej(ek, e
=17 ayBrei(e)e;(e)
=1 oy 3 6} 8

=17 o, B; (1.34)

Whenever ¢ can be separated as 1/ = v’ w/ with u, w € V, (meaning that
t = v ® w, as in the previous section) it is said that 7 is a separable tensor.

1.1.7 Rank Two Covariant Tensor

A rank two covariant tensor, or a (0, 2) tensor, is a linear map of the form:

t:V,xV, > R
t: (u,v) — t(u,v), (1.35)

with the same properties 1, 2 as in the previous case. Thus, we can express ¢ using a
basis as follows

I=tij€i®€j . (1.36)

Therefore, given u, v € V,

t(u,v) =tjj ¢ @ el (uler, v e))
=tju' vl e’ @ e/ (ex. e))
=1 v e (er) e/ (er)
=1 ukvl 5;(511
= t;ju' v/ (1.37)

1.1.8 (1, 1) Mixed Tensor

We have to be somewhat careful when we defining mixed tensors. For example, we
can define a (1,1) mixed tensor in two different ways. The first one
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t:VixV, > R
t: (a,v) — t(a,v), (1.38)

with ¢ first acting on V,* and afterwards on V. It must be written as

t= tij e el | (1.39)

The other way of defining a (1,1) tensor is

t:V,xVi—>R
t: (v,a) > t(v,q). (1.40)

In this case + must be written as

t=t'e @e;l (1.41)

In order to avoid this confusion one usually leaves blank spaces in between the tensor
indices, as it is done here, to indicate the order in which the application acts. Let’s
take one last example. Consider the map
t: Vg x VixVixV, - R (1.42)
Obviously  must be written as
t:ti]kl ei®ej®ek®el. (1.43)
It must be noted that if, for practical calculations, this order does not count, one
usually forgets about the blank spaces. This is pretty usual in many calculations in

physics, for example you will probably find the previous tensor components written
J

ast) .
il

1.1.9 Tensor Transformation Under a Change of Basis

Let’s consider a (2, 0) tensor. Under a change of basis of the form (1.3) we have the
following

t=tla@e =@, (AT, (AT =1 e[ @6 (1.44)

Thus, the law of transformation of a rank two contravariant tensor is:

0 =K AhEATh] (1.45)




1.1 Tensor Algebra 9

Obviously, for a rank two covariant tensor the law of transformation is:

t]; =t A} AL (1.46)

and for a (1, 1) mixed tensor we have:

' =th (ATh), AL
t/4 7 — ¢ k A*l 7 Al,
i (AT A (1.47)

The generalization to (r, s) tensors (r-times contravariant and s-times covariant) is
straightforward. A (0,0) tensor is called a scalar (remains invariant under a change
of basis). A vector is a (1, 0) tensor and a covector is (0, 1) tensor.

1.1.10 Intrinsic Definition of a Tensor

The transformation laws (1.45), (1.46), (1.47) reflect the intrinsic definition of ten-
sors. In order to demonstrate that some quantity is a tensor it is sufficient to show
that it obeys the tensor laws of transformation.

1.1.11 Tensor Product Revised

The tensor product is a way of constructing tensors from other higher rank tensors,
not only from vectors or covectors as we have done previously. It is obvious that, if
tisa (r,s) tensor and b is a (m, n) tensor then t ® b is a (r + m, s + n) tensor. For
example, if t = tij e; ®elisa(l,1)tensorand b = bkl ex ® el isalsoa (1, 1) tensor
then, g =t ® b is a (2, 2) tensor and it is explicitly given by

q=t®b=qijklei®ej®ek®el =tijb",ei®ej®ek®el. (1.48)

1.1.12 Kronecker Delta

It is easy to prove that the Kronecker delta is a rank two mixed tensor. It is also
symmetric 6ij = 5’/ Being a mixed tensor, in principle we should be careful with the
index order and leave blank spaces. However, we shall continue using the simplified
notation 6ij = 6ij = 6];, because, for practically most of our calculations, this order
does not really count.
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1.1.13 Tensor Contraction

Given arank (r, s) tensor, we can construct a rank (» — 1, s — 1) rank tensor by con-
tracting (summing over) any upper (contravariant) index with any lower (covariant)
index. For example, given a rank (2, 2) tensor with components 7; jlk, the quantities

T]f k= Tl.jik are the components of a rank (1, 1) tensor.
Similarly, one can construct tensors by contracting any upper index of a tensor with
any lower index of another tensor. Given a rank (1, 2) tensor with components 7" il

and a rank (3, 0) tensor with components K kmn the quantities Pii’”" =T il Kimn
are the components of a (3, 1) tensor. '

1.1.14 Metric Tensor

Given a vector space V;,, we define a metric tensor (rank two covariant) as:

g: Vu,xV, - R
g: w,v) = gu,v) (1.49)

with the following properties:

l.symmetric  g;; = gji
2.non-singular det(g) # 0 (1.50)

Of course, we can define the inverse metric tensor (rank two contravariant)

gl VEXVE SR
g ' (myn) > g '(m,n) (1.51)

1

with the same two properties as the metric tensor. Thus, gg~ = I, which can be

written using the Kronecker delta as

g9ijg’* = oF|. (1.52)

Again, [ stands for n x n the identity matrix.

1.1.15 Lowering and Raising Indices

There is a natural way of going from a vector space to its dual by using the metric
tensor. Given a vector v = v/ e; we can define the covector v* = v; e/ with
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— i : — Al T R
vj = gijv', and given a covector (B = 3; ¢ we can define a vector §* = ' ¢; with
B = g" 3;. This can be generalized for any (r, s) type tensor, and we can use the
metric tensor to lower or raise as many tensor indices as we want, for example

R = R™™ g gij. (1.53)

1.1.16 Scalar Product

Given a metric tensor we can define two important invariant quantities (scalars).
First, given two vectors u, v we define their scalar product as:

u-v)=@-u)=vu :gijuivj :gijuivj = 5}u,-vj . (1.54)

Second, when u = v can define the squared modulus of the vector v € V), as

v? =iy = gijv' v/ =g”v,-vj=5;-vivf . (1.55)

1.1.17 Euclidean Metric

Even though we do not write it down explicitly when working in the usual Euclidean
3D space R>, we use the Euclidean metric given by

(1.56)

— O O

10
g=g'=|01
00

(for the caponical basis and Cartesian coordinates). The short-hand notation for this
is g;j = ¢" =diag{1, 1, 1}.

Invariant Euclidean Length: given two points in space A and B with coordinates
given by x and y in a certain reference frame O, we define w = x — y. The squared
distance between these to points in 3D Euclidean space is defined as

w? = w* = ")+ @)+ W) = gjjw w. (1.57)
We can observe that the length we have just defined is basis independent (obviously

this has to hold because the distance between two objects doesn’t depend on the
reference system, at least from a classical point of view).
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As we have already mentioned before, not everything that has an index is a
tensor. For example, the position vectors x and y that we are so used to call vectors
must strictly be called coordinates, because they do not behave as vectors. If we
make a translation from O to another reference frame O’ so that:

x/l =xi _l_ai , y/i — yi +ai, (158)
it is clear that
P =GN+ @+ £ KPP =D+ @2+ (159)

and same for |y '|2. A properly defined vector is w; under the transformation (1.58),
w = w' so |w’|> = |w|?. This simple example (that can be easily generalized to
any n-dimensional Euclidean space with any metric) will turn out to be very useful

for the transition from tensor algebra to tensor calculus.

1.1.18 V,, E, and R*

In the previous example we have mentioned points in space, without giving any
proper explanation. We shall not give it yet. Within a few sections we shall see
that these points are related to the concept of manifold. Let us define E,, as the
n-dimensional Euclidean space (or manifold) as the abstract set formed by the points
in space A, B..., with coordinates given by sub-sets of R". Even if there is a global
one-to-one relation between the coordinates and the points (between E, and R"), we
must not identify the points of the space (nor the space) with the coordinates.
Therefore, we will say that

weV,; x,yeR";, A,BeE,| (1.60)

We shall see in a few sections why it is so important (crucial) to define these three
different spaces.

1.2 Tensor Calculus

1.2.1 Tensor Fields

Whenever a vector is defined for every point in space A € E,, thus when it is a
continuous function of some parameters x € R”, it is called a vector field. How does
it transform? (Obviously now the transformation matrix depends on the parameters
x%). In order to find the natural answer to this question let us take the following
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example. Consider again two points A, B € E, with coordinates x’, y’ in some
reference frame and x”/, y/ in another one (related to the original one by a translation
for example) (with x’, x’, x”, x"" € R"). Now let’s define Ax’ = x! — y’ and
Ax"" = x"" — y'". We have seen that the following interval is invariant:

As? = ij Axi Axd = As? = glfj Ax" Ax'T. (1.61)

Taking x’ and y' to be infinitesimally close (thus x" and y’) our scalar interval
becomes differential

ds? = gijdx"dx’ = ds"* = gi;dx"dx" | (1.62)

From the previous expression it is natural to identify dx’ with the components of a
vector field. So, under a change of coordinates x' — x”, the transformation law for
the components of the vector field is given by the chain rule

oot
dx'' = 8xj dx’ (1.63)
X

which we identify as our contravariant law of transformation. This can be generalized
to any tensor. If a tensor is a continuous function of some parameters x’ € R”, then it
is called a tensor field. Taking the usual two examples, (2, 0) and (0, 2) tensor fields
can be written in the following form?:

t=17(x)ei(x) ® ej(x),

[ =1j(x)e (x) ® e (x). (1.64)
Note that, necessarily the bases also depend on the same parameters x': for a point A
with coordinates x;‘ in a reference frame, and xx in another, a tensor field evaluated

in A denoted as 4, must have a unique value which is independent of the reference
frame. For example for a (2,0) tensor field we have

ta =1 (xa) e (xa) ® ej(xa) = 1" (x}y) €] (x)) ® €/ (x))). (1.65)

A very familiar example where the components e; of the basis depend on the coor-
dinates x/ are vectors expressed in curvilinear coordinates. The basis is given by

e1(x) =1y, e2(x) =dp, e3(x) =1i,. (1.66)
with x/ = (r, 6, o).

In conclusion, taking quick look at (1.62) and (1.63), we identify the contravari-
ant law of transformation with

3Here we will use the short-hand notation fixH = fix).
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; 2"
'(z) = Bl el(x)
. 02" Oz
2] AN Lk
P () = Ox! Oxk ()
(1.67)
Thus, the covariant law of transformation will be given by
Ox!
) = o= er(x)
ox! ox*
! /
1;;(x) = I T Ik (x)
(1.68)
The law of transformation for mixed tensor fields is obviously given by
; Ox't Oxk
i _ l
i = ox! Ox'J Fe)
; ox' Ox*
/i _ l
500 = Ty )
(1.69)

The generalization to (7, s) tensor fields is straightforward. A (0, 0) field is called a

scalar field and it obeys:
P(x) = ¢'(x) | (1.70)

The expressions (1.67—1.70) represent the intrinsic definition of tensor fields and this
is what you would normally find in many physics books. However, I believe that, in
order to obtain a complete vision and a deeper understanding of tensors, one has to
go through all the previous steps.

1.2.2 Tensor Density

Using the the intrinsic definition of tensor fields it is straightforward to introduce
another object which is called fensor density. We say that gt s (x) are the
components of a (r, s) tensor density of weight W if under a change of coordinates
xl = x they obey the following transformation law
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w

.. axi ax/il ax,ir
Jit..iy N
t g &) = [det(ax’f)] RRERR
Ox™1 Ox™Ms
x 8x/jl T ax/js oot mi...mg (X) (171)

where det(Ox’ /0x’ J ) is the determinant of the Jacobian matrix of the given transfor-

: o T T
mation. Same definition is valid forany (r, s) type tensori.e.,t " "F1"r (2,

etc. One can prove that the totally antisymmetric Levi-Civita symbol

€iroipoimin = (—DP €y in ipoins (1.72)

where p stands for the parity of the permutation (p = 1 for an odd and p = 2 for an
even permutation) is a tensor density of weight W = —1.

We will now move on to the next section and generalize everything to non-
Euclidean spaces and introduce properly the concept of manifold.

1.3 Manifolds

We have defined the Euclidean space (manifold) E, as the set of points that have
global a one-to-one correspondence with R”. What is, however, the generic defin-
ition of a manifold and what happens if the manifold is not Euclidean? Hobson’s
wonderfully intuitive definition® is:

In general, a manifold is any set that can be continuously parametrized. The number
of independent parameters required to specify any point in the set uniquely is the
dimension of the manifold. [...] In its most primitive form a general manifold is
simply an amorphous collection of points. Most manifolds used in physics, however,
are “differential manifolds”, which are continuous and differentiable in the following
way. A manifold is continuous if, in the neighborhood of any point P, there are
other points whose coordinates differ infinitesimally from those of P. A manifold is
differentiable if it is possible to define a scalar field at each point of the manifold
that can be differentiated anywhere. [...] An N-dimensional manifold M of points
is one for which N independent real coordinates {x' }lN: | are required to specify any
point completely.

For a generic manifold, one can only find small (local) mappings between the
manifold and R”. A very familiar example is a surface; in order do describe a surface
one needs two parameters, therefore we say that a surface is a two-dimensional
manifold. Let’s now imagine that our surface is flat. If this is the case we can find
a global one-to-one mapping between the surface and R?. However, if we consider
a sphere, in general one can never find a global mapping between this surface and

4M.P. Hobson, G.P. Efstathiou and A.N. Lanseby, General Relativity, An Introduction for Physicists..
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IR? that is able to cover the whole sphere. We can only locally describe parts of the
surface using local charts (regions) of R?. This example can easily be generalized
to any manifold.

An N-dimensional differential manifold M is a set of elements (points) P, together
with a collection of subsets {O,} of M that satisfy the following three conditions:

1.V P € M there is at least a subset O, so that P € O,,. Equivalently:

M=] 0,

2. For each O, there is a diffeomorphism (differential with its inverse also differen-
tial) ¥,:

Yy : Oq = Y(0n) =Uy € R"

3.1 O, N Op # {D)} then ¥, (O N Op) and ¥3(O, N Op) are open sets of R” and
the application:

Wi oW W, (00N Op) — W5(00 N Op)

is a diffeomorphism. Here we have defined the composed operator ¥g o ¥~ I(x) =
Wﬁ(llf(;l (X)). This application is called a change of coordinates.

The sets (¥, O,) are called charts. The set formed of all charts is called an atlas.
Thus, for a given manifold M of dimension n, if we can find an atlas that contains
only one chart, then we shall say that the manifold is flat or that it has trivial topology.
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Going back to the surface example, a surface has two types of curvatures, an intrinsic
(Gauss curvature) and an extrinsic one. A surface that has no intrinsic curvature can
be unfolded into a flat surface (for example a cylinder). On the other hand, a sphere is
impossible to unfold into a flat surface (therefore we say it has an intrinsic curvature,
or its topology is non trivial).

1.3.1 Embedding

Following these definitions, a curve is a one-dimensional manifold, a surface is a two-
dimensional one and a solid volume is a three-dimensional one. All these examples
are very familiar. Let’s take for example the curve. We need one parameter to describe
it, say ¢. We can describe this curve in R3 as:

r() = (x(@), y(), z(1)). (1.73)

If we have a surface, as we have mentioned before, we need two parameters to
describe it, say u and v. In R3 we can describe a surface as:

s(u,v) = (x(u, v), y(u,v), z(u, v)), (1.74)

for example, we can describe regions of the given surface as s (u, v) = (u, v, f(u, v)).

In the previous examples we have described (and visualised) these objects in
R3 space. The technical word for describing (or visualising) these objects in R3 is
embedding. We say that we can make and embedding of curves, surfaces or volumes
in R3. However, not all one, two and three-dimensional manifolds are curves surfaces
or solid volumes as we know them. There are for example, two dimensional manifolds
that can not be embedded in R? but in a higher dimensional space R” with n > 3.
Thus, these objects are not usual surfaces.

What happens if the manifold we are trying to describe has more than three
dimensions? In General Relativity our manifold is formed by space-time points that
we call events, it is four-dimensional and in general its topology is not trivial. As we
have no information about the existence of any higher dimensional space in which our
space-time can be embedded, our only solution is to abandon the embedding concept
and describe our manifold intrinsically. In order to understand this we shall discuss
the classical example. Let’s imagine a civilization that lives in a two dimensional
world which is a surface. The habitants of this surface can only measure the intrinsic
curvature. Information about the extrinsic curvature is only accessible to an observer
that lives in all tree dimensions. Similarly, we are the civilization that is living in
four-dimensional space-time (which is our hyper-surface) and we have no access
to a higher dimensional space (we don’t even know if it exists). We can only make
intrinsic measurements of the curvature of our manifold, which is related to the
gravitational force.
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1.3.2 Tangent Space Tp (M)

Consider the velocity vector of a moving body. This vector is tangent to the curve
that describes the trajectory of the moving body for every regular point of the curve.
A vector field defined over a surface is tangent to the surface for every regular point
of the surface. This vector field belongs to the fangent plane of the surface. What
happens for a general n-dimensional manifold? By analogy, we say that vector fields
belong to the rangent space of the manifold M. The tangent space is defined for
every regular point of the manifold, P € M and we will denote it by Tp(M). We
shall call the union of all these spaces T (M), thus:

v=2"()ei(x) € T(M);  vp =1 (xp)ei(xp) € Tp(M). (1.75)
Thus, as usual we shall call v a vector field and vp simply, a vector. Now we can

clearly see why we have insisted in making the difference between V,,, E, and R".
After extending our analysis to generic manifolds we can see it clearly:

PeM,x' eR'and v e T(M)| (1.76)

These three spaces are, no doubt, different.
As we have already seen, under a change of coordinates x’ — x'’, the bases of
the vector fields obey the covariant law:

Ox!

Ox't

el/- xh = e (x). (L.77)
In differential geometry it is usual to define this basis as the one formed by partial
derivatives that obey this exact transformation (1.77). Using this basis, a vector (field)
can be written as

vp = v (x) i eTp(M); v=1(x) i eT(M)|. (1.78)
ox! P ox!

Thus we can interpret a vector v as map of the form:

v:FM) - R
v: f = vu(f), (1.79)

with F (M) being the space of the all differentiable applications

fiM—=R, (1.80)
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and with v satisfying the following two conditions:

l.vaf +bg) =av(f)+bv(g)
2.v(fog) =v(f)g+ fuv(g, (1.81)

Ya, b € R,V f, g € F(M). The composed function operator o is defined as

(f o9)(X) = f(g(X)). Therefore, given a function f € F (M) and a regular point
P € M we have

of
i

vp(f) =vi(x) ==| €eR. (1.82)
2 P

1.3.3 Cotangent Space Ty (M)

The cotangent space is obviously defined as the dual space of the tangent space.
Using the same logic as before, we get to the conclusion that a suitable basis for
the dual space is formed by the functions dx’. Therefore, a covector (field) can be
written the following way:

Bp = Bi(x)dx’ , ETEM); B= Bi(x)dx' e T*(M) |, (1.83)

where T*(M) is defined as the union of all 75(M). Using this formalism, given
veTp(M)and 3 e T5(M), B(v)p € R is defined as:

B)p = Bjdx’! (vi %)
P

_ viﬁjdxj(%)

P
i J

= 6
ﬁ] ilp

= v (xp) Bi(xp)
=v(f)p (1.84)

A natural question that might arise is why dx/ (9/0x")|p = 6{ ? We shall answer
this question in a few lines. In differential geometry it is usual to define the following
operation. Given f € F (M), we define the differential of f evaluated in P € M as:

df : Tp(M) - R
df : vp > dfp)=vp(f). (1.85)
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Thus, dfp(v) can be written as

dfp(v)zdf(v" %)‘P =vidf(%)'f’ = o (%) ; (1.86)
Therefore
0 0 0
()= () =) e
Taking dfp = dx'|p, then (1.87) transforms into
dx’(%) - (%) - o, (1.88)

which is exactly the answer we were looking for. As we have seen previously, if v is
a vector and 3 a covector v(3) = B(v) = v' 3; withe;(e') = e'(ej) = 6}, therefore
it is legitimate to also make the following definition:

= dxi(%j)

Thus, with this choice of bases we can write any tensor field over M. A few examples
are:

i<dx">

=6 | 1.89
o, y (1.89)

P P

I =1l i) dx" ®-- @dx™, (1.90)
o 0 0
t = tll-nln R . —, 1.91
*x) Ox' ©e Ox'n (1.91)
_ J1eeJm (x)dxi1®--~®d in®_a Q-
q= qi]...in ki..ko x 8xj1
@ —— RdxM @ @ dxto, (1.92)
OxJm
etc.
1.3.4 Covariant Derivative
. I . , 0
From now on we shall start using the simplified notation: 9; = -7 and 0; =

x oxt
Consider the partial derivative of a scalar field 9;¢(x). Under a change of coordinates

i i
xt— x":
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Ox/
a;i 9, 6(x) | (1.93)

08 () =

We can observe that 0; ¢(x) are the components of a rank one covariant tensor field.
Let’s consider now the derivative of (the components of) a vector field 9;v’/. Under
a change of basis x’ — x’', we obtain the following:

5 oxkox'y . oxk 9?x'
U= o o KV Y o axkoxd U

(1.94)

Because of the second term on the RHS of (1.94), 9 v’ does not behave as a tensor.
Can we fix it up? Can we add something else to the ordinary derivative 0; in order
to obtain a tensor quantity? Let’s define

Viv/ =80l + 0|, (1.95)

and try to find the transformation law that the coefficients 1"1{ must obey in order to
make V; v/ behave like a (1, 1) tensor:

oxk ox'i , Oxkoxi
raea VvV = ——

ox'T oxl * Ox't Ox!
Ox*k ox'I ! oxk 92x'J ; ox'" y

= ax/i axl (0 8x/i 3xk(‘3xl v+ O Fni T (196)

Vv = O + LLo™ = a7 + 17"

Therefore, (after changing one mute index) we find

oxk ox'i oxk 9?x'i ox" i
ox'T oxl T mk o= Ox'T Oxkdxm v+ ox™ 7™, (1.97)

This equality must hold for all v™, so

oxk ox'i oxk 92x' ox" ;i
Ox7 Oxl ™ = o dxkoxm | oxm i (1.5%)

Using the fact that:
ox™ ox'™  Ix™
ax'P Oxm  Ox'P % (1.99)

we find the following transformation rules for I"’ {]i

; Ax™ dxk Ox'J Ax™ dxk §%x'
1 gr L _ -
i = Ox'P Ox't Ox! Lo Ox'P Ox't Oxkoxm | (1.100)
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The symbols F;k are called the coefficients of the affine connection and (1.95) is
called the covariant derivative of the vector field v. If instead of vector fields we
are dealing with covectors, then the covariant derivative takes the following form.

ViBi =08 — T} | (1.101)

We can extend this to any tensor field. For example, the covariant derivative for a
(2, 2) mixed tensor is given by:

VT = 0, T + LT + TR TP, — [T, — T3, TR |
(1.102)

Taking a quick look at (1.100) we can observe that the quantity T! jk defined as
T'je =T — I (1.103)

is a (1,2) anti-symmetric (in the covariant indices) tensor. This tensor is called
torsion tensor. In General Relativity manifolds are torsion-free.> Considering the
torsion-free case, the coefficients of the affine connection are symmetric (in the lower
indices); they are usually called Christoffel symbols. It is easy to demonstrate® that
they can be expressed in terms of the metric tensor and its first derivatives as:

. 1 .
;k Eglm(ajgmk + 8kgmj - amgjk) . (1.104)

The Christoffel symbols are related to the curvature of the manifold. The curvature
can be written is terms of the I” j’ « and its first derivatives. If the manifold is flat, then
we can find a global system of coordinates in which all the Christoffel symbols are
zero. However, there are system of coordinates for flat manifolds that have non-zero
F} « (i.€., a plane surface expressed in polar coordinates). Curvature of manifolds is
a more advanced topic, and its beyond the goal of these notes. The reader is highly
encouraged to consult the Further Reading section at the end of the chapter, which
are great in treating advanced topics on manifolds, Special and General Relativity.

1.4 Comments on Special Relativity

Before we get to discuss a few Special Relativity topics we need to introduce the
Minkowski space. The Minkowski space My is a four dimensional flat manifold.

SHowever, there are extensions of the theory which also include torsion.
6See Further Reading.
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Its tangent space M4 is a four dimensional vector space together with a metric tensor
guv = diag {1, —1, —1, —1}. Our coordinates in R* are the space-time coordinates’

=00 a2 =@, 1) =@, x). (1.105)

Here we use Greek letters u, v = 0, .., 3 for space-time coordinates and Roman
letters 7, j =1, .., 3 only for the spatial coordinates. Some authors define x,, as

X = G ¥ = (%0, X1, X2, x3) = (1, ;) = (1, —x') = (¢, —x), (1.106)
but we have to be really careful about that. As we already know x* are coordinates
not vector components, thus x,, are not covector components either. A well defined
vector is dx*

dx" = (dx°, dx', dx?, dx*) = (dt, dx") = (dt, dx). (1.107)

Therefore dx,, is a properly defined covector

dx, = gu dx’ = (dx°, —dx', —dx?, —dx*) = (dt, —dx") = (dt, —dx).
(1.108)

After all this being said, the consequences of the postulates of the Special Theory
of Relativity can be easily translated mathematically into the following sentence.

The Quantity

ds? = gy dx" dx" = dt* — dx* = dt* — (dx")? — (dx*)?* — (@x*)*| (1.109)

must be invariant for any inertial observer. This means
ds? = g, dx"dx” = ds"* = gapdx'® dx'". (1.110)
Note that on the RHS of the previous equation we haven’t written g; e but g,z (the

metric tensor in Special Relativity does not transform); therefore not all transforma-
tions are allowed. The allowed transformations are the ones that maintain invariant

"The temporal coordinate should really be cf where c is the speed of light in the vacuum, but, as it
is usual in Quantum Field Theory, we shall work using natural coordinates ¢ = 1 = h.
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the metric tensor. These transformations are the ones that belong to the Poincaré
Group, which can be a Lorentz Transformation Al plus a space-time translation a"
(where a* are constants)

xt — x"M = AlxY +al. (1.111)
The interesting thing about Lorentz transformation is that they don’t depend on x*:
8uA‘;§ =0. (1.112)

This property allows the partial derivatives to behave as covariant derivatives, there-
fore we don’t have to worry about the Christoffel symbols. However this is only true
in Cartesian coordinates. If we wanted to work in curvilinear coordinates for exam-
ple, the property (1.112) wouldn’t hold any more. We could generalize everything to
general coordinates however, it would be useless in the case of pure Special Relativ-
ity. We do this generalization naturally in General Relativity where g"” is a proper
behaved tensor field g = ¢""(x). Returning to our case, taking a quick look at
(1.111) and (1.112) we find that the Lorentz transformation is also the contravariant
law of transformation for tensors

ox'H
oxVv

= AP, (1.113)

This allows us to write the equations of motion in a simple, Lorentz-invariant manner
(in Cartesian coordinates):

dpt
L (1.114)
dr

where we have defined the momentum four-vector as

dxt dxt
P =mu" =m—— =m—— = (my, myv), (1.115)
ds dr
and where dT = ds/c, the proper time interval (but remember we have set c=1).
Any other inertial observer (related to the original one by a Lorentz transformation,
or a space-time translation) will describe the equations of motion in the same way

dp//L
dr

. (1.116)
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1.4.1 Lorentz Transformations

Let us quickly review the most important properties of the Lorentz transformations.
From (1.110) we obtain

G dx" dx"” = gop dx'®dx'"
= gap AL A} dx" dx”, (1.117)

for arbitrary dx*, dx", therefore

Gur = Gap A A | (1.118)

From the previous equation we straightforwardly obtain
(A g = gap AL AL (A7)

= gaj Ag 55
ao Ay (1.119)

Contracting with the metric tensor g"” both sides of the equation, we get to
(A7) = " goo AS. (1.120)

This justifies why in QFT literature many authors use the following notation:

Al = AR, Af = (ATHE| (1.121)

With this notation, due to property (1.120) one can relate a Lorentz transformation
with its inverse by ef fectively raising and lowering indices as if A}, was a tensor.
We will use this notation from now on.

The relation (1.118) can further give as information on the Lorentz transforma-
tions. Using the matrix notation, it reads

ATga = g. (1.122)
Taking the matrix determinant on both sides of the previous equation we obtain
[det(A) ]? = 1. (1.123)

Taking into consideration the sign of AO0 and the value =£1 of the determinant one
can define four sets of Lorentz transformations. A proper orthochronous Lorentz
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transformation (which can be a rotation or a boost)® satisfies det(A) = 1 and AOO > 1.
An infinitesimal proper orthochronous Lorentz transformation can be written as a
continuous transformation from unity

2
AP, = 80 4+ Awt, + O(Aw?), (1.124)
where 8/, is the Kroneker delta. This expression will turn out to be very useful in

the next chapter when we shall introduce the Lagrangian density formalism and
Noether’s theorem. Looking at (1.118) one can deduce AW, = —Aw”u as follows:

Juv ¥ Jap ((52 + Awap) (55 4 Awﬁy)

N Guv + Gap 0 A, + gap 0 Aw®,. (1.125)

Thus g, Awﬂy = —Gav Awaﬂ. Defining
Awuyy = Gua Aw®, (1.126)
we finally obtain Aw,;, = —Aw,,, or equivalently Aw', = —AwY, , which is the

4
relation we wanted to prove. /

Under a proper orthochronous Lorentz transformation the Levi-Civita tensor
density (1.72) in four dimensions e/“®? behaves like a tensor (due to the fact
that det(A) = 1). Other interesting Lorentz transformations (that are not proper
orthochronous) can be parity

9

AP (P) = diag{l, —1, —1,—1}, (1.127)
or time reversal
AP (T) = diag{—1, 1, 1,1}. (1.128)

Obviously under these two transformations the Levi-Civita tensor density changes
sign.

It is worth mentioning that any arbitrary Lorentz boost (in any arbitrary direction)
can be decomposed into rotations and a boost along one axis. Also, any arbitrary
Lorentz transformation can be decomposed in terms of boosts, rotations, parity and
time reversal.

8More on boosts and relativistic kinematics will be seen in Chap. 3.
“More on the Levi-Civita tensor density in four dimensions will be discussed in Chap. 5.
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Chapter 2
Lagrangians, Hamiltonians and Noether’s
Theorem

Abstract This chapter is intended to remind the basic notions of the Lagrangian
and Hamiltonian formalisms as well as Noether’s theorem. We shall first start with
a discrete system with N degrees of freedom, state and prove Noether’s theorem.
Afterwards we shall generalize all the previously introduced notions to continuous
systems and prove the generic formulation of Noether’s Theorem. Finally we will
reproduce a few well known results in Quantum Field Theory.

2.1 Lagragian Formalism

As it is irrelevant for this first part (the discrete case), we shall drop the super-index
notation for coordinates or vectors that we have introduced in the previous chapter.

The action associated to a discrete system with N degrees of freedom (i =
1,..., N) reads:

n
S(qi) =/ dt L(qi, gi, 1), (2.1)
n

where L = L(qg;, ¢i, t) is the Lagrangian of the system and where {f]i},N: | are the
generalized coordinates and ¢; = dgq;/dt the generalized velocities. In order to
obtain the Euler-Lagrange equations of motion we consider small variations of the
generalized coordinates ¢; keeping the extremes fixed:

q; = qi + 9qi, dqi (1) = dqi(r2) = 0| (2.2)

The first order Taylor expansion of L then gives

. . . oL oL _.
L(gi + 0qi, gi + 04i, 1) = L(qi, Gi, 1) + —0gi + 7= 04i
9qi 9gi
= L(qi, qi, 1) +OL, (2.3)
© Springer International Publishing Switzerland 2016 29
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where summation over repeated indices is also understood. It is straightforward to
demonstrate that the variation and the differentiation operators commute:

/ d . . .
0gi(t) = q; (1) — qi(1) = 5(5%) = gi (1) — Gi (1) = 04; (7). 2.4

Thus, we obtain the following expression for 6 L:

OL OL
0L = —6qg; + —4q;

0qi 1 +3qi 1
OL OL d

_8_%6% 9, dt(&lz)

OL OL d {OL

e sqi + L (Lsg:) . 25

(aql (aq,)) T (aq'i q’) 22

In order to obtain the equations of motion we apply the Stationary Action Principle:
For the physical paths, the action must be a maximum, a minimum or an inflexion
point. This translates mathematically into:

15) 1)
5S=5/ er:/ dtSL =0]|. (2.6)
11 11

Expanding /L we get:

t2 oL oL 2 oL
55:/ dt(———( ))5,-+/ dt—(—é):O. 27
. \ag; 2q)) %, 94, 7

Because 6¢; (1) = dgi(t2) = 0 the second integral vanishes:

o oL oL oL . 1*
dr — 5q =/ d( 3q ): [—_5 ,} = 0. 2.8)
/n (3% ) 0 \9di o4; " (

Therefore, we are left with

2 oL oL
(5S=/ dt(———( ))5,— , (2.9)
f 0qi 9gi 1

for arbitrary d¢;. Thus the following equations must hold

OL d (0L
OL _d (OLN _ | 2.10
Jdq;  dt (341') (10

Vgqi. These equations are called the Euler-Lagrange equations of motion.
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From (2.8) we can also deduce an important aspect of Lagrangians, that they are
not uniquely defined:

. ~ . dF(qi.1)
L(Qi»‘]i»t) and L(Qi’QisZ):L(C]hCHvI)‘f‘T (211)

generate the same equations of motion. We have an alternative way to directly check
that adding a function of the form d F (g;, t)/dt to the Lagrangian, doesn’t alter the
equations of motion. Applying (2.10) to d F(g;, t)/dt we obtain:

g ( di ) T (a_q-,. (T)) =0. (2.12)

Next we will present one of the most important theorems of analytical mechanics,
a powerful tool that allows us to relate the symmetries of a system with conserved
quantities.

2.2 Noether’s Theorem

There is a conserved quantity associated with every symmetry of the Lagrangian of
a system.

Let’s consider a transformation of the type
qi = q; = qi + 0qi, (2.13)

so that the variation of the Lagrangian can be written as the exact differential of some
function F:

_ dF(qi,qgi, 1)
dt ’

6L (2.14)

. . dF(qi,gi 1)
L(q},Gi',t) = L(qi, Gi. 1) + + =

Note that here we allow F to also depend on ¢; (that was not the case for (2.11)). On
the other hand, we know that we can write d L as:

OL d (0L d (0L d (0L
L=\——-——|\==—))0g+ |9 )=—|=-%4)- 2.15
(5~ (57) 20 i (5700) = & (5 20) - 19
To get to the last equality we used the equations of motion. Let’s now write dg; as
an infinitesimal variation of the form

g/ =qi +0q; = qi +€f;, (2.16)
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with |¢] < 1 a constant, and f a smooth, well behaved function. Obviously, in the
limit e — O we obtain

lim g/ = ¢; = lim 6L = 0. 2.17)
e—0 e—0

Thus, necessarily F must be of the form F = eF , and

d (0L dF (g, Gi, 1)
N\ h))=¢c——777—. 2.18
o (8ql_(eﬁ)) e (2.18)
Integrating in # we obtain
oL ~ .
a—.fi=F(61i,61i,f)+C, (2.19)
qi

with C an integration constant. We therefore conclude, that the conserved quantity
associated to our infinitesimal symmetry is:

oL ~ .
C = a—,fi — F(qgi,qi,t) | (2.20)
qi

2.3 Examples

Next, we are going to apply this simple formula to a few interesting cases and
reproduce some typical results such as energy and momentum conservation, angular
momentum conservation, etc.

2.3.1 Time Translations

Let’s consider an infinitesimal time shift: # — ¢ + €. The first order Taylor expansion
of ¢; and ¢; is given by:

0qi = qi(t +€) — qi(t) = i (1) + O(e?),

. . i} .. d
ogi = qi(t +€) — gi(t) = €Gi (1) + O(e7) = 5(5%’)- (2.21)

If the Lagrangian does not exhibit an explicit time dependence (OL/0t = 0) then

oL oL dL ~
0L = e—q; —q¢i=€e— = F=1L. 2.22
685]1‘ qi + 666]}' qi =€ a1 ( )
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Thus, the conserved quantity is given by the following

OL .
—qi—L=E| (2.23)
94

where E is the associated energy of the system.

2.3.2 Spatial Translations

Let’s consider a Lagrangian of the form L = T — V, where T is the kinetic energy
of the system and V a central potential. In this case the canonical momentum p;
defined as

(2.24)

obeys p; = 0T /0q;. Due to the fact that the potential is central and T' # T (g;) the
Lagrangian obeys

L(ro +en,vy) = L(rg, Vo), (2.25)

with r,, the coordinates of the particle o and n an arbitrary spatial direction with
In| = 1. We conclude that . = 0. Under this spatial translation the coordinates of
the particle « transform the following way:

r, = I, =ry,+en, (2.26)
that is
Faj => Toj =Taj +e€nj, (2.27)

with j = 1,2, 3. Therefore f; = n;. The conserved quantity is straightforwardly
obtained

aL
C=D ~—nj=2 pajnj=) pan=Pn| (2.28)
7 940, ~ ~

for an arbitrary n. Thus, the constant associated to this transformations is the total
momentum P of the system.
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2.3.3 Rotations

Again, let’s consider a Lagrangian with the same properties as in the previous exam-
ple. Under an infinitesimal rotation we have

r; =T, —€n XTr,, r(;j =raj + €€jkmNm ok, (2.29)
and just as previously 0L = 0. It is straightforward to observe that f; = € m ok
(where €, is the totally antisymmetric three-dimensional Levi-Civita tensor den-
sity). The conserved quantity is therefore (remember that summation over all repeated
indices is understood):

OL
C= a._ejkmnmr(yk = Paj€jkmNMmTak = (Pa X ro)n = —Ln| (2.30)
doj

Again, this holds for an arbitrary n, thus, the conserved quantity is the total angular
momentum L of the system.

2.3.4 Galileo Transformations

For this last example we shall consider the same type of Lagrangian as in the previous
cases. A Galileo transformation reads

r, — I, =T, + Vi, (2.31)
with v a constant velocity vector, therefore:
Fo —> F, =F, +V. (2.32)
Under these transformations L = 6T . Let’s calculate 7" explicitly:
T = lm (Fo + V)2 =T + m,F V+Zlm v2
2 (03 [0} (o0} ~ 2 o
T4 iuv + Lomreay =74 2v + Loy, 233)
= —Mv — (marav) = —Mv — V). .
2 e "¢ 2 dt

Considering an infinitesimal transformation v = en with |¢| < 1 and ignoring terms
of O(€?) we have

d
6L =0T = (MRn). (2.34)
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The conserved quantity is then given by:

czzpajnjz—Man (Pt — MR)n |, (2.35)
[0}

for an arbitrary n. The conserved quantity associated to this transformation is then
Pt — MR.

2.4 Hamiltonian Formalism

We define the Hamiltonian functional of a physical system as
H(qiﬂpivt)zpiq.i_[‘a (236)

where p; is called the canonical conjugated momentum
Di = o (2.37)

as it was already introduced in (2.24). If the Euler-Lagrange equations (2.10) are
satisfied then:

)

p= 2.38
2 90 (2.38)

The Hamiltonian equations of motion are obtained just as before by applying the
principle of the stationary action:

n
5S=/ dtdL
1

n
_ / di6(p: G; — H)
1

f2 . . OH OH
=/ dt (517:' Gi + pi 0di — 5 —-0qi — 8—517,‘)
1 qi Pi

& d OH OH
= [ dt\dpi Gi +—(pi 6q;) — pi 0qi — =—0qi — =—0p;
/tl (p q +dt(p gi) — pi 0q 4 q o p)

n . OH . OH f2
:/ dt((sp,' I:c],'——8 ]+5q,~ [—pi—a—])-f-/ d(pi 6qi)
1 Pi qi f
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n OH OH
=/ dt ( Opi |:q, — a—:| + g |:—]5,‘ — 3_:| ) =0. (2.39)
11 Pi qi

This must hold for arbitrary d p; y dg; , therefore, the Hamiltonian equations of motion
are simply given by:

OH OH
i ==, 5 = —— |. 2.40
1 Opi P 0qi (240)

If the Hamiltonian exhibits an explicit time dependence, it can be easily related to
the time dependence of the Lagrangian

dH _ d( G- L)

dr  dr Pi qi
_8H ,'+8H ,_+8H
“op P T g T o
— . 3. 3. .+8H
=dqi Ppi — Di {qi o1

OL OL . OL

o ootk oL 0oL 241
Pi qi + pi qi 20 " 95,9 " o (2.41)
Therefore we get to the following simple relation in partial derivatives:
OH oL
= 242
ot ot (242)

2.5 Continuous Systems

Until now we have considered discrete systems characterized by N (finite) degrees
of freedom. Let’s consider now that the system depends on an infinite number of
degrees of freedom N — oo. It no longer makes any sense to talk about discrete
coordinates g;. Instead we have to replace them by a continuous field that is defined
for every point in space and that can also vary with time

gi(t) = o(x,1)=o(") = o). (2.43)

Because now we also have spatial dependence besides time dependence, the follow-
ing replacement is also justified:
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a0 = (20w, 4o = 90 (x). (2.44)

Notice that we have introduced the compact relativistic notation (from Chap. 1) and
we have supposed that the partial derivatives of the fields are a Lorentz (or Poincaré)
covariant quantity (of the form 8u¢(x)),] with

0
O = Fie (0r, V) = (01, O) | (2.45)

It will also be useful to define the following contravariant quantity

M =g, = (8, —=V) = (9, =) | (2.46)

Also, we are only interested in Lagrangians that are invariant under space-time
translations besides Lorentz transformations (Poincaré group), therefore they cannot
depend explicitly on x*. The most generic Lagrangian that exhibits all the properties
we have just described can be written as:

L = / d3x£(¢,~(x), 5‘/Lq§,~(x)). (2.47)
\%

where £ is called a Lagrangian density (which we will shortly end up calling
Lagrangian). Because a system can depend in general on more then one field, we have
written our Lagrangian density as a functional of M (with M finite) fields {(b,-}i"i 1
Thus, the action can simply be written as an integral of the Lagrangian density

n
S=/ dtL
141
n
= [ ar | @xe(i00. 0,00)
1 \%4

X7 .
=/ d xﬁ(d)i(x), 8ﬂ¢i(x)). (2.48)

1

Just as in the discrete case, in order to obtain the Euler-Lagrange equations of
motion we will consider small variations of the fields, keeping the extremes fixed

¢'(x) = gi(x) 4+ 66 (x) ; dpi(x1) = 0¢; (x2) =0 (2.49)

IThis is not the most general case, of course, but as we are interested in applying field theory to
Special Relativity we shall only restrict our study to this case.


http://dx.doi.org/10.1007/978-3-319-22966-9_1

38 2 Lagrangians, Hamiltonians and Noether’s Theorem

Under these variations, we define

OL (0100, 0ui ()) = L( 6400 + 061 (), 065 () + 019,01 ()]
—L(G, u0i0),  (@50)

thus, we obtain the following

0¢i (x) + 6[aﬂ¢i(-x)]

oL
a(bt (x) 8[8/1¢i (x)]

oL oL
0+ —25 16
= 960 T G o P )

oL oc or
N -0 06i () + Oy | 5——0i(x) ), (251
(5¢f<X> “a[aﬂdn(x)]) P+ “(a[am,-(x)] ¢(X)) 3D

where summation over all repeated indices is understood. Similar to (2.4), the
variation and derivation operators commute. Applying the principle of the Sta-
tionary Action we obtain the Euler-Lagrange equations for continuous systems as
follows:

X2 oL oL X2 0
5s — _g 56, o (=25 s,
/x. (aosi(x) “a[aﬂ@(x)]) ‘“x”/xl (a[am,( TR ))

® (ot oL
i - 0000 =0, 252
/xl (&bi(x) “a[a,@i(x)]) i (%) 2.52)

for arbitrary d¢; (x), therefore, the equations we are looking for take the form

oL 9 oL
a¢i(x) Ma[a/l,(bi(x)]

=0 (2.53)

Yoi,i = 1,..., M. Let’s now take another look at (2.52). Because d¢;(x;) =
d¢i(x2) = 0, we have found that

x2 oL
Oy | =—————d9¢; = 0. 2.54
/xl ‘(a[ami(x)l (b(x)) 2>

Thus, if we consider an arbitrary functional of the form b* (gb,- (x)) , then

X2 X2 obH
5 / oub* (4:0) = / 2 ( 50 @(x)]) (2.55)
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We conclude that a Lagrangian density is not uniquely defined. Similar to the discrete
case, one can always add a functional of the form 0,b" (gb,- (x)) without altering the
equations of motion. Therefore

£( 400 9u01()) and L3500, Du0i(0)) + 9" (4:0) | @56)

render the same equations of motion.

2.6 Hamiltonian Formalism
We define the Hamiltonian density as
H (mi(x), ¢i(x), Vi(x) = i(x)mi(x) — L, (2.57)

where gf)i (x) = 0;¢; (x) and 7; (x) is the canonical momentum associated to the field

@i (x):

oL
mi(x) = — . (2.58)
O (x)
The action can be written in terms of the Hamiltonian density as
X2 X2 X
S =/ d*xL =/ d4x(¢5i(x)7ri(x) —H). (2.59)
X1 X1

When applying the principle of the stationary action we obtain

55=/x2d4x [M [éi—a—H]—aapi [7%,-+8—H—a OH ”:o,

1 o, 06 DOk
(2.60)
for arbitrary d7; and d¢;. Thus the equations of motion simply read
; OH OH OH
= —, L =— + 0, . 2.61
P = e "= "5 T * a0 @b

where Oy are the spatial derivatives (k = 1, 2, 3).
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2.7 Noether’s Theorem (The General Formulation)

Until now we have only introduced a global variation of a field, which is defined as
the variation of the shape of the field without changing the space-time coordinates
xH

3¢ (x) = ¢ (x) — di (x) | (2.62)

Besides this, we can define another type of variation which is closely related, a local
variation. It is defined as the difference between the fields evaluated in the same
space-time point but in two different coordinates systems:

S (x) = ¢L(x') — di(x) | (2.63)

Let’s now consider a continuous space-time transformation of the type

’x“’ — X =xt+ Axt, (2.64)

which can be a proper orthochronous Lorentz transformation or a space-time trans-
lation.? At first order in Ax, d¢; (x) reads:

561 (x) = ¢1(x") — ¢ (x)
= ¢l (x + Ax) — ¢ (x)
~ 60 + (9u6()) AxP = i)
~ ¢ + (90000 ) Ax = 3i(x)
= 0¢i(x) + ((’W:‘ (x)) Axt, (2.65)

We therefore, have found the following relation between d¢(x) and 5¢(x) for an
infinitesimal transformation of the type (2.64):

561 (x) = 665 (0) + (9un () ) Ax* | (2.66)

We can draw the following conclusion. If ¢} (x") = ¢; (x) (which s in general the case
for a scalar field; it is also the case for spinor fields under space-time translations)
then

661 (1) = — (9,010 ) Ax”. 2.67)

2See Chap. 1 for details.


http://dx.doi.org/10.1007/978-3-319-22966-9_1

2.7 Noether’s Theorem (The General Formulation) 41

thus, in this case, an equivalent way of making a transformation of the type (2.64),
which acts on the coordinates, is by making an opposite transformation on the field:

$i(x) = G (x) = ¢i(x — Ax). (2.68)
Let us now deduce how the Lagrangian transforms under these type of variations.

In order to keep the notation short, we shall introduce the following short-hand
notations:

L) =£(6i@), 9,61 0), L0 = L(G0, i),

L= L(¢;(x/), g eh), b = b“(d)(x)), (2.69)

where 8;L = . Keeping only terms up to O(Ax) we can calculate 6£(x) under

(2.64):

d
Ox'H
OL(x) = L' (x) — L(x)

= £(91(6) + 365 (), 9,65 () + 3[0,01 (1)]) — L(x)

LX) < OL(x) =
=L prweti 0 l0udi - L
(x) M) 8¢l( ) ¢ ( )+ a[aﬂqsi ()C)] [ M¢ (x)] (x)
~ 0L(x) + (8/1,£(x)) AxH, 070

where we have introduced the following notation

0L o s+ =L 9 6u). @71)

O = 50000 P 518,000

Also we have used the following approximation:

510,60 ()] = 9, [66i (x)] — (D i (x) = 0u[0¢i (x)]. (2.72)
a "

For the last equality we have used that for a Lorentz (Poincaré) transformation
OuAx” = 0 (as it was already mentioned in Chap.1). Thus, the new variation
operator 0 also commutes with the derivation operator when restricting ourselves
to Lorentz (Poincaré) continuous transformations. We have therefore obtained an
expression similar to (2.66) for oL:

SL(x) = 6L(x) + ((L[,(x)) Axt| 2.73)
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Let’s now consider the transformation of the action. A transformation that leaves
the equations of motion invariant is a symmetry of the system. Under such a symmetry
the action S will mostly transform as S — S’ with S given by

S = / d*x' £/ (x))
Q/
_ / d*x L) + / d*x 8, 0" (x)
Q Q
=S5+ / d*x 8, b" (x), (2.74)
Q

so that 68’ = &S (thus generating the same equations of motion). Introducing the
Jacobian matrix we have

.15
an

This must hold for all space-time volumes €2, therefore:

d*xL'(x') = / d*x L(x) + / d*x 9, b" (x). (2.75)
Q Q

ox’

X

L'(x") = L(x) + 9,b" (x). (2.76)

The determinant of the Jacobian matrix is equal to 1 for a proper orthocronous Lorentz
transformation or a space-time translation, thus

0L(x) — 0, bt(x) =0 | (2.77)

Introducing (2.73) in (2.77) we obtain:

BLE) + 8, LA — b ()| =0} 2.78)

Inserting the explicit form of 4 £ from (2.51) in the last expression, we obtain

OL(x) OL(x)
-9, 5
(3¢i(x) ! 8[8;4(;5,-(;5)]) i (x) +
OL(x)
1 (m5¢i (x)) +0, [L(x)Ax# _ 3ub“(x)] —0. (279)

Using the Euler-Lagrange equations of motion we finally get to the conservation law
we were looking for

OL(x)

Ouj'x)=0, jlx) = 00
1 Qi

0¢i(x) + L(x)Ax" — b (x)|, (2.80)
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with j#(x) the conserved Noether current. Note that our result is completely general,
in the sense that it holds for continuous space-time transformations of the type (2.64)
and also for transformations that only imply a field variation without modifying the
space-time configuration. In this last case we would simply set Ax* = 0 in (2.80).
As it is usual, we can also define a conserved charge O associated to the conserved
current j# as:

d
Q:i/d%jq Egzi/fx%ﬂhz—/d%ijo. 2.81)

Next, we shall take a few illustrative examples.

2.8 Examples

2.8.1 Space-time Translations

Consider the following infinitesimal space-time translation:
xt = xP = xt — €M, (2.82)

with e/ real constants. For scalar or spinor fields we have ¢;(x) = qb; (x’) thus

0 (x) = 0. Under this type of transformation our Lagrangians remain unchanged
so L'(x") = L(x), therefore, by taking a look at (2.77) we conclude that 9,,b" = 0.
We can thus, eliminate the b* term from (2.80) and the conserved current is simply
given by:

o oc
CICD

-1

oL
Oy’ — L = O"d; — Lg" ) e, 2.83
pie € (8(8#@) ® g )6 (2.83)

The conservation law 0,, j# = 0 holds for any arbitrary constants ¢,, therefore we
actually have four conserved currents:

o
B a(auﬁbi)

8, T" =0, TH O di — Lg", (2.84)

with T the four-momentum tensor. The conserved Noether charges are then given
by

PY= /d3xT0”

_ 3 a_'CV'_OV)
_/dx(8$[a¢l g L
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- / &x (706 — " L)
- / & (i by — 0L, —mi V)
= / d*x(H, P)
— (H.P). (2.85)

where we have used (2.46). As we can see, the conserved charges are the Hamiltonian
and three-momentum operators.

2.8.2 Phase Redefinition

Consider a Lagrangian that depends on the fields ¢; and ¢, with ¢; = ¢pand ¢ = ¢'.
If we perform an infinitesimal global phase redefinition of the field

Pp(x) — ¢ x) = e o), (2.86)

with § < 1 (and where global means that the phase does not depend on the space-time
coordinates 6 # 6(x)), then we find:

Sp(x) = —ifp(x), 5ot (x) = 06T (x). (2.87)

As this transformation doesn’t involve the space-time coordinates we can already set
Ax" = 01n (2.80). Therefore 6L = 6L = 0,b". Again, if we only consider the free
Dirac or Klein-Gordon Lagrangians then 6£ = 0 = J,,b", so we can also eliminate
b* from (2.80). The conserved current is then given by

oL oL oL
j* = 3¢ + 5" = —i$)0

9, (2.88
20,9 1 590,07 20,0 0 B 0 @89

for an arbitrary 6. Thus, redefining the current without the § multiplying term we
find

A j" =0, Jhx) = —i oc ¢+

¥ 2.89
20,0 ° 190, ¢>T>¢ (2.89)

In particular, for the free Dirac Lagrangian Lp = D(x) (i YuO" —m)1h(x) we obtain
the well known result:

0, (Jwﬂzp) —0. (2.90)
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2.8.3 Lorentz Transformations

Consider the following infinitesimal proper orthochronous’ Lorentz transformation:
= X = xt AWl XY, (2.91)

with Aw'), = —Aw", real constants. Defining Aw,, = gua Awf, it is easy to show
that the field transformation reads

) = di(x) + 5 253 Ay 65 (), (2.92)

@ — @ —
(no summation over the “i” index must be understood in (2.92) nor in the following
expression). Using (2.66) we easily find:

y ] 1 o y
with =/ = —% oM = —[~", 4"] for spinorial® fields and, "' = 0 for scalar fields

“ 99

8 (x) = (,? Awahi(x) — 0“0 (x) Awgpx”

1 ap 1 o 5 ) «
= ST Bwapoi(x) = 5 (976160 x7 = 0761 (x) x* ) Awas

; [0+ (207 = x76%) | 6100 Awa. (2.93)

On the other hand, our Lagrangians are all Lorentz invariant, thus 6£ = 0 and so

again, we can eliminate " in (2.80) just as in the previous examples. We obtain that
the expression for our conserved current reads:

oL ‘ 1 ,
jr= o= () 4 200" = 0% g 5 Awag + L Awlx”

il \ ™D
oL 4 1
= — Ea aﬁﬁ— ﬁaa i_A «Q
1
+ Eﬁ(gﬂaxﬂ — g"xY) Awap, (2.94)

for arbitrary Aw,g. Thus, we obtain

oL
Ol0udil

Ou i =0, gl =xorrl — x4 e (95)

3See Chap. 1 for more details.
#See Chap. 5 for details on spinor algebra and for the proof of this statement.
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which is the conservation law of the angular momentum pseudo’ tensor 7“7 (obvi-
ously, for the previous expression, summation over all repeated indices must be
understood).
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Chapter 3
Relativistic Kinematics and Phase Space

Abstract Here we present a list of the most important formulae needed for cal-
culating relativistic collisions and decays. It includes one-to-two and one-to-three
body decays, and the two-to-two scattering process both in the center of mass and
laboratory frames. It also includes simplified general formulae of one, two and three-
body Lorentz invariant phase space. No explicit calculation is performed, however
the reader is highly encouraged to reproduce the results presented here.

3.1 Conventions and Notations

For all the calculations in this book we will adopt the mostly minus Minkowski metric
g = diag {1, —1, —1, —1}. If a particle has a relativistic three-momentum p = ymyv,
then we define the contravariant four-momentum vector as:

p'=(E,p) = (ym, ymv). (3.1

Thus p*> = pupt = m?; here we have taken ¢ = 1 as usual. We will also be needing
the Kallen lambda function defined as

Ax,y,z2) = x>+ y? + 2% — 2xy — 2yz — 2xz. (3.2)

Another important issue is to fix the signs for the Lorentz boosts. Here we will
use the passive transformation approach described as follows. Consider two inertial
reference frames O and O’ with all axes parallel and with @’ moving in the positive
direction of the Z axis with constant velocity v = vz (v > 0) relative to O (as shown
in Fig.3.1). Thus, an observer from the reference frame O’ sees that O moves with
velocity —v relative to his reference frame (do not mistake v of the reference frame
with the velocity of the particle from (3.1)). Mathematically this translates into:

Xt = AF xV (3.3)

© Springer International Publishing Switzerland 2016 47
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Fig. 3.1 Two inertial
reference frames O and O’
with parallel axes and
relative constant velocity

with A%, given by

(3.4)

S O

00
10
01
00

=2 O O

v

2

Therefore, a moving object that has four momentum p* relative to the reference
frame O will be described as having four momentum p’* = A’}, p* by an observer
in O’. This will turn out to be useful, for example, when calculating the relation
between the center of mass collision angle and the one in the laboratory reference
frame for the process a + b — 1 + 2. It will also be needed in Chap.4, where
we will describe the three and four-body kinematics and phase-space in terms of
angular observables. The inverse transformation is obtained simply by making the
substitution —yv — +~v in (3.4).

3.2 Process:a = 142

In the center of mass (CM) reference frame we have the following configuration:

- a

1 —p P 2
O O O
wo__ no__ _ B
pa _(ml/lvo)’ p] _(Elv p)’ p2 _(EZ’ p) (35)
where E, E> and |p| are given by
E| = 1 (m% +m? —m3),
2m, ¢
2 2 2
E2 = Zma (ma +m2 —ml),
L i, 2 2 5
Ip| = M” (mg, mi, m3). (3.6)

The threshold value of s (minimum value of s for the on-shell production of particles
1 and 2) is: s, = (my + mz)z, thus s > s;5,.
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3.3 Process:a — 14+2+3

In the CM frame we have the following configuration:

pl = (mg, 0), P = (Ei, pi),

> pi=0, me= > E;. (3.7)

Because p1 + p2 + p3 = 0 the process takes place in the same plane. Using the
angles shown in the previous figure:

[p1] + Ip2lcos O12 + |p3| cos O13 = 0,
[p2|sin @12 + |p3|sin 613 = 0. (3.9)

The standard approach for the definition of the Lorentz invariant kinematical variables
is given by:

=53 = (pa— p1)* = (p2+ p3)%
h=s13=(pa— p2)* = (p1 + p3)%
t3=s12=(pa— p3)* = (p1 + p2)*. (3.9)

The #; invariants satisfy the following relation:
Sti=mi+> mi (3.10)
i i

It is easy to show that they also satisfy:
ti = (pa = i)’ = Py + P —2pa-pi =mg+mi —2mg Ei. (311

Therefore we can express E; and |pj| in terms of Lorentz invariant quantities as

1 2 2
E; = m, (my, +m; —1t;).
1
Ipil = =— A2 (mZ m7, ). (3.12)

2my
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The threshold values for s and s;; are denoted as s;, and sf Jh and:

— 2 2 2
S:pa=ma>slh=(ml+m2+m3) )

sij =t =sl) = (mi+mp) =y, (i #j#k. (3.13)

From (3.12) and (3.13) is easy to deduce that the maximum value of the energy of
the particle i in the CM frame is

max_L 2 2 . 2 : .
Ef = o —(mg +mi — (mj+mi)%), (@ # . #Kk). (3.14)

3.4 Process: 14+2 — 3+4

In the CM reference frame we have the following configuration:

o

Pl =(Ei, p). Py = (E2, —p), (3.15)
Py = (E3,p'), piy = (Es4, —p'). (3.16)

We can define the following Lorentz invariant quantities:

s = (p1+ p2)? = (p3 + pa)>,
t=(p — p3)2 =(p2— P4)2,
u=(p1—pa)?=(p2— p3)° (3.17)

One can easily check that:

s—i—t—i—u:Zmiz. (3.18)
i
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The CM energies and momenta in terms of s and m; are given by:

ElzL(s—f—mz—mz) E3:L(s+m2—m2)
2«/5 ! 2 2\/5 : 4’
Er= ——(s+m2—md) Ev= (s +ml—md
2.5 2 7 2./s 4 3
U ovipge 202 Uiy 202

Ipl = mA (s, mi, m3), Ip'l = m)\ P2 (s, m3, m3). (3.19)

The CM collision angle, shown in the previous figure, in terms of Lorentz invariant
quantities is given by

f— )+ (m? — m2)(m2 — m?
TN 7 Uttt 320
AV2(s, my, m3) \1/2(s, m3, my)

cosf =

In the laboratory (L) reference frame we consider that the particle 2 is at rest, thus
we have the following configuration:

p/]L,LZ(ELv pf)v p/ZL’LZ(st 0)’
Py = (Ef, pi). P = (EL, pi). (3.21)

The energies and momenta in the L reference frame are given by:

1 1
. s o L 1/2 2 2
E! :m(s—ml—mz), |p1|=—2m2>\/ (s, my, my),
1 1
. P L 120 2 2
E =%(mz+m4—t), |P4|=%>\/ (t, m3, my),
1 1
Ef = —m3+m3 —uw), Ip5 | = — A2, m3, m3). (3.22)

2m2
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The expression for 67 scattering angle can be easily related to the CM one with the
following expression

L mo|p’| sin 6

tan 0~ = ,
Ipl E3 + [p/| E2 cos 6

(3.23)

where all the quantities from the RHS of the equation are expressed in the CM
reference frame.

Next we present simple expressions for the Lorentz invariant phase space for one,
two and three final state particles in terms of the previously discussed kinematical
variables.

3.5 Lorentz Invariant Phase Space

The standard definition for the Lorentz invariant phase space for NV final state particles
is given by

dOy = S, G I1 3 M (P — Py, (3.24)
=1

where S, = 1/n! is the corresponding symmetry factor (with n the number of final
state identical particles) and where P;, P are the initial and final state total momenta
of the system.

3.5.1 One Particle Phase Space (i.e., 1 +2 — a)

We have the following simple expression:

pa )

a

We can easily integrate the previous expression and obtain

/dQ] = 27 0(s — my). (3.26)
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3.5.2 Two Particle Phase Space (i.e., 1(+2) —> 3+ 4)

We have the following expression:

1 d’ps d’ps

S, S P — Py). 3.27
o2 28 285 0 P Pr) (3-27)

dQ> =

If we choose to work in the CM reference frame we simply obtain:

1 pl

sz:SHW“-\/E ,

(3.28)

where |p’| is the final state CM momentum as in (3.19). The differential solid angle
is given by dQ2 = d cos §d ¢. If the scattering matrix does not depend on the phase
space then we can perform the angular integration:

1 27
/dQ = / dcos@/ dp = 4. (3.29)
—1 0

Sometimes is much simpler to express the scattering matrix as a function of s, # and
the corresponding masses, and d cos 6 in terms those same variables. Taking a quick
look at (3.18), we find that for a collision at fixed s (which is the most typical case
for colliders, thus ds = 0) we have

dt = —du. (3.30)

Therefore, using (3.20) we can express d cos 6 as:

2sdt
dcosf = — o — (3.31)
AV2(s, my, m3) \V2(s, m3, my)
The integration limits are easy to obtain using the same expression (3.20):
(cos e)max _ s 2™ 45 — Zmzz) + (m% — m%)(m% — mi) = 1 (3.32)
B N72(s,m3, m3) \V2(s, m3, m?) - '
(cosgymin — SIS = Fm) + (i —my)ns —md) oy
- 12 2 2y \1/2 2 2 - )
AVE(s, my, my) AV =(s, m3, my)
Thus, we simply get:
max 1 2 ¥ L5 202 2
t = EZml —E—Z(ml—mz)(m3—m4)
1
+ = \V2(s, m3, mH N2 (s, m3, m3), (3.34)

2s
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. 1 1
M= 23 mE =5 = o m} = m3)(m3 —m})
1
— x)\]/z(s, m%, m%))\l/z(s, m%, mﬁ). (3.35)

If my = my or m3z = my these expressions get a lot simpler. If we are dealing with

adecay 1 — 3 4 4, then we must set my = 0 and s = m%

3.5.3 Three Particle Phase Space (i.e., a(+b) —> 1+ 2+ 3)

The Lorentz invariant phase space corresponding to three final state particles is given
by:

1 &py &Ppr dps

Su SO P = Py). 3.36
Gns 2B 2B, 28 0 7P (3.36)

dQs =

In the CM reference frame we obtain the simple and compact expression

1
d = S, ———— ds»3 dsi3. 3.37
03 n 1o 35 45 dsiz (3.37)
The integration limits are given by:
ST = (my +m3)?, S = (Vs —m2)?, (3.38)
and
i 1 2 2 2)2
syt = s {(s —my —mj5 +m3)
2
=[N0, 513, m3) + A G513, mi mD T, (3.39)
1 2
max 2 2 2
=—"{(s—mi—m;+
523 4513 {(s mi — mj +m3)
2
— [A26s 513, m3) = AV G513, m md |, (3.40)

and where we have defined s = (p1 + p2 + p3)> = (pa + pp)* as the CM invariant
energy (fixed for colliders). If it’s a decay i.e., a — 1 + 2 4 3 then we must simply
sets = mﬁ

Finally, we will we will provide the decay rate and cross section formulae corre-
sponding to our conventions. If M is the transition matrix for a given process, the

decay rate is given by
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1 1
2mg Qja+ 1) 2

a»)\ls"w)\N

F@—1424-+N) =

x/dQN)M(a—> 1424+ n)|

55

(3.41)

where j, and )\, are the spin and polarization of the initial state particle, and ); are the
polarizations of the final state particles. In the previous expression we have averaged
over initial state polarizations and summed over the final state polarizations. If we
are interested in a polarized initial state we must drop the summation over A\, and
the 1/(2j, + 1) average factor. If we are interested in polarized final states, then the
summation over Aq, A, etc, must be dropped. Same consideration is valid for the

cross section defined next

1

ca+b—-1+---+N) = ————
( ) 2/\1/2(s,m(21,m§)

1
X 2ia+ D2y +1 2
Qja+D@2jp + )Aa’Ab’Al’_”AN

x/dQN’M(a+b—> 1+-~-+N)‘2

Further Reading

(3.42)

A. Pich, Class Notes on Quantum Field Theory. http://eeemaster.uv.es/course/view.php?id=6
G. Kallen, Elementary Particle Physics (Addison-Wesley Publishing Company, Reading, 1964)

Particle Data Group
V. Barone, E. Predazzi, High-Energy Particle Diffraction
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Chapter 4
Angular Distributions

Abstract In the previous chapter we presented the standard approach in defining
kinematical variables and the phase-space. There is however, an alternative way of
defining these variables and it is in terms of invariant masses and angles of pairs of
particles in their center of mass reference system. This approach is very common for
studying very rare decays (such as B — K*{{). Here we present the kinematics and
phase space for one-to-three and one-to-four body decays.

4.1 Three Body Angular Distributions

Imagine a process like

A(k) — b(p) + c(p1) + d(p2)|, (4.1)

where k, p, pi and p, are the momenta of the particles. We can choose one pair of
particles (in this case we will choose ¢ and d) and separate our decay (4.1) into two
sequential decays. The first decay will be given by

O ———0—— 0

where ¢ = p1 + p2. Thus A(k) decays into a real (on-shell) particle b(p) and into
a virtual set of particles cd(g), which is characterised by the invariant mass (¢2) of
the system of the two real (on-shell) particles c¢(p;) and d(p>). In the CM reference
frame of A we have the following distribution of momenta

P, = »°, 0, 0, —|q]), 9|, = @q°, 0,0, lq), 42)

where we have supposed that b moves along the negative 2 axis and where p°, ¢
and |q| are given by (see Chap. 3 for details)
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|

PO = o (mi +m?— qz) , (4.3)
]

2 = o (mi —m2+ q2) , (4.4)
]

ol = 5=\ (i 7). (45)

It is straightforward to obtain the p - ¢ invariant product

p-q = %(mi—mi—qz). (4.6)

Going to the CM reference frame of the cd system we have the following configu-
ration

In this reference frame p and ¢ are given by

Pl= 0000 B ¢ = (fe? 00,0, @)

Using the previously calculated p-g product and the expression p? = m% = (p'")?*—

|p’|?, we obtain

1
= Nz (m3 = m3 — %), 4.8)
, 1 12(. 2 2 2
)= S A (ol ). (49)

The four momenta p; and p, are given by

5 (P9, Ipa2lsiné, 0, |pz|cosb), (4.10)

p

cd

—=

(p), —Ip2lsind, 0, —|pz|cosb), (4.11)

pcd
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where
P = L (q2+m§—m2) (4.12)
2Vq? v
1
0 2 2 2
Pl = —— (q —md—i-mc), 4.13)
2Vq?
1
P2l = —= A2 (q2 m2m3). (4.14)
2\/q2

It is straightforward to obtain the following invariant products:

1

P1-q = §(q2+m§—m3)
1

P2 = 5 (¢ = mg+mg)
1

p1-p2 = §(q2—m§—m3)

pP-P1 = Pq—DpP-p2

4.15)

For the product p- p, we simply have p-py = p’ 0 pg +|p’| |p2| cos 6 which explicitly
reads

1
p-p2 = m (m%—m%—qz) (qz—i-mfl—mf)

1
+ 12 72 (mi mi, q2) 72 (qz, m?l mg) cos (4.16)
q

When calculating the squared transition matrix for a given process, with the use
of the invariant products given in the boxes one can express everything in terms of
the masses m;, the invariant squared mass of the cd system g2, and cos #. The only
thing left is to properly define the corresponding phase space in terms of the same
variables. The following formula will turn out to be extremely useful

3
/ PSR — m?) = / %, 4.17)

where kK > 0. The generic expression for the three-body phase space is given by
(see Chap. 3)
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1 &p &p1 &ps
dQs = § — 8Pk —p—p1— p2)
" @2m)s 2p° 2p% 2p9

1

dpdpldpz

=5 d*q 0¥ (q — 6@ (k —

n (zﬂ)S/ q07@—p1—p2) 55 20 20 20 k—=p—q)
Sn

= — x A x B, (4.18)
2m

where we have defined A and B the following way

| PE
= G / d*q > PS5Ok —p—q), (4.19)

1 d3p; &3
PLEDL 5@ (g — pr = pa). (4.20)

T en? 20 29

We will now manipulate these expressions to obtain the appropriate results in terms
of the desired variables. For the first term we have

A= (277)2/ mi, /d4 5(4)(k p—q) 8(q> —miy)

dq p

2240 2p0
1 d3q &3p
- d? “L 2P 5@ g p -
(277)2/6122 (k—p—q)
1
= A\ (mA,m q)dqz, 4.21)
A

where, in order to get to the last line, we have used the expression (3.28) and we have
integrated over the solid angle (without loss of generality). In order to simplify the
notation we have also dropped the integral symbol in the last line. All we have left is
to compute B. Again, using (3.28) and integrating over ¢ (without loss of generality)
we obtain

B = SN2 (q mc,md) d cos b, (4.22)
mq?

Finally, the expression of the differential three body phase space that we were looking
for has the form

2)\1/2 (mA,mb q ) A2 (q m ) dg®dcosf |

(4.23)
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Fig. 4.1 Higgs-like scalar w
particle ¢ decaying into a
pair of W gauge bosons p
Qb_ - - w
k
q

It is worth making the following comment. If the process we are studying is
similar to the one shown in Fig.4.1, then q2 is the momentum of the virtual W
boson. If however, my > 2my then instead of a real (on-shell) and a virtual (off-
shell) W boson we have two on-shell particles, thus g = m%[, Therefore, the squared
transition matrix will contain a squared propagator of the type

1

(=) iy

(4.24)

which is regulated by a Breit-Wigner term, as a first order approximation (for more
details see Chaps.7 and 12). Working in the narrow width approximation we have

1
lim 5 = ———5(q*-m}). (4.25)
Tw=0 (g2 —m%,)" +m3, I} mw 'y

The resulting Dirac delta function can be simply reabsorbed into the definition of
the phase space and we can perform the integration over ¢2. Thus, our previous
expression of d 03 would turn into

1 12 (2 2 2\ 12,2 2 02
2567r3m(2/)m%‘,)\/ (md),mw,mw) Al (mw,mc,md) dcos.

dQs; =
(4.26)

4.2 Four Body Angular Distributions

Imagine that in the previous process b is not a real particle, but represents a virtual
set of two particles (¢d) i.e., the process is given by

A(k) = E(p1) + d(p2) + c(p1) + d(p2)|. (4.27)



http://dx.doi.org/10.1007/978-3-319-22966-9_7
http://dx.doi.org/10.1007/978-3-319-22966-9_12

62 4 Angular Distributions

We can now choose two pairs of particles (one given by ¢ and d and another by ¢
and d) and separate our decay (4.27) into sequential decays, similar to the previous
case. The first decay will be given by

&6 ——0—— 0

where ¢ = p1 + p2 and p = p; + pa. Thus A(k) decays into two virtual sets of
particles cd(¢q) and éd( p) which are characterised by their invariant squared masses
g? and p?. Just as in the previous case the four momenta p and ¢ in the CM reference
frame of A are given by

P, = »°, 0, 0, —[q)). |, = q°, 0, 0, |q)). (4.28)

where, again, we have supposed the b moves along the negative Z axis and where,
this time

1

o _ 1 (2 )

= g (it =), (429)
1

¢ = 5 (M- + 7). (430)
1

ol = 5=\ (mh 07 a?). (431)

Thus, the invariant product p - g is simply

p-q = %(m%,—pz—qz). (4.32)

The complete distribution of angles and momenta is schematically shown in Fig.4.2.
Thus, in the CM reference frame of the cd system, we have the following expressions
for the four-momenta

ml = (. 0,0, —|p/ ﬂ‘:,/Zooo. 433
P, (p™, 0, 0, =Ip'D), a| +/q+, 0, 0, 0) (4.33)
with

o0 = (mi_pz_qz) (4.34)

2\/q2

1
P = —= A2 (md, p% 07) (4.35)

2Vq*
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d X
D2
0 A 04

\ 9 z

P q /
D1 7

- /
(éd) Centerof Mass¥ ¢ /

b1
c

(cd) Centerof Mass

Fig. 4.2 Four body decay angular distribution

The four-momenta p; and py simply read

Py | = (3, Ip2lsinfacosy, Ipafsinfasinx, [pz|cos ), (4.36)
Pi|, = (Pl —Ipalsinfycosx, —Ipalsinbasinx, —|p2lcosfa),  (4.37)
C

with pg, p(l), and |p2| given by the same expressions (4.12)—(4.14) from the previous
section. One obviously obtains the same results for the scalar products (4.15) and

1
Pp2= s (mi—pz—qz) (612+M§—m5)

1
+ vl A\1/2 (m%, pz, qz) /2 (qz, mé, m%) cos 6, (4.38)
q

Boosting! pg into the CM reference frame of A we obtain

Ph| = P8+ v Ipalcos b, Ipalsinacos x,
[p2] sin g sin X, vv p3 + P2l cos b), (4.39)
with
lql q°
YT 7= s (4.40)
¢ Va2

ISee Chap. 3 for the explicit expression for Lorentz boosts.
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A similar expression can be found for pf , however it won’t be needed.
We now move on and analyse the kinematics in the CM reference frame of the

&d system. We have

= (4" 0,0, |d), (4.41)

= 2’ 07 0707 /L
éd (Vp ) 9 éd

P
with

q"° (mi e qz) , (4.42)

1
N
1
I = —— 2 (mz,p2,q2)_ 43
2V/p? !
For p; and p, we simply have the following expressions
P |y = (B3 Balsindz. 0. ] cos ). (4.44)

= (Y, —|P2lsinfj, 0, —|pa|cos ;). (4.45)

The components of the four-momenta are again straightforward to obtain

1

P =
N
1

(p? +m2—m?), (4.46)

50 2 2 2
Pt = = (P —m~+m5), (4.47)
2 /p2 d
1
P2l = —= A2 (Pz,m%,m%). (4.48)
2 /p2 ¢’ d
We can now calculate, as in the cd system, similar invariant scalar products
5 _ 1 5 2 2
pL-p = E(p +mg; —m3)
5 L 2 2
p2-p = 5 (p"—mg+my)
. 1
p1-p2 = E(pz—m%—ms)
q9-P1 =Pp-q—q-p (4.49)
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with
~ 1 2 2 2 2 2 2
q-p2 = W(mA—p —q)(p” +my —mgz)
1
= 5 N0 PR NP i m) cos07 | 450)

Using momentum conservation we can also calculate products of the type p; - p;.
We find

pPL-P2 = q-p2—p2-p2
p2-pL = p-p2—p2-p2
P1- D1 P pP1—q-p2+p2-p2 4.51)

The remaining product we need to calculate is p; - p2. Boosting 155 into the CM
frame of A we obtain

py|, = (12 =7 0Ip2lcost, Ip2lsin6, 0, =5 ph +7 P2l cos ),
(4.52)

with
= —. (4.53)

Using the expressions (4.39) and (4.52) we can now evaluate the p; - pp invariant
product in the CM reference system of A

P2 P2 = (73 +yvIpalcosa) (3 p3 — 7 P2 cos b))
— |p2| Ip2| sin 5 sin 6,4 cos x

+ (yv pd + v [p2l cos 04) (7 T B3 — 7 P2l cos 07) (4.54)

One can now express all the terms from the squared transition matrix (by using
the expressions in the boxes) in terms of the squared invariant masses, p>, ¢2, the
masses m; and the three angles 04, 0; and x. Furthermore, one can use the helicity
amplitudes approach in order to logically and systematically group all the terms
from the transition matrix and obtain the so called angular coefficients.”

2For more details check Furhter Reading.
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Last we will calculate the needed phase space. According to the definition given in
the previous chapter, the generic expression for the four-body phase space is given by

1 d®p1 &py &*p1 &*po
" (2m)8 2pl 2p2 2p1 2p2
1 - -
= S 53 /d4p/d461 5P(g — p1—p2) 8D (p — p1 — p)
(2m)

py dpy d&Ppy dPpr

dQs = Wk — p1 — p2 — p1 — p2)

200 28 250 249 e-r-0
E(ZST")ZXAXBXC, (4.55)
where we have defined A, B and C the following way
= @nn / d'p / d'q 59k —p—q). (4.56)
- & dzf d;’? 6Da— pi - p), (457
S Ry Ny (4.58)

oem? 2pY 259

Using the same techniques as in the previous section we can manipulate 4

1 -

X 5(q2 —my) 3(p* — i)

1

- W/dmfz/dm / / Dk —p—q)
1

= o [ o [ [ 55 [ 5 8-

= ——5 M2}, q% p»dq* dp*. (4.59)
87rmA

Again, we have used (3.28), integrated over the solid angle (without loss of generality)
and dropped the integral symbols to simplify notation. For B we can still integrate
over the azimuthal angle without loosing generality, and we obtain

I
B = WAW (qz,mf,,mg) d cos 0. (4.60)
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Finally, for C we must keep both angles

1

- W 2\1/2 (pz, mtzz, m%) d cos 9[7 dx. 4.61)

Thus, our final expression of the four-body phase space in terms of angular variables
is given by

1
(128732 m? p2 g2

dQs = S, A2 (g%, i, m2) N2 (p? m%, m)

x dq* dp* dcosfy dcosf; dy | (4.62)

If we are facing with a similar case as in the previous section, p? or ¢ or both are
the momenta of some virtual particles that can reach the on-shell region, and we are
working in the narrow width approximation, we can simply reabsorb the Dirac delta
function(s) into d Q4 and integrate (just as in the previous section) with no further
complication.

Further Reading

N. Cabibbo, A. Maksymowicz, Angular correlations in Ke-4 decays and determination of low-
energy pi-pi phase shifts. Phys. Rev. 137, B438 (1965)

A. Faessler, T. Gutsche, M.A. Ivanov, J.G. Korner, V.E. Lyubovitskij, The Exclusive rare decays
B — K(K¥) £¢ and B, — D(D¥) £¢ in a relativistic quark model. Eur. Phys. J. direct C 4, 18
(2002). arXiv:hep-ph/0205287

G. Kallen, Elementary Particle Physics (Publishing Company, Addison-Wesley, 1964)

W. Altmannshofer, P. Ball, A. Bharucha, A.J. Buras, D.M. Straub and M. Wick, Symmetries and
asymmetries of B — K*up~ decays in the standard model and beyond. JHEP 0901, 019
(2009). http://arxiv.org/abs/pdf/0811.1214.pdf


http://arxiv.org/abs/hep-ph/0205287
http://arxiv.org/abs/http://arxiv.org/abs/pdf/0811.1214.pdf

Chapter 5
Dirac Algebra

Abstract In this chapter we present the basics of Dirac spinor algebra needed for
calculations involving fermions. We introduce the commuting and anti-commuting
relations among the various Dirac matrices and we present the basics of calculating
spinor traces. The tools given here can be used to further calculate lengthy and more
complicated traces involving Dirac matrices. The transformation of spinors under
Lorentz transformations is also presented consistently together with the bilinear
covariants. Finally a short comparison between QED and QCD is given for a simple
process.

5.1 Dirac Matrices

We shall start this chapter by introducing the well known Dirac equation. It reads

(id—m)yx) = 0| (5.1)

where we have used the Feynman slashed notation @ = v#9,,. The v* Dirac matrices
obey the Clifford algebra

(V9" +7"7") = ¢" L, =700 5.2

N =

1
Lt AV =
PALERA
Thus, it is straightforward to deduce
(V)" = -(") = L, =90 AT = (53)
where 14 is the identity matrix in 4 dimensions (that we shall not write down explic-

itly unless necessary). Using the previously introduced ~+* matrices one can further
construct two others. The first one

_ 0123 i
15 =i = = wasy"y" Y, (54)
© Springer International Publishing Switzerland 2016 69
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with 0123 = —€p123 = 1, and the second one
o = %[v“m”] = %(’Y#’YV —yM). (5.5)
It is easy to check that
vs ot = %Ewa‘g Taf> (’)’5)2 = Is. (5.6)

In the previous expression we have defined o5 = g,, 953 ot Using the Clifford
algebra one can easily prove

%= "t = A0 g AP, (5.7)
and

{ys5.7"} = 0, [vs, "] = 0. (5.8)

Thus, using the Clifford algebra and the previously introduced o#*¥ matrix, one can
write yH~v" as

SV

7' =29

Y ,.YV,}/H = g/LV — l O"UIV . (59)

With all the previously introduced concepts one can calculate any tensor contraction
i.e.,

Yy =414, YAy ==29", Y Py = -2p, (5.10)
etc., or products of the type
P4 =p-q—1i0" puqu, (5.11)
or tensor identities like
AEA AP F AP A AR = 2( g AP — g A+ g AM). (5.12)

The following results involving the Levi-Civita tensor density! will also turn out to
be useful:

E(yﬂ;w €afop = 2(5% 5; — 557‘ 5/‘;)’ (5.13)
caBph €appy = —60L, (5.14)
B Capy = —24. (5.15)

ISee Chap. 1 for the definition of tensor density.
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Some authors use gﬁ instead of the usual Kronecker delta tensor &/,. This should only
be interpreted as a mnemotechnical rule for raising (or lowering) tensor indices i.e.,
gb — ¢/. Thus, it is used to remind that when raising an index of the Kronecker
delta tensor it frans forms into the metric tensor i.e., g"* o7 = g"”.

5.2 Dirac Traces

When computing transition matrix elements involving fermions, one usually needs
to calculate traces of products of Dirac matrices. One could find useful the following
generic trace properties

Tr{A} = Tr{AT}, Tr{A + B} = Tr{A} + Tr{B}, (5.16)

where T stands for transposed, and

Tr{A; ... Ay} = Tr{Ay A1 ... Ay_1)

Tr{Any_1 Ay A1 ... AN_2}, 5.17)

etc., which is called the cyclic property. Returning to the Dirac matrices, using the
previous results one can calculate any trace of Dirac matrices. Some interesting
simple results are presented next.
Tr{ys} = Tr{y#} = Tr{c"’} = 0. (5.18)
For an odd number of Dirac matrices one finds (k € N)
Tr{#* ... 4F2%+1} = 0, (5.19)
therefore, the following equality also holds

Tr{vys " ... 4Pk} = 0. (5.20)

Other interesting results are

Tr{y" 4"} = 44", (5.21)
Tr{y"~,} = 16, (5.22)
Tr{ys 7"} = 0, (5.23)
Tr(y" 4" 4727} = 4(g" 97" — g ¢"7 + g"7 g'"). (5.24)

Tr{ys " 7" 7777} = —4ie™P. (5.25)
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With the tools given here, one can calculate more lengthy and complicated traces
involving Dirac matrices with no further complication.

5.3 Spinors and Lorentz Transformations

In this section we shall study the transformation of a spinor field ¥)(x) under a Lorentz
transformation

= XM= A X (5.26)

Under the previous transformation a spinor field should transform as

Px) — Y = Y(Ax) = S P |, (5.27)

where we have supposed there exists a linear operator of the form S(A) that imple-
ments the Lorentz transformation A on the spinor field ¥ (x). Let’s further analyse
the properties that this operator should have:

P = SA)Y(x) = S YA x) = S(A)SATHY' ). (5.28)

Therefore we have found that S(A~!) = S~!(A). Let’s move on and see what are
the implications of this operator on the Dirac matrices. One of the basic principles
of Relativity (Special or General) is that all equations of motion must have the same
Jform in all reference frames. Thus the Dirac equation

(iv" 0 —m)(x) =0, (5.29)
in terms of the primed variables must be written as

(i+" 0, —m)y/(x)) = 0. (5.30)
where 0/, = 9/0x"". We find the following

0= (i7" 8 —m)be
= (i7" 8 —m) s~ v

(i S 571 ) 9 = m) ')
(i S(A) Y STHA) A, 8, — m) W' ()

(i A, — m)z//(x/). (5.31)
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Thus, under a Lorentz transformation (5.26) the Dirac gamma matrices are related
through

A = S(A) (A”u 7#) sl | (5.32)

Let’s now try to find and explicit expression for S(A) for a proper orthochronous
Lorentz transformation (1.124)

2
A, = 80 + AWF, + O(Aw?). (5.33)
‘We write down the ansatz

S(A) = Iy + by A" + O(Aw?), (5.34)
STHA) = Iy — by AW + O(ALY). (5.35)

with Awh” = ¢* Aw",) where b,,, must be 4 x 4 antisymmetric matrices (in the
g w Yy

1, v indices due to the fact that Aw#” is also antisymmetric). Thus, the relation

(5.32) takes the form

7 = (It bop A™) (4 + A", ") (1 = bas A7) + -+ (536)

Keeping only terms up to O(Aw) we obtain

AW’ 4" = 7 bapg Aw™ — by AW 4”
= AW’ v, bugsl. (5.37)

On the other hand we can write Aw”, 7/ as
1
A’ A = 5 AW (73 8% = 70 07). (5.38)
Comparing the last two equations (for arbitrary Aw®?) we find

(’yg 0p — Yo 65) = [, bapl. (5.39)

| =

It is easy to check that this relation is satisfied for

i
bog = ~1 Oaf- (5.40)
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Thus, the operator that implements an infinitesimal proper orthochronus Lorentz
transformation on the spinor field is given by

i
SW) = Iy = 7o At 4 .|, (5.41)

with its inverse given by

i
STHA) = Iat gow Aw 4 - = 05790 (5.42)

For a parity transformation (1.127) we simply find
S(A(P)) — 5! (A(P)) — st (A(P)) = 40 (5.43)

Defining 1 (x) = 1 (x) 7", we obtain that under a Lorentz transformation this spinor
transforms as

D' = P) STHA). (5.44)

Restricting our transformations to proper orthochronous Lorentz boosts and parity
we can construct the following bilinear covariants

P (x") Y (x') = ¥(x)P(x) — scalar, (5.45)
(x5 ¢ (x) = det(A) 1 (x) 5 1h(x) — scalar density, (5.46)
I () = A () 7Y (x) — vector, (5.47)
D (x") sy (x") = det(A) A*, h(x) 457" h(x) — vector density,  (5.48)
Oy o () = Ay AV 5(x) 0P b(x) — tensor. (5.49)

5.4 Quantum Electrodynamics

We are now ready to move on and apply all the spinor techniques learned in the
previous sections to the calculation of scattering processes. We will turn our attention
to the QED Lagrangian

1 1 2 _
Loep = - F ., F'" — i(BMA”) +ipy" o,

—mY—e QA UMY (5.50)
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As it is already well known, the QED interaction Lagrangian is obtained by
imposing local gauge invariance on the Dirac field. Using QED as an inspirational
toy-model is how the Standard Model was finally born. If one extends the local
gauge invariance principle from the U (1) group (that corresponds to QED) to the
SUB)c ® SU(2)r ® U(1)y group and introduces the adequate fermion families,
one obtains the the Standard Model Lagrangian.”

Returning to our simple QED Lagrangian, after quantization® (canonical, path
integral, etc.) one can define the Feynman rules of the model. In our case they are
given by

Vertex: —ie QM

. i . ptm
Fermion propagator: =i— 5
p—m p>—m
1,V
—g+(1- T2
Photon propagator: ~ANANANANANANN | pe d
for the vertex and propagators, and
P —
Fermion out: ® ur(p)
P —
Antifermion out: @ v (p)
P —
Fermion in: ® u,(p)
P —
Antifermion in: ® v, (p)
P ——
Photon out: ANNNNNNNNY E/’j’ (p)
P —
Photon in: ANNNNNNNNS e/’lr (p)

for the external fields (the index r stands for the corresponding polarization). The
Dirac spinors introduced previously satisfy the equations

2For anice review of how this is done read A. Pich, The Standard Model of Electroweak Interactions,
http://arxiv.org/pdf/1201.0537v1.pdf and A. Pich, Quantum Chromodynamics, http://arxiv.org/pdf/
hep-ph/9505231.pdf.

3For more details one should consult the last four references at the end of this chapter.


http://arxiv.org/pdf/1201.0537v1.pdf
http://arxiv.org/pdf/hep-ph/9505231.pdf.
http://arxiv.org/pdf/hep-ph/9505231.pdf.
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(p—m)ur(p) = O, @, (p)(p—m) = 0, (5.51)
(p+m)ve(p) = 0, U (p)(p+m) = 0. (5.52)

Summing over the polarization of the spinors one finds the following relations

2 2
D up)u(p) = (p + m), D up) = (p—m)| (553

r=1 r=1

These two results will turn out to be useful for calculating squared matrix elements
for unpolarized fermions, as we shall shortly see with an example.

5.4.1 Unpolarized Transition Matrices

In this subsection we will use the previously Feynman rules to present the basics
of the scattering matrix calculations involving spinors and photons. Consider the
following process

er(pe (p) — k) v(ka). (5.54)

The corresponding Feynman diagrams are shown in Fig 5.1. The total squared tran-
sition matrix will be given by

M = [Mi]? + [Ma]? +2Re M M. (5.55)

Fig. 5.1 Feynman diagrams

for electron-positron

annihilation to a pair of

photons —iM, =

—iMso =
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Here we shall only focus our attention on diagram (1). The rest of the calculation

is left for the reader as an exercise. The transition matrix for the first diagram is
given by

My = & Q% f (k) € (ka) vy, (p1)

1
(P2 — k2)? — m?
x Y (py — ko +m) v ury(p2). (5.56)

In the following we will explicitly calculate the hermitian conjugate of the spinor
part of this transition matrix:

(ml W (py — k2 +m) up, )% =

) :
(vr’] VA (py — Ko +m) Y uy, )
= uf, v (py — K +m) ATy

= ul, V7 (P’ = kA’ + m) 70404

Up, Y (Ppy — ko +m) ¥ vy, (5.57)

Thus, the hermitian conjugate of M is simply given by

T 22 r s i
./\/l1 = e Q '5;;,’(]‘1)61/(](2) (7 —T)? — 2 Ur, (p2)

x 9" (py — k2 +m) 4" vr (p1). (5.58)
The squared transition matrix for the first diagram then reads

1
[(p2 — k2)? — m?]?

M = &t 0* & (ki) €y k) €7 (k) €6, (k)

X ﬂrz ’71/ (Wz - k2 + m) '7// Ury vrl '7“ (]92 - kZ + m) 'Vl/ Upy.
(5.99)

Introducing explicitly the matrix indices (the upper index for the rows and the lower
for the columns and again, with summation over repeated indices understood) for
the spinors and the dirac matrices we find



78 5 Dirac Algebra
), (1)} (P2 = K2+ m)L ()] (vn) (B1),,
x (1), (= k2 +m), (17),, (ur)" =
= ()] (P = K2+ m)] (") (vn)' (1),

G (P — b m) () ) (@), =

Te{ 7" (py — Ko +m) 3" vr, Tp, 3 (py — Ko +m) Y upy iy ). (5.60)

Summing over the polarizations of the fermions and of the photons we obtain

1
[(p2 — k2)? — m?]?

X Te{ v (p, — ko +m) ¥ (p, —m)

Z |M1 |2 = Q4 (_guu’) (=guw)

r,8,r1,r2

X A (py — k2 +m) (py +m) } (5.61)

The corresponding formulae needed for calculating cross sections and decay rates
are given in Chap. 3.

Note that, when summing over the polarizations of the photon we have made the
usual substitution

S (p) = —guw- (5.62)

This can safely be done in QED due to the fact that it is an abelian gauge theory.
The photon always couples to a conserved current and the non-physical polariza-
tions do not contribute to the physical observables. For QCD, which is non-abelian,
the previous substitution must be done with care. We shall discuss this in the next
subsection.

5.4.2 Non Abelian Gauge Theories
Consider the following QCD process

q(p1)qg(p2) — g(p3) g(pa). (5.63)

where gg stands for a quark-antiquark pair and ¢ stands for gluon. For this process
one has the same two diagrams from the previous section (with gluons substituting
the photons and quarks substituting the electrons) plus a third one, that involves a
triple gluon vertex (which is absent in QED). The complete set is shown in Fig. 5.2,
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P1, & ps3, p, €
R — s R —
—’LMI = P2 — P4
é‘/
—_ —_
P2, Py, 0, d
b, @ p3, p, €
6 /
—iMo = P2 —Dp3 ~
. ¢
p2, pa, 0, d
p1, @& Ps3, ps C

—iMsz =

P2, B pa, 0, d

Fig. 5.2 Feynman diagrams for ¢g annihilation to a pair of gluons

where we have also included the corresponding colour labels and Lorentz indices.
Due to the presence of the third diagram, if one makes the same substitution (5.62)
for the gluon polarizations, one will obtain the wrong result. It is so, because one
includes into the squared transition matrix non-physical polarization of the gluons
(they are not coupled any more to conserved currents for this third diagram, thus the
non-physical polarization do not vanish). There are two solutions. One can explicitly
introduce the expressions for the gluon polarizations and only sum over the two
physical ones (which can result rather tedious) or make the substitution (5.62) and
introduce the Fadeev-Popov ghosts (at tree level). This is the approach that we shall
present next.

Therefore, in order to get rid of the contributions of the non-physical polariza-
tions of the gluons we will sum the ghost-antighost (c¢) contributions from Fig. 5.3
(diagram (A) or diagram (B), as they both lead to the same result).

Thus, the (correct result for the) total cross section will be given by

0(qq = 99) = 343 — 99) +0(qq — cd)| (5.64)

The explicit expressions for the cross sections read

o 1 = ] )
o(qq — 99) = mz /sz ‘M(qq - 99)’ ; (5.65)
- - - 1 ~ _ 12

o(qq — cc) = m Z /sz ‘MA(‘ICI — cc)| , (5.66)
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P, @ Ps3, €
s
—iMa =
p2, ) pa, d
P, @ e Py C
—iMp = e
P2, B pa, d

Fig. 5.3 Feynman diagrams for ¢g annihilation to ghost-antighost

where we have introduced the spin and colour (N, = 3) averaged sum

~ 1
Z N2 (2] + 1)2 Z Z (5.67)

pol. col.

and where

MG — g9 = |Mi]* + |[Ma|* + | M5 + 2Re MM,
+ 2Re MIM; +2Re M M3, (5.68)

When calculating these cross sections one must remember that d Q> includes an
identical particles 1/2 symmetry factor for the cross section with gluons in the final
state, whereas this factor does not exist for the cross section with ghosts in the final
state (a ghost and an anti-ghost are not identical particles).

It is left as an exercise for the reader to explicitly check the following results
(the needed Feynman rules in the Feynman gauge & = 1 are given in Fig.5.4; the
fermion-fermion-gluon vertex is proportional to the matrix elements (\?),3, where
A% are the Gell-Mann matrices, thus for the external fields the same Feynman rules
from QED are valid except, fermions must also have a colour label «, 3, etc. and
gluon polarization vectors must have a, b, etc. labels).4 For initial state massless
quarks we have (summation over repeated colour indices must not be understood
except if the symbol > is explicitly introduced)

“For a complete set of Feynman rules for QCD (and the SM in general) see J. C. Romao and
J. P. Silva, A resource for signs and Feynman diagrams of the Standard Model, Int. J. Mod. Phys.
A 27 (2012) 1230025, http://arxiv.org/pdf/1209.6213.pdf
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k c
T
TOOO00™ —gs fovC k1,
pa T .
- b
o
)\a
—i .
o gb ( 2 >aﬁ ’7# ’
5]
k, p, c
q, v, b

=95 £ (g (0 = @) + 9u0(a = )+ gup (k= )s )

Ky a v, b v
0000000000000 iili bab
o 3 S km

Fig. 5.4 Feynman rules needed for the g¢ — gg process

—i Mi(a, B, ¢, d) = —i €’ (p3) €y, (p4) U7, (P17

A
) (Hl :)2 Yo r2(P2)95 ZTG5T§/ s
6,0
—i Mao(a, B, ¢,d) = —i €, (p3) €7y, (P4) U, (P1)7p
72—
X (pz_—)g% rz(P2)gs Z 57'§r/3565',

0,0"

k2 — m?2 ap -

(5.69)

(5.70)
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—i Ms(cv, B, ¢, d) = €%, (p3) €5%, (pa) B2 (Pl (p2)(—37)
X (gl/p(k + p3)e + 9,00(_[)3 + Py + Gov(—pa — k)p)

x ———— > 7 [P Gy (5.71)
(p1+ p2)? %“ ap /77 dab
—g
—i My(a, B,c,d) = vrl(pl)’murz(pz)( g )(fw
X paw D ks S S (5.72)

a,b

where we have introduced the short-hand notation 7 5= (A?/2)qp. For the squared
transition matrix, when summing over the colours i.e.,

> M@, B.ed), (5.73)
a,B,c,d

the following properties for the Gell-Mann matrices \* and the totally antisymmetric
structure functions £?b¢ (given by the commutation relation [7¢, 7°] = i f**¢7¢) will
turn out to be very useful

1 16
DD st e = T D TN = 3 (5.74)
a,B,c,d 6,0 c,d
1 2
D D T STy T = g 2 THANND) = -3 (5.75)
a,B,c,d 6,0 c,d
1
Z Z Tga Tgﬂ fbc‘d facd — Z ZZ Tr{)\aAb}bed facd — 12’ (576)
«a,f,¢,d a,b c,d a,b
1
> rhyrhsi f = 3 DD i TN NN = —6. (5.77)
a.B.e.d 8,b ed b

We shall only perform the explicit calculation for the first squared amplitude:

—i Mi(e, B,¢,d) = —i e, (p3) €3, (pa) Uy, (P

x (17 ;74)2 o . (p2) g2 Z s, (5.78)
i M{(a, B c.d) =i €, (p3) €], (pa) Tl (p2) Vel
x %% V(PG D Tha Ty (579)

5/
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Summing over the gluon and fermion polarizations
4
2 / N
2 [Mite Be, " = (=" (=g") 5 D 75T Thy Tava

ri 4,0

x Tr{ve (2 — g) Yy V(B2 — P Vo 2} (5.80)

Finally, summing over the colours, using (5.74-5.77), introducing the spin and colour
average factors from (5.67), one obtains the following results

S = gjzi—':, (5.81)
> Mof = g % (5.82)
i|M3}2 _ _49?4t2+3312;+4u2’ 5.8%)
S IMa? = —g;‘%;‘, (5.84)

and for the crossed terms

~ 8s\ s+r+u
. 4 t —
S 2Re MiM; = g % , (5.86)

240 —1+4u)

D2ReMiM; = gt T (5.87)

The final result for the total differential cross section is given by’

do(qqg — g9) 27 [32 (2 +u*\ 8 (1®+u?
= = oyt - = , (5.88)
dt 252 | 27 tu 3 52

where we have introduced oy = gs2 /4m, the strong coupling constant.

Further Reading

A. Pich, Quantum Chromodynamics, http://arxiv.org/pdf/hep-ph/9505231.pdf
G. Dissertori, I.G. Knowles, M. Schmelling, Quantum Chromodynamics
A. Pich, The Standard Model of Electroweak Interactions, http://arxiv.org/pdf/1201.0537v1.pdf

5The result from Peskin and Schroeder for this cross section seems not to be correct, however our
result agrees (except a 1/2 factor which they did not include) with R.K. Ellis, W.J. Stirling, B.R.
Webber, QCD and Collider Physics.
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Chapter 6
Dimensional Regularization. Ultraviolet
and Infrared Divergences

Abstract The cornerstone of Quantum Field Theory is renormalization. We shall
speak more about in the next chapters. Before, it is necessary to discuss the method.
The best and most simple is, of course, dimensional regularization (doesn’t break the
symmetries, doesn’t violate the Ward Identities, preserves Lorentz invariance, etc.).
When explained consistently, it becomes very simple and clear. Here, we shortly
discuss ultraviolet (UV) and infrared (IR) divergences with a few examples. However,
in Chap. 8, we shall extensively treat one-loop two and three-point functions and
analyse many more examples of IR and UV divergences.

6.1 Master Integral

When calculating higher order quantum corrections (loop diagrams) one will find
that, normally, the loop integrals are divergent. In order to make sense out of this
divergent integrals and be able to properly define finite observables one has to reg-
ularize the divergent integrals (make them finite) and renormalize. In this chapter
we shall treat the regularization procedure. In the next chapter we shall talk about
renormalization.

In order to regularize the loop integrals, one can use different approaches i.e.,
cut-off, Wilson regularization, dimensional regularization, etc. This last approach is
the one we shall treat in this chapter. It is the most adequate due to the fact that it
preserves all the symmetries of the theory. It consists in considering that the space-
time dimension is not 4 but D = 4 + 2¢ and work in the limit ¢ — 0. With this
consideration all loop-integrals are finite. The general D-dimensional integral that
we will always relate to (as we shall shortly see in the next sections) is

de (kZ)a

2y —
J(D,Oé, 6,0 )_ (27.(.)D (k2 —(12)‘8 ’

(6.1)

where D is the number of space-time dimensions, as we already mentioned. We can
easily demonstrate (see Appendix A) that it can be written in terms of the Euler
Gamma function as

© Springer International Publishing Switzerland 2016 85
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(@?)P/2(— gy 3T B—a—-D/)I'(a+D/2)

J(D,OZ, ﬁ’a (4 )D/Z F(ﬁ)F(D/Z)

6.2)

For z a complex number with Re(z) > 0 we have the following property of I"(z)

I'z+1) =z (). (6.3)
Forn =0,1, 2,3, ..., it takes the form of the usual factorial function
I'n+1)=n! (6.4)

The function I"(z) has simple poles at z = 0, —1, =2, ... Inthe region —1 < e < 0
with € € R and |e¢|] < 1, we have the following Laurent expansion up to O (¢)

1
F=g=--=v+0(, (6.5)

where vg = 0.57721 . .. is the Euler-Mascheroni constant. Taking D = 4 + 2¢ with
—1 < e <0, |[¢] < 1 (UV-divergent integrals in D = 4 dimensions are convergent
in D < 4 dimensions) and power-expanding in e, it is straightforward to find the
expression for the UV divergent function J (D, 0, 2, a?):

—i
(4m)?

J(D,0,2,d%) = (1 +~E — In(4m) + In(a?) + O(e)) (6.6)

It will be useful to define the following quantity:

+ e — In(4m) | (6.7)

1
€

N> —

Because a in (6.6) has energy dimensions within the logarithm, we multiply and
divide the RHS of (6.6) by %€, with ;1 a parameter with energy dimensions (called
the renormalization scale), and use the expansion

w2 =1=2¢€ln(n) + 0(e?), (6.8)

to finally obtain the following simple expression for J(D, 0, 2, az)

2

—i 1 a
JD.0,2,a) = i |:6+ln(# )]+0(e). 6.9)
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We can easily relate all the UV divergent integrals to this one by using the recursion
properties of the Gamma function so practically one does not have to integrate
ever again over the four-momentum (except for some special cases where IR
divergences are also present). Some useful results are presented next.

6.2 Useful Results

Using the Gamma function recursion properties we can find very useful the following
relations

2
2\ a 2
J(D,0,1,a°) = 7D/2_1J(D,0,2,a )
2 at 2
J(D,l,l,a): mJ(D,O,Q,a)
2
D
D.1.2.4%) = 2 D.0.2.a>
J( PR ] 70’) D—QJ( 507 70')
4D 42
ﬂazz&):ﬁ%i%lﬂauzﬁ)
2 D 2
J(D,1,3,a") = — J(D,0,2,a%)
4 (6.10)

As we shall see, all these results will be very useful in Chap. 8. One can construct
similar recursion relations for any values of a and 3 of our function J (D, «, 3, a2)
with no additional complications.

It is worth mentioning that the previous relations are general, meaning that they
are valid for any dimension D (D < 4 or D > 4). This can turn out to be useful
also when treating IR divergences (IR divergent integrals in D = 4 dimensions are
convergent in D > 4 dimensions).

An example of integral that is finite in D = 4 dimensions is the following:

—i 1
3272 g2’

J(4,0,3,a°%) = 6.11)

When IR divergences are present we have to be a little bit more careful (with this
integral) as we shall shortly see with an explicit example. Some other useful generic
results in D dimensions for the Dirac gamma matrices are the following:

9" 9 = DlIp,
7' = 2 = D),
VY v = 49" Ip + (D — 477,
YAV AT APy = =29P 4" — (D — 4y, (6.12)
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where Ip is the identity matrix in D dimensions. The standard convention is to take
its trace equal to four:

Tr{lp} =4. (6.13)
Many more relations of this type involving gamma matrices are present all over the

literature. Some other interesting results that involve the function J (D, «, 3, az) are
the following:

dPk (k) k"
&) =0, (6.14)
QmP (k? —a?)?
de (k2)akpku g;w )
— ==—J(D, 1,3, 6.15
/(Zw)D(lﬁ—az)U o /Dot B, a%) (6.15)
Using the last result we can straightforwardly deduce another relation:
dPk (k-p)* [ dPk K'K'pup,
emP (k> —an)? ] @mP (k* —a*)’
B dPk Puby g;u/k2
QmP (k2 —-a%f D
1 [ dPk K2 p?
- D (27T)D (k2 _ a2)“8
P?
=2 J(D, 1,8, 4d%. (6.16)
D
Thus, we have found the following equality in D dimensions
dPk (k-p)? [ dPk (p*/D)k? 6.17)
@mP k2 —ah? ) @mP K —a®) | '

The reader is highly encouraged to find the generalization of this result for (k - p)®
with « an arbitrary positive integer.

6.3 Example: Cancellation of UV Divergences

The following is a simple but very useful example of how the divergent parts of an
integral cancel and lead to a finite final result. Consider

o _ [ APk 4KIK — gk
emP k2 —a?P

(6.18)
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The calculation is straightforward. Using (6.10) we obtain

4
G = g“”(B - I)J(D, 1,3,d%)
4 D
- W——l)— D.0,2,d
g"(5 —1) 7 J(D.0.2.a)

=g (- %) J(D.0,2,a%) + 0(d)

i
=g""—— + 0(e). 6.19
" 5 T 0O (6.19)
Taking D — 4 we obtain:
dPk Akik” — gk i
= r e Y e (©:20)

It is a common mistake to think that because the final result is finite in 4 dimensions
we could have made directly the substitution k*k” — ¢""k?/4 instead of k*k” —
g""k?/D. Wrong! This integral consists in the sum of two parts that diverge in 4
dimensions. Only after these two parts are summed, the final result turns out to be
finite. Thus, the substitution k*k” — ¢"“k?/D is only valid if it gives rise to a finite
result. In our case both parts are finite for D < 4 (and not D = 4) dimensions and
therefore, we must maintain D = 4 + 2¢ until the sum of both parts is performed.

6.4 Feynman Parametrization

Usually we don’t find simple propagators as in (6.1), therefore we have to perform
some manipulations over the denominators. The standard procedure is using the
Feynman parametrization:

1 Ia+p (! x@=1(1 = x)f-1
ABS T B Jo dx Ax £ B — 03 (6.21)
! Fa+p+7) /1 /1
= dx dy x
ABSCT T T(@I (BT Jo  Jo

e =17 =2
[Axy + Bx(1 — y) + C(1 — x)]o+5+7"

(6.22)



90 6 Dimensional Regularization. Ultraviolet and Infrared Divergences

For o« = 8 = v = 1 we simply get:

1
! / dx ! (6.23)
AB 0 [Ax + B(1 —x)]*’

/ / 2 . (6.24)
ABC Axy+Bx(1 -y +C1—-x)]?

An useful alternative for (6.24) is the following:
1 ! ! b osl—x—y-—
—:2/dx/dy/dz( xyz)3
ABC 0 0 0 [Ax+By+Cz]

1-y 2
= a d . 6.25
/0 y/o ‘A0 —y—2) + By +CzP (6.25)

For a generic n-point function one can use the generalized Feynman parametrization
given by:

1 I'(a)
= /dx1/ dxz.../ dx,
ATAT AT~ T@nl(a) ... Taw

a;—1 (Yz 1 a,,—l
8 X Xy .. a
(xlAl + x4, +-~-+ann)
X 0(1 —x1 —xp— - —Xp), (6.26)

where we have defined o = a1 + ap + - - - + «,,. Integrating over the d-function, we
find

1 I'(@)
AP AT LA T(an) D (ag) ... T(ay)

1 11—z l—z1—z9—...—Tp_2o
X / d.Tl / dl‘g / dIEn_l
0 0 0

y e gt T Ly — L — )
a
(fﬂlAl + .’[QAQ + ...+ xn_lAn_l + (1 — X1 — ... — xn—l)An)

(6.27)

Next we shall see a few rather simple examples of how these parametrizations can
be used. However in Chap. 8, we shall use these parametrizations to calculate more
complicated UV and IR divergent integrals.

It is worth mentioning that one can consider the analytical prolongation to the
complex plane and use this last parametrization (6.27) for non-integer powers


http://dx.doi.org/10.1007/978-3-319-22966-9_8

6.4 Feynman Parametrization 91

of propagators. They appear when one wants integrate over the four-momentum,
logarithmic functions that depend on the four-momentum. At the end of Chap. 8 we
shall also take a simple two-loop example to see how this can be done.

6.5 Example: UV Pole

Let’s consider the following integral:

e [ 40K v (6.28)
) emP ((p+h)? —mHk '

Using the parametrization in (6.23) with A = (p + k)2 —m? and B = k? we obtain

1 1 1
= d
((p +k)? —m?)k? /0 M+ —mhx + k21— 0]

: 1
B /o a [(k + px)? —a2]?’ (6.29)

where we have defined a®> = —p?x(1 — x) 4+ m?x. Therefore I* takes the form

I“—/ldx/ dPk kH
- Q@m)P [(k + px)? — a’]?

dPk k" — xpt

/ / @mP [k? — a?)?

= —p / xde(D,O,Z,a )
0

P /01 wdx[+1n (f;)]
=p" (47;)2u [216 /ledx In (_sz(l ;ZX) +m2x)] 630,

(to get to the second line we shifted the integration variable k — k — x p).

6.6 Example: IR Poles

Consider the following integral

I = a7k ! 6.31)
) CmP K2k + p2)*(k — p3)?’ ’
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with p% = p% = 0. Thus our denominator in the limit of small k behaves like

1 < 1
k2(k*> +2ps - k)(k? —2p3 - k) k2(2p2 - k)(2p3 - k)

(6.32)

We can observe two types of infrared divergences present in the denominator of
(6.32):

1.k — 0, which is called soft divergence,
2. p3-korpy-k— 0, which is called collinear divergence. (6.33)

The integral that we are treating here will turn out to be only IR divergent, without
UV divergences (a case where we find both types of divergences will be treated in
Chap. 8). In order to treat these IR divergences, we shall consider the space-time
dimensions to be D = 4 + 2¢’ with ¢’ € R, ¢ > 0 and ¢ « 1 (the IR divergent
integrals in 4 dimensions are convergent in D > 4 dimensions, as we have already
mentioned). Using the Feynman parametrization (6.24) with A = k> 4+ 2p, - k,
B =k*>—2p3-kand C = k?, we find

1_/dx/d/d0k 2x
Y] @oP [k + paxy — pax(l — )2 — a2
dPk 2x
/dx/ dy/a )P k2 — a2

=2/ dx/ dyxJ(D,0,3,a%), (6.34)
0 0

where a2 = —2(p2- p3)x2y(1 —y). Taking D — 4 asin (6.11) would give rise to an
infinity when integrating over the Feynman parameters, as we will see in a moment.
Let’s write J (D, 0, 3, az) in the form of (6.2):

—i ! ! 2\D/2-3

—i

I
_ _ oy \D/2-3 D=5
- (4701)/21“(3 D/2)(=2p2 - p3) /0 dxx

1
x/o dy yPP?=3(1 — y)P/2=3, (6.35)

Using the Euler Beta function (A.17) we obtain the following result for our integral:
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i B o ppal (D=4 TD/2-2)I(D/2-2)
——(470,)/21‘(3 D/2)(=2p2 - p3) D3 TD_4

_ —i I'(3-DJ2)
T @4mP/2 (D -23)

1

(=2p2 - p3)P* 30 (D)2 = 2)r(D/2 - 2)

- __l(_z Cpy) N @m) (=2ps - )ﬁ/L_G/)[‘(E’)F(e/)
T (42 P2 D3 p2-p3 T +20)
j 1 —2p7 - "ra—-¢
S (—Lny U= e, (6:36)
@4m22p;y - p3 4 '(1+2¢€)
Of course, one could further expand using:
/ 1 1 2 2N 1 2
r'eE) = i YE + E(ﬂ' +675)e + 0(e7), (6.37)
r N o ’ I 5 2 2 /3
(IF€)=1=xEge +E(7T +67p)e” + O(e), (6.38)

2 /2
e +ime . €
(=D =e =1xinme —

(6.39)

Thus, we observe that our result (6.36) is proportional to IR poles of the form 1/¢’
and 1/6/2. This is why taking the limit D — 4 as in (6.11), in (6.34) would have
been wrong.

One could argue that in the first example we also have a propagator of the type
~1/k?, which goes to infinity as k goes to zero. Therefore one should find IR diver-
gences in this case also. It turns out, however, that it is not the case. It is clear that
when integrating over x, the expression (6.30) does not diverge. This expression is
divergentif m?> = p? = 0, however this specific case will be treated in Chap. 8. Thus,
any potential IR divergence must be treated carefully. As we can see, after doing the
calculation, the IR divergence might actually not be there.
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Chapter 7
QED Renormalization

Abstract This chapter is intended to present the standard renormalization algorithm
to all orders in perturbation theory in a simple transparent manner. The calculations
are made as explicit as possible, in order to clarify many of the confusions that may
arise when treating this topic. We will restrict our attention to the most academic
example, which is (in my opinion) the QED Lagrangian. We shall use the dimensional
regularization approach in D = 4 4 2¢ dimensions (¢ < 0) in order to regularise the
UV divergences (as it is nicely explained in the previous chapter). Afterwards we
shall take an explicit one-loop example and introduce the two usual renormalization
schemes, the M S and the on-shell scheme. A few clarifying notions on tadpoles are
also given at the end of the chapter.

7.1 QED Lagrangian

The QED Lagrangian written in terms of the bare (non physical) fields, masses,
coupling constant and gauge parameter reads

1 2 =0
Loep =—~F)Fly (auAéto)) +ig )Vﬂaul//(o)

1
4 2% (()) 25(0)
—(0) —(0)
—motp @ — QAP 1 © (7.1)

When including loop corrections the bare parameters will be replaced systematically
by physical parameters of the renormalized theory as we shall see in this section. We
start by analysing the perturbative corrections to all orders to propagators, vertex,
and fields.

7.2 Fermionic Propagator, Mass and Field Renormalization

The relevant diagrams for renormalization are the one particle irreducible diagrams.
A one particle irreducible diagram (1PI) is one that, by cutting an internal line is no
longer connected. The 1PI fermionic self-energy diagrams that are needed for the
© Springer International Publishing Switzerland 2016 95
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fermionic propagator correction are schematically shown below:

ZZ(%CO) =

where we have introduced the short-hand notation (o = (mg, ag, &) for the bare
parameters. For the renormalized physical parameters we shall use ( = (m, «, §).
The fully dressed propagator is given by the Dyson summation:

Zs(pv CO) =

v ) — GO -

Explicitly the previous sum reads:

iS(p, o) = iSVp, o) +iSVp, o) (i Z(p, ) iSVp, o) + -,
(7.2)

where i S ( P, Co) = ’ : is the fermionic tree-level propagator. We obtain
— mo
1 X(p, 1
(p. Co) .

S(p. o) = - T '
(p <o) 7 — mo (p —mo)? p—mo+ X(p, o)

(7.3)

We will now define the Z, renormalization constant that relates the bare (non-
renormalized, UV-divergent) propagator S(p, (o) with the renormalized one Sg (p, ¢)
that contains only the regular (renormalized, UV finite) parts of the self-energy
(denoted as X ®) and that depends on the physical (renormalized) parameters m and
aand &:

1 Z>

Sp. ) = =ZSr(p.0) = :
(p, <o) P+ 2. 00 2SR(p, ) p—m+IR(p.0)

(7.4)

For the mass renormalization the standard procedure is to define the following renor-
malization constants:

m=mo+om = Z Z; ' mo. (7.5)

Using (7.4) we are now able to relate the renormalized fermionic fields ) (x) with
the bare ones ¢¥ (x) with the help of the time-ordered product:

i R

T (600,00 ) ~ ~ 2T (V). 50)).

(7.6)
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We obtain thus, the following relations:

PO ) = 7)), O = 2,7 (x). (1.7)

Next we move on to the analysis of the bosonic propagator and field renormal-
ization.

7.3 Bosonic Propagator and Field Renormalization

The 1PI diagrams that contribute to the photon self energy are given by:

i11M (g%, Go) =

q
= W + N/\/\/@\/\/\/\w «/\/\/@\Am o
Due to gauge invariance g, [T"" = q, IT"" = 0, therefore these 1PI diagrams must
necessarily have the form

a™(q* = (=" q* + q"q") M (g%, (7.8)

with I7(g?) a Lorentz scalar. The Dyson summation for the photon propagator is
then given by:

i D*¥ (g, Go) =

:WM+MM@MM+._

The explicit expression for the previous sum is:

g ’ . . )\ . )
iD"(g*, (o) = iD)(q°, Co) +i DG (q7, Co)(zn/\p(q{ Co))lDfOV)(qz, o)t
(7.9)
2 1— wav,2
where i D/ (42, (o) = i —~ +( 2£o)q 9" /q
q

tor. The second term of this sum gives:

is the tree-level photon propaga-

1 q/LqI/
(- LY g,
q q

(7.10)

A
D5)(q*, o) Th(g°, o) D) (g%, Go) =
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Therefore the complete Dyson summation is finally given by:
1 q"q"” q"q"
DM(g% ) = 3 [(—gﬂ” + 7) (1-1@ 0 +) & 2

1 q"q” 1 q"q”
= —{{-g™ - ) 7.11
612{( (. q* )1+17(q2,éo) S0 q? 71D

Now, as we did before, we relate D* (g2, {p) with the renormalized propagator
D%’ (q*, ¢) by defining another renormalization constant Z3 as

7 pav 1 !
D" (g%, ¢o) = Z3DY (47, 23[(_W qq) qq]
(47, Co) = Z3Dy (g7, ) 72 g+ q* ) 1+ (g% Q) E‘]

(7.12)

where [T is the regular part of the self-energy function from (7.8). Thus we get to
the following relations:

1 Z3
=73 ¢, = . 7.13
b0=23¢ 1+ (g2, C) 1+ Mr(q2.0) 719

Again, using the time-ordered product we obtain the expression for the renormalized
photon field

Al x) = Z32 AR (x). (7.14)

The only thing we have left to complete the renormalization procedure is to analyse
the vertex correction and the coupling constant renormalization.

7.4 Vertex Correction

The vertex correction to all orders in perturbation theory is schematically given by:

—ieg Q A¥(p;,Co) =

el L

The complete vertex comes from summing the tree level one and the previous cor-
rections:
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—ieo Q I'*(pi, Co) =

Simplifying the —i ¢y Q common factor, this sum simply reads:

I'"(pi, o) = ¥+ A" (pi, o). (7.15)

The Z; constant that renormalizes the vertex is defined as follows:

Lo 1 ,,
ML) = TR0 = 5 (AR 0). (16)

where I'g and Ag are (using the same notation as previously) regular (UV-finite)
quantities. With the previous definition we can relate the bare coupling ey with the
renormalized one:

eo T (pi. Co) = 2—01 Il pi Q) = ¢ I(pi. O). (7.17)

We could be tempted to think that ¢’ is the renormalized coupling constant but that’s
not really true. We must carefully look at the vertex diagram and realize that we
have three external fields that also need renormalization. We have a bosonic field,
therefore we must multiply ¢’ by Z3l /% and we have two fermion fields, therefore we
need to also multiply by a Z, term. The renormalized coupling is then given by:

e= ;—Ozzzgﬂze’zzzg/z. (7.18)
1

We can demonstrate that the gauge invariance of the Lagrangian implies Z; = Z,.
Thus, we finally obtain the simple relations between e and o (where o = 2 /4)
and the correspondent bare quantities

e=enZy” = a=Zsa. (7.19)

7.5 Renormalization to All Orders

To sum up, we have found the following relations between the bare and renormalized
quantities

1/2 1/2 —-1/2
@ = 7,4, Al =77 aAn, eo =27y e,

& = Z3&, mo=m—om=ZsZy 'm. (7.20)
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Now we can re-write the original Lagrangian in terms of the renormalized physical
quantities using the Z; renormalization constants that we have defined in the previous
sections:

1 1 2 =0
— ) gprv Iz : 0
LoED = _ZF’“’ F) — o) (GMA(O)) + i ’Yﬂa;ﬂb( )

—(0) =) 4
—mot O — egQAOT 1y
1 w 1 —
= 73 FuF" — E@Aﬂ)2 + Zo iy 9,
- Z4mE1/) -7 EQA;LE“Y’W
1 v 1 0 IS
= _Z ,uz/Fl - i(auAl )2 + ”/)’Y/ 3u¢
—mip — e QAP
1 — _
= 833 P + (020 = Sam)y = 51eQA, 00" | (7.21)

To get to the last equality we separated the Z; terms into their tree-level value 1, and
the loop contributions J;:

Zi=1+6;. (7.22)

The terms of the Lagrangian that are proportional to §; are called counterterms and
they guarantee that our theory has no more ultraviolet divergences at any order in
perturbation theory. One should note that the renormalization process doesn’t consist
in just adding counterterms to the Lagrangian in order to subtract infinities but in a
systematic order by order process which is permitted by our reinterpretation of the
bare and physical quantities of the Lagrangian. After including the quantum correc-
tions and renormalizing something else happened. The renormalized quantities are
now renormalization scale (1) dependent. Thus, one needs to solve the renormaliza-
tion group equations (see Appendix B) in order to obtain their evolution (running)
with the scale.

Our Feynman rules of the theory can now be written in terms of the renormalized
quantities both in the multiplicative or the counterterm approach. For the multiplica-
tive approach, taking a quick look at the Lagrangian one finds the following Feynman
rules
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—ZyieQH

i
Zrp—Zsm

q"q"
(12

—g" + (1= Z39)
2

AN NN NNINNINNINNN —_—
Z3 q

Therefore, when summing the higher order vertex corrections or performing the
Dyson resummation for the propagators (in terms of the previously introduced Feyn-
man rules) one will directly obtain the renormalized quantities.

If one chooses the counterterm approach, the complete set of Feynman rules are
given by the old ones (this time in terms of renormalized quantities)

plus three extra ones that account for the counterterms ~ d;:

—ie QY4

(2]

i(52p — dam)
f\/\/\/\_&/\/\/\/\ i(53 (_g,ul/qZ +q,uq1/)
Thus, when calculating higher order quantum corrections, the inclusion of the coun-

terterms will guarantee the finiteness of our result. Considering for simplicity just
one-loop graphs, diagrammatically this translates into:
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M/Q\Aﬁ + AAARANAANAANA = 1 TTR(G% 0

+ = —ieQ AR(pi, Q)

In the following, we shall study the divergent parts of the one-loop diagrams
and explicitly introduce the counterterms of the theory using the two most common
renormalization schemes, the M S and the on-shell (OS) scheme.

7.6 One-Loop Renormalization Example
At one-loop level the fermion self-energy is given by:

it

At this order we keep corrections of O(«) and drop all the higher order terms,
therefore we can introduce the simplified notation:

i Z(p,Co) =

2(p.G) = Z(p.0) = Z(p). (7.23)

Same consideration is valid for the bosonic self-energy and the vertex correction,
therefore we shall drop the (y, ¢ notation in this section. Returning to the fermionic
self-energy, it is useful to make the following split

Z(p) = Zi(p?) + (p—mo) 22(pP) & Z1(pP) + (p—m) Da(p?), (1.24)

where the last approximation is valid only at the one-loop level. The functions Xy (p?)
and X, (p?) are two Lorentz scalars given by

2 w> (3 R .2
21(P)=mag(z+~-~)52f+21(p ), (7.25)

2e 1
(p?) = Sai—ﬁ (—g + ) = 35 + XY, (7.26)
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where 1/€ = 1/e + v — In(4) as defined in the previous chapter. The functions
Xf (i = 1,2) are the parts of the self energy that contain the UV-divergent term
1/€ and a constant that is determined by the renormalization scheme; El.R are the
regular parts of the self-energies as usual. Performing the Dyson summation for the
fermionic propagator, this time including only one-loop 1PI diagrams

iS(p) =
@: ST T T

we obtain:

Z

S = pomt SRy

=272, Sgp(p) = (7.27)

p—mo+ X(p)

We can now in calculate Z, up to order « in perturbation theory. Recalling that
m = mg + Om, is the finite renormalized mass, then:

S _p=mt Dt (pom (14 27) + 2f
T p—mo+r  p-m+om+%
(p—m)(1+28)+=Zf (1_5m+2)

p—m p—m

xk om+ X
=(1+2§+p_‘m)(1_%_22)

~

-1y 1T (7.28)

The renormalization constants are momentum independent, thus:
om = =Xy, Z, = 1—X%5. (7.29)
Previously we have introduced the Z4 constant as
m=mo+om =my — Zf = ZZ; 'mo, (7.30)

therefore

e, 20 e, 20
Zy~1-3X5+ A1 35+ 2L (7.31)
mo m
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where the last approximation is only valid at the one-loop order. We shall now move
on to the analysis of the one-loop photon self energy:

§ T (g?) =

As we have already mentioned, the expression of IT*”(g?) can be factorized in the
gauge invariant form:

a"(g* = (—g"'q*+q"q") (g*). (7.32)

The function I7(g?) is given by

N> | =

4
g = —a 3 —[ + ] = I, + g (7.33)

We have decomposed as usual I7 (¢%) into an UV divergent (/1) and a regular (/1g)
part. Performing the Dyson summation

iD () =
:W+W+W to
we get:
f0 = 25¢ -z (734)
T 1+~ 1+ k(@) ‘
Up to order ¢, the Z3 renormalization constant is given by
z—1+HR~(1+17)(1 Or—T)~1-11 (7.35)
3= 1+ 11 ~ R R ) ™~ € .

Finally, the one-loop vertex correction is simply given by:

P2
—ieo QA (p;) =

p3

The vertex function A*(p;) explicitly reads

'u25 1
A“(Pi)=oc4—{W“[—§7+---]+~--]. (7.36)
vy €
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We can decompose as usual A* into its finite (Ag) and UV-divergent (A.) parts:
Af(pi) = AP + A’,é(p,»), with AP = A1 A, (7.37)

Summing the one loop correction to the tree-level vertex one obtains

—ieg QI (p;) =

= +
Simplifying the —i e9 Q common factor we have
r'(pi) = +"+ A"(pi). (7.38)
Introducing the Z; renormalization constant
I =M1+ A) + Ak = ir;; = qu + AR, (7.39)
Z Z
up to order v we obtain
Z1(7 0+ A + AR) ~ ZiyM (U + A + Al = + A, (7.40)
Thus
Zi=1- A (7.41)

In conclusion, the one-loop level QED renormalization constants are given by:

Zi=1- A, = 5 = —A,
Zy=1-1I. = 8y = 11,
Zy=1- 53§ = 5 =—X5
Zy=1—5545{/m = bg=—35+ X /m| (142

with Z| = Z, therefore, X5 = A, as it can be explicitly checked.

It is worth making the following comment. As the photon always couples to
conserved currents, the g#g” part of the propagator will always vanish when calcu-
lating physical observables. Thus, one can simplify the renormalization procedure
by choosing for example the Feynman gauge (¢ = 1) for the tree-level photon
propagator and, when summing higher order corrections, simply ignore the g*¢”



106 7 QED Renormalization

terms. However, in this chapter I preferred giving the full formal renormalization
prescription.

7.6.1 M S Renormalization Scheme

The split we have just made between the UV divergent and the regular parts of the
previous functions is somewhat ambiguous. A given choice of this separation defines
a renormalization scheme. For the M S scheme, the Z; renormalization constants only
absorb the 1/¢ terms (plus no other constant) thus, they are simply given by:

o 1
Zy=7Z1=1+ _pWE, (7.43)
1
Zy =1+ %uzﬁz, (7.44)
a 1
Zy =1+ —p*3+6-. (7.45)
41 €

Next we present the on-shell (OS) renormalization scheme.

7.6.2 On-Shell Renormalization Scheme

For this renormalization scheme the expressions of the counterterms are not as
straightforward to obtain as previously. In the OS scheme the renormalization coun-
terterms must guarantee that the the poles of the renormalized propagators coincide
with the physical masses (m for the fermion and O for the photon in our case). The
standard procedure is shown next.

Let’s take a look at the fermionic propagator (7.27) and make a Taylor expansion
around the pole (p = m)

1 1
p—mo+E(p)  p—mo+ Em)+ (p—mE(m)
V)

~ = = , (7.46)
p—m+X5m)+ (p —m)X'"(m)

where X’ (m) is the short-hand notation for

d
> (m) = ﬁx(p) (7.47)
p=m
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(when differentiating with respect to p one must take into account that pr = 11)2,
thus dpz/d]b = 2p). Imposing that YR(m) = 0and Z’/R(m) = 0 (the pole of the
renormalized propagator is given by the physical mass with same residue 1 as the
tree-level propagator) we have

1 z
p—m+om+ X(m)+ (p—m)X (m) ~ p—zm' (7.48)
Choosing the mass counterterm to be
om = —X(m), (7.49)
we obtain the Z, renormalization constant at one-loop level
Zy = 1-X(m) = Z. (7.50)

Thus, after having defined the previous renormalization constants, looking again at
(7.27) we find that for the on-shell scheme, at the one-loop level, the regular part of
the self-energy is given by

R(p) = Z(p)— Zm) — (p—m) Z'(m). (751)

Looking at (7.34), for g*> = 0 we have the following relation

1 Z3

= . (7.52)
1+0) 1+ z©0)

Imposing the on-shell condition /7¢(0) = 0 we obtain the Z3 renormalization con-
stant:

Z3 =1-—11(0). (7.53)

As in the previous case, looking again at (7.34), for arbitrary ¢2, the regular part of
the bosonic self-energy reads:

Mr(q*) = M(g*) — I1(0). (7.54)

Any other condition imposed on the vertex would be redundant. As we have already
mentioned many times, gauge invariance fixes Z; = Z,, and therefore the value of
the regular part of vertex function is also fixed by the previous on-shell conditions.
So far we have supposed that the fermion of the theory is a stable particlei.e., it does
not decay into lighter particles. If the fermion can however, decay (a muon for exam-
ple), we must slightly modify the previous on-shell conditions for the fermion mass
and wave function renormalization (besides of course, including and renormalizing
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the new terms of the Lagrangian). If p2 > (Zl m,~)2, where m; are the masses of
the particles in which the fermion can decay, then X (p) develops an imaginary part
that is UV-finite (thus, it needs no renormalization). Separating the self energy into
the real and imaginary parts, (7.27) takes the form:

1 . V4)
p—mo+ReX(p)+ilmX(p) p—-m+ReZR(p)+ilmZ(p)

(7.55)

At one-loop order:

p—mo+ReS(p)+ilmE(p) = Z;" (p —m+ReXR(p)+iIm Z‘(p))
~ (1—8)(p—m) +Re ZF(p) +iIm 2 (p).
(7.56)

Thus, at this order in perturbation theory

1 N Zy
p—mo+ReZ(p) p—m+ReZR(p)’

(7.57)

Using the same procedure as previously (making a Taylor expansion around the pole,
this time only for the real part of the self-energy) we obtain

om = —Re X (m), Z, = 1 —ReX'(m) = Z;. (7.58)
and
Z‘R(lzﬁ) = ReX(p) —ReX(m) — (p —m) ReZ"(m)—i—iImE(p). (7.59)

The imaginary part of the self-energy shifts the pole of the propagator from the real
to the imaginary axis. Wh. hing the on-shell regi 2 = m?), this imagi

y axis. When reaching the on-shell region (p m~), this imaginary
part takes the well known Breit-Wigner form

iImX(m)=imoI, (7.60)

where I is the total decay rate of the fermion (see Chap. 12 for details and demonstra-
tion). This has a physical consequence. It is obviously the reason why, experimentally,
aresonance doesn’t peak as a delta function, but has a finite width.

As the Imaginary part of the self-energy does not affect the UV-divergent poles,
the M S-scheme must not be modified for unstable particles.
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7.7 Renormalization and Tadpoles

Depending on the quantization procedure one might have to deal with tadpoles. This
topology is shown in Fig.7.1. The contribution of this diagram modifies the vacuum
expectation value (vev) of the field as we shall see in a moment. If one uses the
canonical quantization procedure with normal ordered products of fields one will
never find this topology as it involves the contraction of two fields in the same space-
time point. If one uses the path integral quantization, one finds the same topologies
for the connected diagrams as in the previous case plus tadpoles. Thus, when dealing
with propagator corrections one will find topologies like

which are not proper 1PI diagrams. Do not confuse tadpole topologies with the
seagull topologies that are shown below

The seagull topologies (which are oftenly also called tadpoles by many authors) are
proper 1PI diagrams and must be included into the renormalization algorithm.

Returning to tadpoles, in order to get rid of these contributions one usually rede-
fines the field’s vev and generates a counter-term in the Lagrangian that cancels
the tadpoles to all orders in perturbation theory. We can explicitly see this with the
following example. Consider the ¢* Lagrangian

1 1 A
L) = S0"H(0)0up(x) — §m2¢>2(x) —~ g(zﬁ(x). (7.61)

Including one-loop order corrections one finds that the vev of ¢ is given by

016()10) = —. (7.62)

m

Fig. 7.1 Tadpole topology

it
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with # shown in Fig. 7.1. Defining a new field ¢/ (x) = ¢(x) —t/m?, one immediately
finds

(0l¢(x)'10) = (0l(x)|0) — # (010) = 0. (7.63)

Rewriting the Lagrangian (only the parts that correspond to the free field, obviously
the interaction term must not be modified as it was already used to calculate #) in
terms of the field ¢’ (x) one generates a counterterm of the type Lo (x) = —¢'(x) ¢
which cancels the tadpole contributions.! Diagrammatically

) —e-
T

for the propagator correction. So, in this simple ¢> model one does not even need
to bother in calculating tadpoles. They simply cancel when the counterterms are
added. Thus, one can consider as usual, just 1PI diagrams when renormalizing the
Lagrangian. Defining the Z; renormalization constants as

for the vev and

+ =0

ma = Zym? do = z;/z o, Ao = ZyA (7.64)

and dropping the primed notation one finally finds the following Lagrangian in terms
of the renormalized quantities

1 1 32 A

L= 2y50"60u0 ~ Zn Z¢§m2¢2—Z,\Z¢/ §¢3—t¢. (7.65)
This is however, a toy model. Things are not that simple in the electroweak sector
of the Standard Model. The Higgs field will generate tadpoles. After performing a
similar redefinition one will generate a similar counterterm. However, there will be
terms in the Lagrangian that will generate diagrams of the type

h @ h
.t

tadpole

One also generates a constant term —r2/2m? that can be safely dropped as it will play no role in
the interactions.
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which must be included in the renormalization process (they also play an important
role in the Ward identities). It is also worth mentioning that tadpoles also play an
important role is one wishes to define gauge independent mass counterterms,> which
is not mandatory (mass counterterms are not observables) but it is a nice feature that
one can exploit. More on tadpoles and the Ward identities in the Standard Model will
be treated in Chap. 9.

Finally, tadpoles for vector fields (massive or massless) in the Standard Model
always vanish, as they would simply break Lorentz invariance (which is one of the
fundamental symmetries of the theory).
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Phys. B 777 (2007) 1, http://arxiv.org/pdf/hep-ph/0612122.pdf
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Chapter 8
One-Loop Two and Three-Point Functions

Abstract In this chapter we present a few relevant calculations of one-loop, one
and two-point (scalar, vector and tensor) functions. IR and UV divergences are
extensively treated. One example of IR-pole cancellation is presented. The two and
three-body phase space integrals in D dimensions, needed for the calculation of IR
divergent cross sections are also given. Last, the usage of the generic parametriza-
tion (6.27) for non-integer powers of propagators (which appear when one needs to
integrate over the four-momentum, logarithmic functions that depend on the four-
momentum) is shown with a simple two-loop example. With the tools given here,
the reader should find straightforward to construct any higher order scalar or tensor
integral for any N-point function at one-loop level.

8.1 Two-Point Function

We shall begin this chapter by studying the two-point function. The reader is highly
encouraged to perform all the calculations step-by-step and reproduce the results
obtained here.

The distribution of momenta is shown in Fig. 8.1. The exterior legs are not neces-
sarily on-shell (meaning that we shall not use the equality pi2 = m%). All the masses
are considered to be different. The denominator of this two-point function is

1
[(k + p1)? —m?](k* — M?)

8.1)

The Feynman parametrization that we will use in this case is (6.23). Taking A =
[(k + p1)?> —m?] and B = (k* — M?) we obtain:

1 1 1
[k + p1)? — m21(k2— M%) /0 i ®2)
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k+p17 m

P1, T P1, "

k, M

Fig. 8.1 Distribution of masses and momenta for the two-point function

where D has the following expression:
= (k+ p]x)2 —a?, a’ = plzx(x -1+ m?x + M2(1 —X). (8.3)

The first integral that we shall deal with is the scalar integral:

dPk 1
QmP [(k + p1)? —m?|(k*> — M?) |

(8.4)

Using the previous results for dimensional regularization from Chap. 6 we find

I = / i dPk 1
Q2mP [(k + p1x)? —a?]?
dPk 1
/ / @mP [k2 — a2

—/ de(D,O,Z,a )

0
_7 1 1 2
= —(47:)21125 [E +/0 dx In (%)} (8.5)

where, to get to the second line we shifted the integration variable k — k — x pj.
The second integral that we shall calculate is the vector integral:

o= / dPk Kt &6
27 ) @emP [tk + p)? —m2(k2 — M?) | '
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This is exactly the one we have studied in Chap. 6:

1“—/ldx/ dPk k-
27 o QmP [(k + p1x)? — a?]?
. 1 2
! 2e i a
= Pl Gt [2€+/0 dxxln(uz)]. (8.7)

The third integral we analyse is another scalar integral:

dPk k>
@mP [(k + p1)? — m?](k* — M?)
The calculation is a little more complicated but equally straightforward:
/ /1 J / dPk k?
= X
o @mP [tk + p1x)? — a? 2
/‘ / dPk (k —xp1)?
= dx
0 QmP [k? — a?)?
1
=/ dx[J(D, 1,2,d%) + px2J(D, 0,2, az)]
0
1 2
a“ D
=/0 dx(D =+ p%xz)J(D,o, 2. 4%
1
=/ dx(a2(2 —0+ p%xz)J(D, 0,2, d%)
0
—i a1l 5 2, |1 ( 2 2 | 2)
= — — M —_ = M — —
@mz! [é(m M= 371
1 a2
+ [ dx(pPx* +24%)1n (—) . (8.9)
0 1

As usual we have ignored terms of O (¢). The next interesting case is the following
tensor integral

w [ dPk ktkY
Y ) @emP [k + p)? - m2(k2 — M?) |

(8.10)
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We find the following expression for 7,":
dPk kHkY
IW / dx/
QmP [k + p1x)* — a?]?
/ / dPk (k" — xpl)(k”—xp
@mPb [k? — a?]?
woa2p
=/ ax (1 (2)7(D,0,2,a%)
) D D—-2

—i gt 1 1, 1
= Wﬂze[( (m* + M?* — gl’%) + Pé Pllj)

€

v

)

+ /01 dx(g;’/a2 + p‘fpfxz) In (Z—i)] (8.11)

The next integral we study is again a scalar type integral:

_ de (k2)2
k= QmP [(k + p)? —m2)(k? — M?) | (8.12)

We obtain:

! dPk (k2)?

Is = dx > ——s
0 QCm)P [(k+ p1x)? — a?]
4
! Pk 2K+ S pi 4 )+t (p])?
= d
/ x/ 2m)P (k2 — a22

:/o dx|:(2x2P12+Bx2p12)D_2+ D2 +x"(p)) i|J(D’0’2’a )

—i 1
- (47)2#26[2(]’)12([7% + M%) +m* + M4)

(P) m2(p? 2 4 4
£ (P w2 ) -t )

! 4 2.2 2 4, 232 a?
+/O dx(3a +6a%x2 p? + x*(p?) )1n <?)] (8.13)

The last integral that we are going to analyse is

dPk khg2
n_
fo _/ QmP [(k + p)? —m2|(k? — M?) - (8.14)
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Fig. 8.2 One-loop fermionic k
two-point function in QED
p
. e
iX(p) = o s
p+k
We obtain the following:

1 dPk kHk?
I :/ dx/ D 2 _ o2
0 @2m)? [(k + p1x)* —a“]

1 2
:—p“/ dx x(l—i—g) @D +x3p% J(D,0,2,d%
" Jo D/D -2
po g : 1 2 3.2 2 2 3.2 a’
= p} (47T)2u A dx ?(30 X+ x pl)—2a x+(3a x+x Pl)ln(?)

. 2
! 2 1 2 M? 1/ py 2 2
= [A(’" +5)+5(5 o)

+ /01 dx (3a2x +x3p%) In (Zi)] (8.15)

In the same fashion, one should find straightforward to calculate any one-loop
integral for any arbitrary tensor function in the numerator. Next we will analyse a
two-point function that presents both IR and UV poles.

8.2 IR Divergences and the Two-Point Function

Besides the ultraviolet divergences we have seen until now, which are treated consis-
tently within the renormalization procedure there are also other types of divergences
called infrared, as we have seen in Chap. 6. Consider the one-loop fermionic QED
two-point function for massless on-shell fermions in the Feynman gauge £ = 1
(Fig.8.2). It reads':

dPk v (p+ B

. _ 2
WP = | oD Rk £ p)?

) (8.16)

I'The QED Feynman rules are given in Chap. 5.


http://dx.doi.org/10.1007/978-3-319-22966-9_6
http://dx.doi.org/10.1007/978-3-319-22966-9_5

118 8 One-Loop Two and Three-Point Functions

with p> — 0 and where we have taken Q% = 1 for the electric charge. Taking a
quick look at the denominator we find that for small &

1 < 1 8.17)
k2(k* +2p - k) k22p-k)’ '
We know that denominator diverges in two cases:
1.k— 0, soft divergence,
2.p-k—0, collinear divergence. (8.18)

It is worth mentioning that a typical way of regulating these divergences is by giv-
ing small masses m., m, both to the photon and the electron and taking the limit
m~, m. — 0 at the end. However, the most elegant way is still, Dimensional Regu-
larization (doesn’t break the symmetries of our theory). As seen in Chap. 6, we must
take D = 4 4 2¢/, with €’ > 0 for the IR divergent parts and D = 4 + 2¢, withe < 0
for the UV divergent parts. In D dimensions the two-point function (8.16) reads:

d’k 2-D)(p+ k)
QmP  k2(k + p)?

! P’k 2-D)y(p+#¥
_ 2
- /0 dx/ Qm)P [k +xp) — 212

1
= —eZ(Z—D)p/ dx(1 —x)J(D,0,2,ad%). (8.19)
0

iX(p) =—e

where we have defined a2 = —pzx(l — x). Now, instead of writing J (D, 0, 2, a?)
as (6.9), let’s write it in the form of (6.2):

E(]?) (47 )D/2Pe (2 DY (2 — D/Z)/ dx(1 —x)(a )0/2 2
= @r )D/2pe 22 — D)2 — D/2)(—p*)P/22

1
x / dx(1 — x)P/2=1xP/2=2, (8.20)
0

Using the Euler Beta function (A.17) we find the following:

o 2 W IQ=D/2)I(D/HI(D/2=1) 555y
Z(p) = (47T)D/2p€ (2—-D) -1 (=p?) .

8.21)

We have an UV pole at D = 4 coming from I" (2 — D/2) and we have an indetermi-
nation of the type 0° for (—p?)?/2=2 when p?> — 0 and D — 4, which will appear
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in our equations in the form of IR and UV poles. In order to regularize this, we must
use the following integral:

/wgaeq_wx_g). (8.22)

-y

2)D/2-2

Therefore, (—p can be written in the following form

2\D/2-2 *© dqz 2\D/2-2
(=p?) =2-D/2) 2q_2(q )
-p
5 [ dg® 1q?\D/2-2
—(_ 2\D/2-2 q-
-t [ (1)

wog
=@2- D/2)(u2)’)/2‘2[/ 2 ol %
2

/ D/2 2]. (8.23)
12

In order to make these integrations we need the following intermediate results

)0/272

H 1 /x\€ 1
/ dx—(—) — —forRe(e) > Oand jz > 0
0 X\l €

1 x\¢ 1
/ dx—(—) = ——forRe(e) < Oand yu > 0 (8.24)
p H ¢

X

Therefore, we can safely take p> — 0 in (8.23) and we obtain

LRy Y L | (8.25)

€
Taking D adequately in each case we find
2

iT(p) = #pez[ - (g)f(é + ny) + (Z—W)f(% + WE)] (8.26)

where we have summed and subtracted v¢ and we have ignored all terms of O (e)
and O(¢'). Introducing our standard notation for the UV pole (6.7) and making a
similar definition for the IR pole

1
=~ + 7 —Iném) | (8.27)

m\>| —_
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we finally obtain

iS(p) = —ip%[ _ ;ﬂ(el) + ;ﬂf(l)} : (8.28)

€

The usual renormalization approach is to also absorb the IR pole into the renor-
malization constant. Therefore we have Z| = Z, = 1 + 6 = 1 + &, (remember
Z1 = Z», see Chap.7) with

- OO N

for the M S-scheme. Note that the renormalized self-energy Xg ( p) = 0 in this case.
One should also realize that Z; and Z» do not contribute to the renormalization of
any physical quantity like the electric charge or the mass and therefore, the running
(with the renormalization scale) of the these physical quantities is not affected by the
IR pole we have included in 41 2 (as it must, the running of physical quantities only
depends on the UV-poles and never on the IR-poles). This last result, (8.29) will turn
out to be extremely useful within a few sections, where we will analyse an example
of IR-pole cancellation.

Next, we shall move on and analyse the three-point functions. The IR divergences
that will appear will be much easier to localize and to treat.

8.3 Three-Point Function

Momentum conservation in this case reads

p1 = p2+ p3, (8.30)

and as usual, the exterior legs are not necessarily on-shell. The arrows in Fig.8.3
indicate the distribution of momenta, and all the masses are considered to be different.
The denominator of this three-point function is:

1
(k2 — MD[(k + p2)? — m2][(k — p3)? —m?]

(8.31)

The Feynman parametrization that we shall use in this case is (6.25). Taking A =
(k> — M?), B = [(k + p2)?> —m?) and C = [(k — p3)* — m*] we obtain:

1 1 1—y 2
= d dz—. 8.32
(k2 — MD[(k + p2)? — m2][(k — p3)? —m?] /0 Y /o ipi (832
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k+p2, m
D2, T2
P1, Ty
> k, M
p3, m3
k— ps, m
Fig. 8.3 Distribution of masses and momenta of the three-point function
with D given by:
D= (k+ p2y — p32)* — b7, (8.33)
b = mzy +mlz+ M (1 — y—2z)+ p%z(z -1
+p3y(y — 1) = 2y2(p2 - p3). (8.34)

The first integral that we shall deal with is the scalar integral:

_ dPk 1
) @mP (k2 = M2)[(k + p2)* — m2l[(k — p3)? —m*] |

C (8.35)

Introducing the Feynman parametrization and manipulating the expression:

1 1=y dPk 2
C| = / dy/ dz
0 0 2mP [k + pay — p32)? — b1}

: 1= dPk 2

- [ 4 d7 [ —— =

/0 Y /0 °) P k2 =P
1 1-y

:2/(@/‘ dzJ(D,0,3,b%)

0 0

—i 1 I—y 1
= W/o dy/o dzﬁ. (8.36)

The second integral we wish to calculate is the vector integral:

dPk Kt
QmP (k2 — M2)[(k + p2)? — m2][(k — p3)? —m*] |

cl= (8.37)
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Introducing the Feynman parametrization we obtain:

w (! 1= dPk 2k
C, = dy dz ) — PREEE
0 0 @mP [(k + p2y — p32)” — b?]

1 1—y
_ 2/ a’y/ dz(—phy + pla)J (D, 0,3, b)
0 0

i 1 1-y _ M ©
1 PrY + P32
= — d d7g—=———. 8.38
@r)? /0 g /0 T (839
The next integral we are going to calculate is:
dPk k?

C; = / — | (8.39)

Q2mP (k2 = MY)[(k + p2)* — m2][(k — p3)* —m*]

Manipulating the expression we get:

1 1—y de 2k2
C3 =/ dy/ dz D 23
0 0 @2m)P [k + p2y — p32)* — b]

1 1—y
=2/ dy/ dz[(1+E)J(D,O,Z,b2)+(pzy—p3z)2J(D,0,3,b2)}
1—-y 1
oo () s o]
= - (p2y — p32)° b?
= Gt [ "2 +/ dy/ [ P ”h‘(ﬁ)“-

(8.40)

The last integral that we will analyse in this section is tensor integral C f v

ch = / dPk etk s
P @R @ = MOk + po)? —mlik = pa? =l |

We obtain the following result:

e dPk 2kHkY
C“":/ d / dz
S 20D [k + pay — p32)? — 2P

1 1—-y guy
=2/ dy/ dz|: J(D,0,2,b%
0 0 4

+ (ypy — zp8) (yp5 — zp§)J (D, 0,3, bz)]
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—i MZE g#Vi+/ldy/l_de
(471')2 4€ 0 0

1 1 b2
x [p(ypg —2p5) (ypy — 2p%) + 59" In (?)] ] (8.42)

For a generic N-point function one can use the Feynman parametrization (6.27)
introduced previously in Chap. 6.

We will now move on to the analysis of the IR divergences of the three-point
functions we have studied in this section.

8.4 IR Divergences and the Three-Point Function

Consider the following configuration for the previously introduced three point func-
tions

p3 =m}=m?, p:=mi=m>, M?=0. (8.43)

with ml2 # 0 or ml2 = 0. In this case the denominator we have is:

1 K< 1

, 8.44
k2(k? 4 2pa - k) (k> — 2p3 - k) k22p2 - k)(2p3 - k) 84
with the two usual infrared divergences:

1.k— 0, soft divergence,

2. p3-korpr-k— 0, collinear divergence. (8.45)
Here we shall only consider the most simple case for massless on-shell particles
ml2 = 0. The case with m[2 # 0 is left for the reader as an exercise. For these

calculations we shall switch to Feynman parametrisation (6.24). Choosing A =
k* +2py -k, B =k>—2p3-kand C = k? as in (6.34), we obtain:

1 1 L)
L / dx / dy 2. (8.46)
ABC ~ Jo o D3
with the denominator D given by
2 2
D= (k + poxy — pax(l — y)) — 2, (8.47)
b* = —2(p2 - p3)xy(l — y). (8.48)

As we have seen in Chap.6, we can not take D — 4 in J(D, 0, 3, b?) when IR
divergences are present. The expression we will be needing is:
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i l1*(3 — D/2)(b*)PP3 | (8.49)

J(D,0,3,b%) = —
( ) (4mDbr22

which we have already introduced in (6.35).

The three point functions treated in this section will carry an IR sub-index. The
first scalar three-point function that we have is (6.31). For completeness we shall
present parts of this the calculation again:

1 1
Cl,IR=2/ dx/ dyxJ(D, 0,3, b?)
0 0
—i ! ! 2\D/2-3
- TI3-D/2 | d dyx(b*)P/>
Gno7 ( /)/O x/o yx(b7)
. 1
r@3—D/2)(—2ps - p3)P/*3 / dxxP?
0

1
X/ dyyP/2=3(1 — y)P/2=3
0

_ —i I'3-D/)2
T @mP2 (D -73)

—1
- (47T)D/2

(=2p2 - p3)P* 30 (D/2 = 2)r(D/2 - 2).

(8.50)

Taking D adequately we get the following result:

dPk 1
CrLir = D 12 2 2
@2m)P k*(k + p2)*(k — p3)
j 1 —2pa - ' I(1—¢
- ! (FLy U= po) (8.51)
4m22p;y - p3 41 (14 2€¢)

Let’s now continue and analyse the second integral Cg R:

1 1
Cg,IR:2/0 dX/O dyX(—p’z”xwapé"X(l —y))J(D,0,3,b2)

=i I'G-D/)I'(D-3)
~ (4m)D/2 I'(D-2)

X /0] dy( —phy+p5d — y)) (y(l B y))D/2_3

=i I'G-D/)I'(D-3)

© (4m)D/2 r'(D-2)

Ir'(D/2—-1)I (D)2 —2)
r'(D—3) '

(=2p2 - p3)P/*?

(=2p2 - p3)P/*?

x (p§ — py) (8.52)
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We obtain the following simple result:

cn [ 4% ket
LR 2m)P k2 (k + p2)?(k — p3)?
i 1
= (p§ — pb)

(4m)2 2psy - p3
x (_2172 . P3)E’F(1 —eHr(1+¢)
4 T2+ 2¢)

) (8.53)

Continuing with the third integral we get:

c /ld / J / dPk 2xk?
= X
RZ Lo e P @oP 1l + paxy — pax(1— )2 —b7F
1
=/ dx/ dy(%DJ(D,O,Z,bZ)—4(p2-p3)x3y(1—y)J(D,O,S,bz))
0 0

= B(J(D,0,2,b%) +C(J(D,0,3,b%). (8.54)

The B function is, of course, UV divergent:
1 1
X 2
B:/ dx/ dy—DJ(D,O,Z,b )
0

—i ] 1
ZW,U E+§+ /dx/ dyxln

—i 11 —2p; - !
L [7 + -4+ (# +2/ dx/ dyx In[x?y(1 —y)]]
0 0

- (477)2 e 2 1
= i 2w () din] (8.55)
@t 1272 2 ’ '

where we have taken
In(—=1) = In ™ = +ir. (8.56)

The second integral, as we shall see is in fact, finite:

1 1
C=—4(p2- p3>/ dx/ dyx3y(1 — y)J(D,0,3,b%
0 0

1 1
=2(p2- p3) r3-D)2) / dx / dy x3y(1 — y)(*HP?73. (8.57)
0 0

1
(47T)D/2
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We have no poles at D — 4 thus, we obtain the simple result

i1
(4 1)22 + 0. (8.58)

Therefore, our scalar integral is finally given by

P B k?
MRT ] @mP Ik + po)Pk — p3)?
i 1 2p2- p3
= Gt [E —24+n (u—) + m] (8.59)

The last integral we are going to analyse is C} g
dPk  2x
uv
Com = / dx/ / @mP [k — b2
x [k = phxy + pe(t = | [K = phay + pyt - ]
1 1
x
:/ dx/ dy|:g‘“’—J(D, 0,2, b%) + 2x° (pzy p3(1 - y))
0 0 2
v v 2
X (sz —p3(1 = J’))J(D, 0,3,b )}
= EM(J(D,0,2,b%) + F*™(J(D,0,3,b%)). (8.60)

The UV-divergent tensor function £/ gives:

1 1
5!”:/ dx/ dyg“”fJ(D, 0.2, b%)

(4;)2“ /d"/ a5 ““(b )]

_g;w(4_7r)2u i[ +1n (2171—173) 3:|:z7r]. (8.61)

;w

The remaining structure is IR divergent:

1 1
= [Cax [ ayee vy - pha - )
0 0

x (p5y— P51 =9))J(D.0.3,5)
_ —i I'3-D/)I'(D-2)
~ (4m)P2 rp-1)

x (pz”y —p3(l — y))(— 2py- p3y(1—y)

ldy(Pfy —p5( - y))
’ )D/2—3
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—i I'G-D/2)I'(D-2)

- B o \D/2-3
= anbn D1 (=2p2 - p3)
rp/2)rp/2—2
X[(pé‘p’2’+p§p§) ( /FzD(_é) )

— (Ph %+ pyph)

Therefore, the final expression for C i“fR that we find is:

rp/2—-1Hr{o/2-1
r'(D-2) ]

dPk kMY

cl =
4R Qm)P k2 (k + p2)2(k — p3)?

=+

=9 a2t ale 0

2

—i Irl 2ps -
S — 25—[ ln( P2 p3)—3:|:i77]

¢ I'(l—¢)

n i 1 (—2p2 : P3)
(4m)2 2p2 - p3 4w

I'(3+2¢)

x (405 + PP @+ Hre)

— PSPy + pE P21+ )]
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(8.62)

(8.63)

In the following we shall introduce the two and three-body phase space expressions
in D = 4+2¢ dimensions, needed for the calculation of IR-divergent cross sections.
Afterwards, we will calculate an IR divergent process for which we will make use
of all the IR-divergent integrals introduced in this section and also the IR-divergent

two-point function presented previously.

8.5 Two and Three-Body Phase Space in D Dimensions

For D = 4 4 2¢ with ¢ > 0 we have the following two-body phase space:

132

40, = L (P0y ! oot — oI
Ja02= - (%) Faray ) vt o

(8.64)

where p = |p| = ym|v| is the center of mass momentum (of the final state particles)

given by

M2 (s, m2, m3),

. 1

(8.65)
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and where A(x, y, z) is the usual Kallen function A\(x, y, x) = x>+ y> 4+ 2% — 2xy —
2yz — 2xz. The variable v is defined as

1+ cosd

= +— (8.66)
2

with 6 the CM scattering angle. If we are dealing with final state identical particles,

we need to also multiply by the 1/2 symmetry factor. If the squared transition matrix

does not depend on the angle 6, we can integrate over v and obtain the simple result

L oppNe TU46)
Jaor= =L (5) fians | (8.67)

The three-body phase space is given by:

02 _o¢! 1 1
/dQ3 = 2(4n)? (%) 2 F(2i2e’)/0 da: /H drs

X [(1 — Il)(l — Ig)(l — 1‘3)]6

(8.68)

where QF = p1 + p2 + p3 (with pl” the final state particle momenta) and where
we have introduced the x; kinematical variables:

_2p 0 A0 2030
o -2 0 T o

It is easy to check that x; + x» + x3 = 2. If we have n final state identical particles

(8.69)

1
(n = 2, 3) we must also multiply by the — symmetry factor.
n

When averaging over the spins of the initial state particles, it is conventional to
consider for massless on-shell photons or gluons D — 2 = 2(1 + ¢) polarizations.
Fermions are considered to have two spin-polarization states as usual.

8.6 Cancellation of IR Divergences

Consider the following collision ff — 7* — ete™y, with ff any fermion-
antifermion pair. The corresponding cross-section for this process can be written as

o ~ FM /dQ3 Ly, (8.70)



8.6 Cancellation of IR Divergences 129

with F#¥ the initial state fermionic tensor and with L ,,, the final state leptonic tensor.
Due to QED gauge invariance we can write the previous expression (8.70) in the form

o~ F9 gy / 403 Lo g™, 8.71)

therefore, the calculation of this cross section can be broken into two disjoint pieces.
As we are only interested in the final state (it is where the IR divergences will appear)
we will just focus on the sub-process v* — e*e™+. Thus, for practical purposes we
can consider that the virtual photon v* is described by some polarization vectors €}
and, we can perform the usual substitution > e5'e/* — —g/ when calculating the
squared transition matrix.> For this analysis we shall consider massless electrons. At

leading order there are two diagrams that contribute to our sub-process:

M et

—1 M = ' +

where the squared transition matrix | M |2 = |IM1+M>|?isof O(e*). When calculat-
ing the cross section corresponding to this process one finds that it has IR divergences.
This is mainly due to the fact that, we can have soft or collinear emitted photons that
are experimentally indistinguishable from just a electron. Schematically:

soft collinear

or *»—A\ANSAM ~

Roughly speaking, in the soft or collinear limit the three-body final state furns into
a two-body final state. Thus, in order to be able to remove the IR divergences we
must also analyse the 2 — 2 scattering process given by f f — 7* — et e~ (with
f f the same fermion-antifermion pair as in the previous case). The cross section
for this process can be separated exactly as in (8.71) (obviously with d O, instead
of d Q3) therefore we can, again, focus only on the sub-process v* — e e™. The
transition amplitude for this sub-process including one-loop corrections (see Chap. 7)
it is given by:

(1) @)
7M/\/%/<+ Ww<+ o1 w<

2 As the photon is not a real (on-shell) particle we shall not average over its polarizations when
calculating the cross section.
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The matrix element can, thus, be written as M’ = M’ + M’y + §; M’ with the
amplitude M’ of O(e) and with the amplitudes M’, and §; M’ of O(e?). As we
already know 47 is an IR divergent quantity and, as we can suspect, it will also be the
case for the amplitude M’,. It turns out that summing to the cross section of the first
process o(y* — ete™7), the part of o(y* — eTe™) that contributes to the same
order in perturbation theory, that is (’)(e4), the IR poles cancel. We can therefore
define a proper infrared safe (IRS) observable given by?

T =00 —efeT ) +a(y" = efe)

1 —
= 5(/dQ32|M|2+/dQ2rz,M|z) 87

UIRS(’}/*—>€

where Zrl_ stands for the sum over the initial and final state particle polarizations and

2 .
, that contributes

where |M’ |2 is defined as the part of the squared amplitude |/\/l/
to the cross section at O(e*). Its explicit expression is given by

M P = 2Re[ M/ M'2] + 281 1M1 2, (8.73)

Let’s thus, start by calculating the first process:

PS\* e

The squared matrix element is given by |[M|> = [M| 4+ My |?> = |IM|? + | My|* +
2Re[MIM2]. In D dimensions we obtain the following results:

4
M 2 _ € Tr{~" m Y
ZI 1] 1 (Y (2 + POV 137 (02 + PV R}

ri
2¢%

= ———(D-2%p3- pa) (8.74)
(p2 - pa)

3Read Chap. 3 for Relativistic kinematics, phase space and cross section formulae, and Chap. 5 for
more details on calculations of QED processes and the corresponding Feynman rules.


http://dx.doi.org/10.1007/978-3-319-22966-9_3
http://dx.doi.org/10.1007/978-3-319-22966-9_5
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4
e
Z IMy|? = 4(p—2Tf{’)’

s + )Y 137 (3 + g vupe)

. 3 P4)
2¢* 5
= W(D —2)7(p2 - pa) (8.75)
The crossed term reads:
64

> Re[M{M,] = —

i

4(p2 - pa)(p3 - pa)
x Tr{y" (g2 + )Y 137 (3 + P2}
B 4e*
(p3 - pa)(p2 - pa)
x[(D = 4Pz p)(p3- p)
+2(p2- p3)* +2(p2 - pa)(p2 - p3)
+2(p3 - p)(p2 - p3)] (8.76)

(D=2

The minus sign (from the RHS of the first line of the previous expression) is due to

the fermionic propagator of the first diagram (which goes in the opposite direction
of the momentum, and therefore it has the form —i(p> + ps)/(2p2 - p4) and not
i(p2 + pa)/(2p2 - pa)). Introducing the x; kinematical variables from the previous
section

2(p2- Q) 2(ps - Q) 2(ps - Q)
= T, X2 = Q2 X3 = Q2 (8.77)

with Q = p; = pa + p3 + pa (and where, remember, x| + x> + x3 = 2) we obtain
the following results:

1

(p2-pa) = 5x1Q2 —(p2- p3), (8.78)
1

(p3 - pa) = Engz —(p2- p3), (8.79)
1

(p2-p3) = 5Q2<x1 +x—1). (8.80)

Performing these substitutions, taking D = 4 + 2¢’ (with € > 0) and keeping the
terms up to O (e’z) we obtain the following simple formula for the squared transition
matrix

x4+ x2 4 €(x +x—2)°
(I —=xD —x2)

DM =8ete +1)

ri

(8.81)
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Introducing the three-body phase space in D dimensions (8.68) we have:

R I ey ey
/dQ32;MM = (@) Fava ),

T —xn(1 = x) @1 + 12— DI
x4+ +xn-2)7

(1 —x1)(1 —x2)

4e4Q2(e +1) /47 1 ,
=T (4 (QZ) Fot20) k)

(8.82)

The remaining task is to calculate the integral K (¢"). Performing a change of variables
x1 = x and xp = 1 — vx we obtain:

K(e’):/ldx/ldv al
0 0 [v(l —v)x2(1 —x)]¢

v2x2 — 2ux + x2 —I—l—{—e(x(l—v)—l)2
vx(l —x)

-/ dX/
‘o —v)x2(1 -x)]¢
— X VX
[(1+e>( +1_x)+

/dx/ dv[v (1 — ) x2+1(q = x):|

x [(x* (1 —x)w ! +ox( —x)~ )(1+e’)

21—v)
v(1—x) +26]

+20 M-y —x)" ¢ 25/}

20+ +DIE+2) 2T +2) | 231 +€)

' (3¢’ +3) I'(3e +2) (3¢’ +3)
2 3 19
-2 2P (8.83)

Thus, we have found the following result for the cross section of first process:

+

2s0(y" —> e

e = [0 3 1MP

a2Q2(47r)*26’ €+1
T \Q? (2 +2¢)
2 3 19
x(e/—z—§+7—w) (8.84)
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We now move on, and calculate the remaining cross section a(v* — e*e™). The
first amplitude that contributes to this process is given by M'y:

e (p2)
7 (p1)
—i M =
e (ps)
My = —e€)} (p1)i (p3)7 Vi (p2). (8.85)
where we have taken the charge of the electron Q = —1 (do not confuse it with the

four-momentum Q*). The second amplitude of the process, M/, is given by:

et (p2)
—iMy =
e~ (p3)
My =i &€} (p1)ity (p3)vp (p2). (8.86)
where I'* reads
dPk ~P(k — M
i YK — gV K+ ), (8.87)

) @mP KAk + p)*k — p3)?

Working in D dimensions, and using the Dirac equations of motion for massless
fermions ph v, (p2) = 0 and u,;(p3) p3 = 0in order to eliminate some of the terms,
we find

o [ dPk (4 =2D)KME 4+ (D = 20"k 4+ 200" s — 2" K + 20" 1
) @emP k2(k + p2)*(k — p3)?
= (4 —2D),Cyg + (D — 27" C3r
+20" 13 = 1Y 1) Co R + 2027 13C1LIR
= Ay + B s (8.88)
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The coefficients A and B are given by

Tl (2
A= [z e (F55) 2iv)
o 1 =2p2-p3\r, F'A—=¢€) , ,
B= (4m)2 2p2-p3( 47 ) [2F(1+26/)F )
ra-era+eé) .,
A5 F(e)], (8.89)

where again, we have used the equations of motion to eliminate terms. The last
amplitude is simply —i§; M’ with §; given by (8.29). We obtain

SIM'y =i el (p)ttry (p3) vy, (p2), (8.90)
where we have defined I'* as

ﬁu:,yu

a7 (@) ()] (8.91)

We can now proceed with our calculation of | M’ |2 using (8.73) or equivalently, we
can define the UV-finite (but IR-divergent) amplitude M’g = M’y 4+ 6; M’ thus,
IJ\;I"2 = 2Re [M’I/\/ﬂg]. Using this last approach, we find

ME = e (P (p3) Thvr, (p2), (8.92)

with I'y = I'* + ' = Agy" + B phy" s, and where

s 2p2-p3y .
AR= Gy [+ ( 12 ) £i]
—i 1
= W [g + v —In(4n) +1In(2py - p3) £ i71'] + 0(€). (8.93)

Using the expansion

In (2”1—"’3) = 1,[(2”2—”3) = 1} +0(), (8.94)

T € 47

the final expression of Ay reads

_ =i [12p2-p3ye :
AR_(47T)2[Z( - ) +WE:i:z7r]. (8.95)
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The squared amplitude is finally given by:

DI = 2Re[i e Telyps (4 Ar + By ) i}
_ 2 2 (93N /
=8a°Q (E) (14+¢€)
N(_2 LA=) 1o
x [Re((_l) )( Tat2e) @
ra—-eyra+e) .\ 1
e e ))_Z_”E} (8.96)

where 02 = p% = 2p;s - p3. As the squared transition matrix does not depend
on the angle 6 we can directly introduce the expression (8.67) for the phase space.
Expanding in € we obtain the needed cross section:

255 (vF = ete) = /szz M2

a?0? j4m\-2¢ (1+4¢€) 2 3 )
=2 (@) m(—e/—z—i—?—S—i—w) (8.97)

Thus, as we mentioned, the poles from the two processes cancel, and the sum is finite

3a?
4 |

RS (v — ete ) = (8.98)

When studying examples of IR divergences cancellation, the typical process that
one finds is eTe~ — hadrons. At leading order the cross section for this process is
simply given by o(ete™ — ¢gq) = op where g4 stands for a quark-antiquark pair.
At next-to-leading order one simply adds a gluon attached to the final state quarks
o(ete™ — qgg) = 0. This last process is of course IR divergent (due to radiation
of soft or collinear gluons). By calculating the QCD vertex correction for the first
process (ete™ — ¢q), with a virtual gluon attached to the final state quarks, again
one finds IR divergences. As seen in the previous example, the IR divergences from
the vertex correction of o and the ones from ¢ cancel and one finds

2

3
o(ete~ — hadrons) = o (1 + % Cr+.. ) (8.99)
vis

with «; the strong QCD coupling and Cr = 4/3 the SU (3) invariant. The calculation
for this process is exactly the same as the one we just did, except we have made a
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Fig. 8.4 Two-loop diagram
that contributes to the
anomalous magnetic
moment of the muon

w

few simplifications. We have considered photons instead of gluons in the final state
(thus, we got rid of the colour factors), we have ignored the initial state collision,
and we have also ignored the tree-level process (given by o).

8.7 Introduction to Two-Loops

Two-loop calculations are a highly advanced topic and one small subsection is obvi-
ously not able to cover it. However we just want to provide the reader with one last
computational tool. As we have mentioned at the beginning of this chapter, we shall
explain with a very simple two-loop example how the generic Feynman parametriza-
tion (6.27) can be used for non-integer powers of propagators.

Imagine we want to calculate the contribution from Fig.8.4 to the anomalous
magnetic moment of the muon (or electron), where G* is the charged Goldstone
boson, W¥ the charged gauge boson, and / the Higgs boson of the Standard Model.*
This is a quite simple topology and can be broken into two parts. We will first calculate
the yW W effective vertex (which will, fortunately, turn out to be finite) and we will
use the expression of this vertex to calculate the second loop. Diagrammatically
this is shown in Fig.8.5, where Q@ = —1 is the electric charge of the muon. The
amplitude of this process has the form M ~ ¢, I'" (with ¢, the polarization vector
of the photon) thus all terms proportional to ¢/ will not contribute. The structure of
the I"# vertex can therefore be written as

- - i
i (p+q) Iy (p) = @(p+9) [V Fi(g) + 30", Falg?)

i
+ 75 %U”"q,,Fg(qz) +.. ] u(p). (8.100)

“For a complete set of Feynman rules for the Standard Model read J. C. Romao and J. P. Silva, A
resource for signs and Feynman diagrams of the Standard Model, Int. J. Mod. Phys. A 27 (2012)
1230025, http://arxiv.org/pdf/1209.6213.pdf.


http://dx.doi.org/10.1007/978-3-319-22966-9_6
http://arxiv.org/pdf/1209.6213.pdf
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/
W+ m
1 'PHY = I
Aty Y, k’
kK —q v
» pta
—ieQI'* =

Fig. 8.5 One-loop YW W effective vertex and its insertion into the second loop

with Fj (¢?) scalar form factors and where m is the mass of the muon. The anomalous
magnetic moment of the muon, denoted as Aa,,, is given by the Fg(qz) form factor
for an on-shell photon i.e., Aa;, = F; (g% = 0). Using the standard Feynman rules
for the electro-weak SM Lagrangian, working in the linear R¢ gauge with iy = 1
(thus Mg+ = My ), one finds (the needed Feynman rules for this calculation are
given in Fig. 8.6)

e M2 ! 1 a?
i T W P _ oy 2 _ (_
ir i @ 2 g (k q”) 1 /() dx (1 —2x) z + In —u2),
(8.101)

with a? = —x(1 — x) (k> — M? — 2k - ¢) and with M2 = M? /(1 — x) + M3, /x.
It is obvious from (8.101) that, when integrating over x, the divergence (and hence
the p-dependence) vanishes. Thus we are left with a finite effective vertex given by

2 1
TP = (4;2 — 9K =" /0 dx (1-2x) Ina®>.  (8.102)

Using the expansion (8.94), but this time for an arbitrary small parameter § (§ < 1)

[ @)’ —1 ] + 06|, (8.103)

| =

Ina® =
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Fig. 8.6 Feynman rules h
needed for the calculation of S
the anomalous magnetic \ W
moment of the muon given WANNANANN 44 Mw (k—p)u,
in Fig. 8.4, using the e v
Feynman gauge £ =1 P //]:
GT
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w
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> .
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h . 1
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p* — M},
v
iZ
p
we can write the following simple expression for i I"”*”
2 o pl 0 0
e M -1 I -2x)x°(1 —x
irPr — 5 ;V guy(k//)_qp) ( ) / dx ( ) ( ) )
@4m? v ) (k2 — M2 -2k -q)—°
(8.104)

We can observe in the previous expression that we have a propagator-like denomina-
tor with a non-integer power given by “—¢ ”. Inserting this expression into the second
loop, discarding terms proportional to s the expression for the vertex function I
reads

a My (1

It =—i
16ms2 v2 4

1
/ dx (1 —2x)x° (1 —x) 1", (8.105)
0
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with sy, = sin fy, with Ay, the weak mixing angle® and with 7#* given by the integral
g [ 47K g K" = q”) v (p + )

QmP (k2 — MZ =2k q) =0 (k> — M3,) (p + 02 [(k — )2 — M1
(8.106)

Particularizing (6.27) to our case we find

1 -4 1 1—x1 I—x1—x2 -
5 = ( )/ dxl/ dxz/ dx;3 )cl_o_1
AT’ ArA3Ay T(=0) Jo 0 0

X

RE)
(¥141 +x242 + 2345 + (1 = x1 = x2 = x3>A4)

_I'3-9) - i e
= e 5) / / dxz/ dX3 'D - (8.107)

Taking A| = k2 — M2 —2k' - q, Ay = (k — q)*> — M}, A3 = k* — M}, and
A4 = (p + k)* we obtain

2
D:(k/—p(X1+X2+X3—1)—q()€1+)€2)) —bz,
b? = M2 x1 + My, (x2 + x3). (8.108)

In the expression of b> we have ignored the muon mass as it is much smaller than
all the other masses (m < Mw, My). With this Feynman parametrization, keeping
only the 0/ g, Lorentz structure® and the leading terms (linear in the muon mass)
we obtain

el Y 1 1—x1 1—x1—x2
I"=imo'"yq, ¥ dx1/ dxg/ dx; x1_5_1 X3
o) Jo 0 0

dPr 1
Q2mP (k2 — p2)3-0

Jal Y 1 1—x1 1—x1—x2
=imao"q, Q/ dxl/ dxz/ dx; x1_5_1 X3
0 0 0

' (—=6)
x J(D,0,3 —6,b%). (8.109)

SHere we have used g/2 = My /v and ¢ = g sy,.

SIn order to manipulate the spinor structures and write the final result as in (8.100) one must use
the Dirac algebra introduced in Chap.5 and the Gordon identity: i, (p + q) 2p* + qg")us(p) =
ur(p)2mAt —io" gy )us(p).


http://dx.doi.org/10.1007/978-3-319-22966-9_6
http://dx.doi.org/10.1007/978-3-319-22966-9_5
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The function J(D,0,3 — 6, bz) is finite for D = 4 and its expression is sim-
ply given by

5 P2y — N 251F(1 )
J(4,0,3 5,b)_(4 )2( D A et
ra-é 5
B (477)2 -1’ 1“23 5; [_+ﬁ1 ”2+0(52)]~ (8.110)

Introducing the previous expression into (8.109) and integrating over x, x> and x3,
we obtain

"=

oq, 2m* I'(1 —6) (=1)° ( 1
2m M3% (=6 (4m)? 45
N —3My, +4AM{, M2 — 2M} In(M2/M3,) — M4)
8(M3, — M2)?

(8.111)

Inserting this expression into (8.105), expanding in § and taking the limit 6 — O at
the end, we finally find the contribution we were looking for

a m2 1
A S — dx 2x — 1
I = 128735 v2 / x@x =1
3My, — AM3, M2 + M} + 2M In(M2/M3,))
x - (8.112)
8(MZ, — M2)2
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Chapter 9
Massive Spin One and Renormalizable
Gauges

Abstract For many decades of the last century, physicists were struggling to define
consistent (renormalizable and unitarity preserving) models for spin-one massive
particles (Proca fields). As we know, this was beautifully achieved by Weinberg,
Salam and Glashow in 1967 when they proposed an electroweak unified theory which
we now call the Standard Model. The electroweak symmetry breaking mechanism,
among other things, generates mass terms for the W and Z bosons, while preserving
renormalizability and unitarity. The longitudinal degrees of freedom of the massive
spin-one particles are given by the Goldostone bosons. Choosing one gauge or another
might seem just a matter of convenience and in most cases the unitary gauge is
preferred. Here we will show, with an explicit example, that when performing loop
calculations the unitary gauge is not really a good choice and that some Green
functions are not renormalizable in this gauge. We will also show that working in the
so-called renormalizable gauges completely fixes the problem. As it is a non-trivial
task we shall also explicitly perform the renormalization of the W boson sector of
the Standard Model and check the Ward identities with a simple one-loop example.

9.1 Unitary Gauge

In the unitary gauge, the Goldstone bosons are eaten by the longitudinal degrees of
freedom of the W and Z bosons. The Lagrangian in this case is the most economical
one, as we don’t have the extra terms corresponding to the Goldstone fields. The
number of needed diagrams for a given process (involving massive gauge bosons)
reduces considerably when compared to other gauges.Given that all observables
should be gauge invariant, choosing one gauge or another might just seem a matter
of taste. However, when one tries to compute higher order loop calculations, one
finds that some Green functions cannot be renormalized due to some special type
of divergences (that we shall analyse in a moment with an example) that cannot
be reabsorbed into the Z; renormalization constants, as described in Chap.7. One
can argue that Green functions are not true observables and that when calculating
© Springer International Publishing Switzerland 2016 141

V. llisie, Concepts in Quantum Field Theory,
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Fig. 9.1 W boson 1%
contribution to the H self
energy
H
i) = — — — — -
q —>
w

a true observable, the final result will render finite. This is completely true. However,
calculations with divergent, non-renormalizable Green functions in the intermediate
steps turns out to be a very difficult technical task.

Consider the W contribution to the Higgs self energy shown in Fig.9.1. There are
other diagrams (topologies) that involve W contributions but this is the one that is
problematic and that we shall focus on. The needed interaction Lagrangian for this
process is simply given by:

M2
L(x) = 2TWH(x)Wj(x)W“(x). 9.1)

We will also need the expression for W propagator. In the unitary gauge it has the
canonical form of a massive spin-one particle:

iy = — (g KK (9.2)
-\ T mz ) '

With the previously given ingredients we can now calculate the i I1(g) self-energy.
Its explicit expression reads:

apm dPk k,k (k+ )k + q)”
1—[ 2 — w —q, pov 22
M) v? @2mP ( Gpur + M3, g+ M3,

1
X
(k2 — M)k + q)* — M3,]
4 [ dPk (K +k-q)° — M%(2k* +¢* +2k - q) + DM},

“ 2] emP (k2 — M)k + ¢)* — M},] - 09

We are only interested in the UV divergent parts. Thus, (using the calculation tools
introduced in the previous chapters) we obtain the following

2e

—p 1 4 2242 2\2
Me(g) = = (12M, - 6g°M ) 9.4
(q) @rv)? 2 w — 69" My, + (¢7) 9.4)
where we have chosen the M S scheme for simplicity. We shall see that the (¢2)>

term is the one that makes this Green function non-renormalizable.
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Let’s forget for a moment about this diagram and perform the Dyson summation
for the Higgs propagator. Schematically it is given by

iS(q) =

where 1PI stands for one particle irreducible, as usual. Explicitly we have
iS(q) =iSVq) +isV@)in()isVq) +...

wherei S (q) =i/(q>— Mg) is the tree-level scalar boson propagator. The previous
sum gives

M(g) _ 1

S(q) = - =
> =M (q> — M)? q> — M§ +Tl(g)

9.5)

where M) is the bare mass of the Higgs field. Following the standard procedure for
relating the non-renormalized propagator S(q) with the renormalized one Sg(q) (as
described in Chap. 7), we define the renormalization constants as

1 Zy

(@) = ——5———— = Z1Sr(q) = ,
R V- 1% S N gy vE R | ()

(9.6)

with M the renormalized Higgs mass given by
M?* = M + 5M*. (9.7)
Parametrizing the Higgs self-energy as
M) = (¢° = MH)T; + T, 9.8)
we are now able to calculate Z; and §M? explicitly:

(@ -MHA+ TR+ g (7 — M)A+ )+ g
g% — M3+ 11 q> — M?*+5M? + 11

_(@? = M)A+ g) + Mo g | SM? 4+ 11

- g% — M2 - M2

Iy r 5M2+l_[2
= (om0 (o m -

SM? + Ty
g2 — M2

Z

=1-T10— (9.9)
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where I1; g are regular parts of the self energy. Thus,

Zy =1-Tl,, (9.10)
oM? = —T,,. 9.11)

Let’s now go back to the W boson contribution to I1(g) from (9.4). Parametrising
this expression as in (9.8) we obtain

2 1, > 2

My, = (47“))22(1\4 — M} +4?), 9.12)
—MQE 1 4 2 2 g2 4

Mo, = WE(M — 6M3M? + 12MW). (9.13)

It is obvious that the IT; . term contains a q2 term, which is forbidden. The renor-
malization constants cannot depend on any momenta. It is left for the reader as an
exercise to analyse this case for the on-shell renormalization scheme.

9.2 R¢ Gauges

The gauge fixing functional for the linear R, gauges is given by
1 . . _
Lop = _E(aﬂwg +iéMwGT)(0'W, — iEMwG™), (9.14)

where the W-Goldstone mixing term is designed to cancel the same mixing (but with
opposite sign) generated by the covariant derivatives. Using this family of gauges is
how ’t Hooft proved the renormalizability of the Standard Model. In this gauge the
W propagator reads

g (_g,w ca @ﬂ) ©.15)
3 2 — M2 k2 — EM3,

w

For £ — oo one recovers the unitary gauge expression (9.2). If one chooses, however,
a finite value for this parameter, the Green functions of the theory are well-behaved.

The Lagrangian Lgr provides the Goldstone field with a mass term M %V The
Goldstone propagator is thus given by:

i

iSg+(p) =
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Fig. 9.3 Higgs self-energy diagrams involving Goldstone and W bosons and ghosts

In this gauge, we will also have Fadeev-Popov ghost (c*) contributions associated
to the gauge-fixing Lagrangian. The ¢ propagator has the same expression as the
previous Goldstone propagator. Finally, the Feynman rules for the new cubic inter-
actions involving one Higgs field are given in Fig.9.2.

Including these new interactions, we now have four new diagrams corresponding
to our analysed topology. The complete set is shown in Fig.9.3. One should keep
in mind that ¢ is not the anti-particle of ¢™; their anti-particles are given by ¢™
and ¢~ thus both diagrams (4) and (5) must be taken into account (one should also
remember to include a —1 sign corresponding to a closed ghost loop).

Looking at the diagrams form Fig. 9.3, the diagrams (1) and (2) are the only
potentially dangerous ones, that can generate a (¢2)? /¢ term. We shall see that none
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of them, however will generate such a term. If one chooses the so-called ’t Hooft-
Feynman gauge (£ — 1) the k*k” terms of the W boson propagator are absent, thus
in this particular case one needs to perform no calculation in order to see that the
Green functions are well-behaved. However, we shall try to be more generic and
work with an arbitrary £ parameter. We will separate i Sé“j (k) into its transverse and
a longitudinal parts

o i o KETY kF k¥
B ()= kZ—Mgv( ST ) T e —an)
=iSE (k) +iSP (k, ©). (9.17)

The expression for the first diagram reads:

aM4 dPk
(o Mw %
i (q) = — /(27r)D Se (k) Se v (k 4 q)
4M dPk
_ W pv
=2 (27T)D (ST (k)ST,,LLu(k +q)

+ SILW(IC, g)SL,,uu(k + q, g)
+ S#I/(k)SL,uv(k +4q.8)

+ S 0, ST k4 ), 9.18)
with the tensor contractions given by

2k*(3k - q +q%) + (k - ¢)* + 3(k?)?

n = .1
nz £z(k q + k2)2
Sk, &)Sp ik +q, &) = , (9.20
§(k2q* — (k- 9)?)
M) SE ik + g, &) = , 21
SO EH 49 = Ty ks ik vt - O
, k2 2 _ k - 2
Sy ke, &St (k + q) = £( (k-q)’) (9.22)

K2(k2 — M) (k + @)2[(k + q)? — M%1

After introducing the Feynman parametrization, shifting the momentum in the
denominator, etc., the only UV- divergent piece will be given by terms of the type!

D(D +2)
24

i 2
- (47;)2#26 [é +1n (Z_Z) + g} +0@E,  (9.23)

J(D,2,4,b%) = J(D,0,2, b

ISee Chap. 6 for details.
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thus, no (¢2)?/¢ is generated. The singular limit of the unitary gauge can be easily
localized by taking & — oo for the expressions (9.19)—(9.22). We observe that the
tensor contraction of the longitudinal components of the two W boson propagators
(9.20) in the & — oo limit gives a contribution of the type

1 (k-q+k»)?

— (9.24)
My, K2(k + ¢)?

Szu(k’ OO)SL,;LV(k + q1 OO) =

which is exactly the origin of our (g2)?/¢ singularity. With similar considerations
one finds that diagram (2) is well-behaved.

Same type of divergences one will run into when considering for example W or
Z self-energies. Thus, if a calculation involves (divergent) loops containing massive
gauge bosons, the safest way of avoiding dangerous non-renormalizable terms is to
simply avoid the unitary gauge. As mentioned before, the number of diagrams grows
when Goldstone (and ghost) fields are included, however, these new diagrams are in
most cases, trivial to compute.

For loops that give a finite final resulti.e., H — <7y, one in principle has nothing to
worry about. One will obtain the same finite result in any gauge. However, technically
speaking, it is far more difficult to perform such a calculation in the unitary gauge
even if the number of diagrams is significantly smaller.

9.3 Gauge Fixing Lagrangian and Renormalization

One natural question that may arise when renormalizing the massive W gauge boson?

part of the Standard Model Lagrangian is, does the gauge fixing Lagrangian (9.14)
need to be renormalized? There are two approaches. One can choose to renormalize
the gauge fixing Lagrangian and reabsorb divergent parts into the gauge parameter as
in (7.20) for the QED case, or, one can consider that (9.14) is already the gauge-fixing
functional for the renormalized Lagrangian, also similar to the QED case (where we
gave the alternative prescription to simply choose the Feynman gauge for the tree
level propagator and ignore the g*¢" parts when summing higher order corrections,
as they will never contribute to physical observables). The first approach is the most
complicated one from a technical point of view as it would require two (and not
one) bare gauge fixing parameters i.e., the gauge fixing functional in terms of bare
quantities would be given by

1 .
1

L = ()

2Here we shall only focus on the W gauge boson, however, one can extend the discussion to the Z
boson.
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and only after renormalizing, one can choose the renormalized gauge fixing parame-
ters to be equal (&1 = & = £). Thus, the renormalization procedure is in this case
highly complex. Here we shall present the alternative procedure.

We shall choose the Feynman gauge (¢ = 1) for this discussion.? Expanding the
gauge fixing functional from (9.14) we obtain

Lop = ='W 0"W, — My GTG™ +iMwd' WG~ — iMyd"W,G". (9.26)

The gauge-Goldstone mixture from the Standard Model Lagrangian (that comes from
the covariant derivatives) in terms of the bare quantities reads

L=—iMWO Gy +iMPWOGE . (9.27)
Introducing the renormalization constants as
M(O) Zl/2M W(o) l/zW,,,
G = zl/ZGi (9.28)

(where Z; = 1 + ;) the previous Lagrangian (9.27) in terms of the renormalized
parameters reads

1/2 5172 ,1/2 P
L=- z/zM/ ZG/iMW(')“WHG +he.

. 1 _
= —iMyd" WG~ = 3 (6w + 0y +0G+) My 0" WG~ +he.
=L+0L. (9.29)

The tree-level gauge-Goldstone mixing given by L is cancelled by the same mixing
from the gauge fixing Lagrangian (9.26) and § L given by

5L = _’5(5W + 0y + S+ ) Mwd" WG~ + he.
= —iZwoMw0"WG™ +he. (9.30)

is a counterterm for the gauge-Goldstone mixing that appears at one-loop level. The
Feynman rule for this counterterm reads*

3 Any other finite choice for the value of ¢ is perfectly valid, however this is the choice that mostly
simplifies the gauge boson propagator.

4An useful trick for deriving the Feynman rules corresponding to interaction terms that contain
derivatives of fields is given in Appendix C.
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w* G*
NN - - = =
p ——
Fipy Mw Zwa
G* w*
- — — = O\ NNy
P —

w= G+ w* G+

- - - = + = = = = O AN = inite

where the grey blobs from the LHS represent the sum of all the one-loop self-energy
diagrams.

In the following we shall formally perform the Dyson resummation and renor-
malize the W boson propagator, as this is a special case and the procedure is not as
straightforward as in the previously studied cases. The W boson self-energy can be
written as

. . .p'p”
lnl‘fvyElgMVHY‘,;/-i-l 2 H%V
. p'p"\ v, PP =1
=1 (gl“/ _ p2 )HW +17HW (931)

with T4, = 1%, + 17, Performing the Dyson resummation for the propagator in
the Feynman gauge we have

—ighv —igh? —igh
= iw“”z 2 ivz“’ﬁ (mAp) 2 L(zlvl(o’2
P — My P — My - My
—ighA _iaPO i ,0v
ig! . ig . ig
; (i) (o)~ v
0)2 P 0)2 g 0)2
p2 _ M‘(}V) p2 _ M‘(V) p2 _ Mi(/V)
—ig"” —i

= + (gu/\n)\ g/)V)
0)2 0)2\2 P
P2 My (0 - My
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_l-g/u/ HY‘/;, (HTV;/)Z
= 0)2 0)2 2
p>— My, p?— My, (pz _ M$>2)
—iptp¥ rk nk +2mn’?
Lrp w 4+ T2 W ) 9.32)
PE 5 02\ 2 2 02
(p - My, ) p W
Thus, we find
iSHY — _ig/“’ _ipﬂpl’
- 0)2 T 2
p?— My~ —TIj, p
HL
W
x (9.33)
(0)2 0)2
(P2_MW _ngv)(lﬂ_MW —H%—Hﬁv)

The renormalized propagator is then given by

—ig"v —iptpY?
i = 2yt Zy
pe = My, — Iy, & p
L
o Ty &
2 T 2 T L
(1’2 - My, — HW,R)(p2 = My, — Ty, g — HW,R)
=iZwSk’ (9.34)

Using the standard procedure, one can now relate the Zy and Z ), renormalization
constants with the self-energies at the one-loop level. We shall shortly see with an
explicit example that the divergences of 1 7‘;‘, and I'T %V are related and only one constant
Zw is needed for the wave function renormalization. Thus, it is worth mentioning
that the mass and wave function counterterms are totally determined by HTW and one
can use only the ¢g"” part of the propagator to calculate Zy and Zj,. Starting at the
two-loop level things are a little more complicated, as the previous Dyson summation
must also include one-loop transitions of the type W — G

w= a* we

However, two-loop renormalization is far beyond the goal of this book.

What about tadpoles? The widely spread approach (and the most simple) is to
perform a redefinition of the Higgs field of the Standard Model that generates a
counterterm that cancels the tadpole contributions to the self-energies, as we did for
the ¢> model in Chap. 7.7 Thus, if adopting this scheme, one only has to deal with

5This corresponds to the 3, scheme from S. Actis, A. Ferroglia, M. Passera, G. Passarino, Two-Loop
Renormalization in the Standard Model. Part I: Prolegomena, Nucl. Phys. B 777 (2007) 1, http://
arxiv.org/pdf/hep-ph/0612122.pdf.
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IPI diagrams for the previous calculations. However, among the 1PI diagrams, the
Goldstone self-energies include indirectly a tadpole contribution as we shall see in a
moment. After shifting the vacuum expectation value of H one obtains a counterterm
Lagrangian

2M%,  2M
Lo= —Bh( >+ gW H+ - (H2 +G34+2G7G )) (9.35)

which, as we have already mentioned, cancel tadpole contributions in all self-energies
as it is shown in Fig.9.4, but indirectly adds — 3, contributions to G*, G and H
self energies as shown in Fig.9.5. The g, constant is shown in Fig.9.6. Thus, as we
can observe, the renormalization of the massive Gauge boson and Goldstone terms
of the Standard Model Lagrangian is highly non-trivial.

It is also worth mentioning the following detail. The W and G* self-energies and
W — G* mixing are not all independent. They are related through a Ward identity.
Diagrammatically it (the doubly contracted Ward identity) translates into

Pubv WWW - My p, WW\Q»
My py G\/\/\/\/y Mg, G 0

If we adopt the previous renormalization scheme (with no tadpole contributions
except for the indirect one present in the Goldstone self-energy shown in Fig.9.5)

w* h w* w* h w*

ANNANNNNANNAN -+ = 0
w* h G* W+ h G*
ANNANANNE - ——— 1 AN - - - - = )
G* h G* G* h G*
e
Fig. 9.4 Examples of tadpole cancellation in the Standard Model
Fig. 9.5 Tadpole G* G° H Gt G° H

contribution to the 1PI Higgs _— - = - - - —
and Goldstone self-energies
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Fig. 9.6 Higgs tadpole 7
contribution in the Standard ) ; 2My
Model and definition of 3y,

one does not have to consider tadpoles either in the previous self-energies (except
for the indirect ones)!

In order to give a little more sense to the previously presented abstract renor-
malization procedure and the Ward identity we shall take a simple one-loop explicit
example. Consider the following one-loop lepton-neutrino contribution to the W and
G7 self-energies, W — G* mixing and tadpole®

W W= i

W G G- U -
-t - = illye

G G G G )
-—-- e - - = illg

For the W self-energy one obtains the following expression
v T H L
iny =ig" Ty, + it 4 1'[ , (9.36)
p?

with the form functions l'[zv;, and Hﬁ, given by

T g a Ll 5 1, .
HW = —Wﬂ, E Em[ - §p + ﬁmte, (937)
2
g 11 , .
nh = -2~ (= finite, 9.38
W= T a2 e(3p)+ e ©-38)
where a> = —p?x(1—x)+m? 7 x with m; the mass of the lepton. The tadpole diagram
gives
ol + finit (9.39)
= = nite. .
@

5The needed Feynman rules are given at the end of the chapter.
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with 3, = gt/2My . Summing the two corresponding diagrams for the Goldstone

self-energy we get

2 2

g mp 5.1 L .

g = — s -=p7) - finit

T @mrm" é(m 5P") — Pn + finite
2

92 mjp 261(1

“@mr a2

pz) + finite,

where we have used g/2 = My /v. The W — G* mixed term gives

92 m12 2e 11

@2 My 22

Yy, = —p" + finite.

One can, thus, easily check that the following Ward identity holds

pupyIly + My, TG — 2My p,IT},; = 0|,

(9.40)

9.41)

(9.42)

Here we have checked this identity only for the UV-pole containing parts of the
self-energies. It is left as an exercise for the reader to try to check this relation also

for the finite parts. Let’s also explicitly check that

iMyg + iMwp"Zwe = finite |

Separating the W and G self energies as:

My, = (p> — M)y, | + 0, 5,
Mg = (p> — M})Tg,1 + Mg,

we obtain the following counter-terms in the M S scheme

(9.43)

(9.44)
(9.45)

(9.46)

(9.47)

(9.48)

where we have used the expressions from (9.28) for the Z; constants and Z; = 14¢;.
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Thus

Zwg = (6M + 0w + (5Gi) = (9.49)

[NSR

o

B
N> | =
N
| =
i‘s
=~
\,/

@m2”

and (9.43) follows immediately. As we mentioned earlier, one must note that §y also
cancels the infinities from I'ILW (at one-loop level, when renormalizing the kinetic
and the mass terms of the W boson one obtains a counterterm with the Feynman rule
given by i (p"p? — g™ p?) + igWM%V (dw + dpr) that cancels the poles ofiH"fVU).

Finally one should notice that the mass counter-term obtained from the Goldstone
boson propagator does not coincide with the one obtained from the W boson propa-
gator. This is because the mass of the Goldstone is equal to the mass of the W boson,
except, obviously, for quantum corrections which are different in the two cases. This
should be even more obvious in the m; — 0 limit, for which the Goldstone couplings
to fermions vanish (thus [T = 0), and as it can be observed in (9.47) one of the
terms in &y still survives.

The needed Feynman rules for the fermionic loop calculations are shown below

l

L g
. 2v/2 My b
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Chapter 10
Symmetries and Effective Vertices

Abstract When facing the computation of more realistic processes, the calculations
can become lengthy very fast as the number of Feynman diagrams grows. Before
starting the calculation process the problem should be reduced to its minimal form.
Here we will present an example of how to reduce the number of calculated diagrams
for a given process (which in this case will be a Higgs-like scalar decay to two photons
through a charged scalar loop) using gauge symmetry.

10.1 Higgs Decay to a Pair of Photons

Consider the following interaction Lagrangian for scalar QED, with H* denoting the
charged scalar, plus an hypothetical interaction between a Higgs-like neutral scalar
¢ and a pair of H*

L=ieA"H" ?9_: H +e* AMA, HTH™ —vdgprp- ¢ HYH™ | (10.1)

where we have introduced the operator
<>
ad,b=ad,b—(0,a)b. (10.2)

This interaction Lagrangian is actually part of the Two-Higgs-Doublet Model
(2HDM) extension of the Standard Model (SM) with v the electroweak symme-
try breaking scale.! This extension assumes the presence of two Higgs doublets
(instead of one, as in the SM), and it is characterized by three physical neutral scalars
(instead of one) and a charged Higgs (H*). In the previous interaction Lagrangian ¢
is assumed to be one of the neutral scalars of the model. The most important feature

"For a nice review of the SM read A. Pich, The Standard Model of Electroweak Interactions, http://
arxiv.org/pdf/1201.0537.pdf. Also, for a nice review of the 2HDM read G.C. Branco, P.M. Ferreira,
L. Lavoura, M.N. Rebelo, M. Sher and J.P. Silva, Theory and phenomenology of two-Higgs-doublet
models, Phys. Rept. 516 (2012) 1, http://arxiv.org/pdf/1106.0034v3.pdf.
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Fig. 10.1 One-loop ¢ — v
effective vertex

of the 2HDM Lagrangian that we wish to exploit in this chapter, is that it preserves
gauge invariance (just like the SM).

Let’s imagine that, given the previous interaction Lagrangian, we wish to calculate
the decay of the scalar ¢ to a pair of photons ¢ — . This decay starts at the
one loop level, as there are no tree-level interaction terms to account for it. Thus,
we can conclude that the result is finite and needs no renormalization (the 2HDM
is renormalizable). Before starting our calculation we can further exploit, as we
mentioned, gauge invariance, in order to simplify our computation. We can write
down an effective vertex describing the Lorentz structure of the final result. Consider
the following kinematic distribution for our process

o' +q) = (g, WK, v) (10.3)

(withg? =k 2—0and k' +q)* = M; and with i, v Lorentz indices) as shown in

Fig. 10.1. The most generic Lorentz structure that this effective vertex can contain is
v — Sg/w k/ g + A q/tql/ + B k/ﬂk/V +C qukw

+ D g"k" + E Pk g5, (10.4)

where S, A, B, ..., E are Lorentz scalars. The last structure (~¢e*” af ) would imply
the presence of couplings proportional to 5 matrices, thus we can safely discard it.
Due to gauge invariance our effective vertex must satisfy

qu ™" = q, I'"" = 0. (10.5)
Also, all structures proportional to k”” and g* vanish when contacted with the polar-

ization vectors of the photons (when calculating the transition matrix). Thus, one
obtains the following compact form for the effective vertex

i =i g™k -q—q"k") S| (10.6)

The transition matrix and its hermitian conjugate are thus given by

—iM=i "k -q—k"q") S € (q) e k)
iMF=—i (¢°PK - q —K°¢") S* € (q) ey(k). (10.7)
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Summing over the photon polarizations, making the usual substitution

DX (p) > —gu

r

(there is no triple gauge vertex in our present calculation” thus we need not to worry
about ghosts) we find

1
2 IMP=ISP (k' g = Kg) 0"k -q —K"q") = SIS M3, (108)

r,s

The phase space integral is trivial [ d Q> = 1/(167), thus we finally obtain

M3
F(H =) = 22 ISP | (10.9)

The only remaining thing is to explicitly calculate the scalar form factor S.

Let’s now focus on the following detail. We have proven, using symmetry argu-
ments that our final result will have the form (10.6). Therefore, in order to calculate S
we only need to keep the terms proportional to k’*'¢” and ignore all the other Lorentz
structures.> The Feynman diagrams that we need to compute are given by

(1) LVJJ\/JJ#" (2 (3)
H
° s 77 /7 AN
_—_ - )IF | ) + —_—_ -
\ \ \ 7z

Considering the distribution of loop momenta from Fig. 10.2, using the Feynman
rules* given in Fig. 10.3 we obtain the following result for the first diagram

dPk 2x
woo_
iry = > v )\@H+H / dx/ /(ZT)D e [4k“k"+

+ 261K (2x% = 3x + 1) — kMg Ax(x — D(y — 1) ] (10.10)

where a? = M12# — Mf)x(l — x)(1 — y). It is left for the reader as an exercise to
show that the second diagram gives exactly the same result.

It is obvious from the Feynman rules that the third diagram only brings contribu-
tions to the g"¥ structure. Ignoring thus, this third diagram, keeping only the k'*g"
structure, we obtain

ZRead Chap. 5 for more details.

30ne could equally choose to keep only the g*” k’ - ¢ structure, however, with this choice, one has
to compute a greater number of terms and Feynman diagrams as we will shortly see.

4An useful trick for deriving the Feynman rules corresponding to interaction terms that contain
derivatives of fields is given in Appendix C.
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the first diagram to the e P
¢ — 77y process /:(1\
‘ /o
p— i ! \
ifhy= -- =T \ HY ;) k
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Fig. 10.3 Feynman rules for HY ~ »
the interaction Lagrangian \\4
TSN —ie(p+qt,
< Iz
.,
Ht 7
H* <
N
N
\>—————¢ —iv A+ H-
P 7
e
Hi 7
H* ~ Y
N R "
h ie2 ghv .
7
7 14
e
H* 7 gl
! ! dPk 16x%(x — D(y — 1)
l'[*/f«l/ — —621)2/\ Ht H- / dx/ dy/ k/ﬂqy
(1+2) @ 0 0 @2m)D [k2 — a2]?
1 L o1ex?2(x—D(y —1)
2.2 y "y
=ie v A\yg+H- dx | d k 10.11
oHTH /0 /0 327_(_2 az q ( )
Thus, the scalar form factor S is simply given by
2
x —1 —1
=~ Ny / dx/ ( 27T2)(§ ) (10.12)

Again, the reader is invited to explicitly check that this is exactly the result one
obtains by doing the full calculation.

In this example, using the symmetries of our Lagrangian, we were able to get
rid of one Feynman diagram and all the other Lorentz structures except k'“q".
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The UV-divergent parts of the structure k*k" obviously cancels against the UV-
divergent parts of the third diagram (that we have ignored).

It might seem at first sight that we haven’t gained that much. This was, however
a very simple example. If one has to calculate the full SM contribution to this decay
(which involves fermions and W bosons) this technique tremendously simplifies the
calculations. Other interesting examples can be found in the first two references.

Further Reading

V. Ilisie, A. Pich, Low-mass fermiophobic charged Higgs phenomenology in two-Higgs-doublet
models. JHEP 1409, 089 (2014). http://arxiv.org/pdf/1405.6639v3.pdf

V. llisie, New Barr-Zee contributions to (g — 2),, in two-Higgs-doublet models. JHEP 04, 077
(2015) http://arxiv.org/pdf/1502.04199v3.pdf

A. Pich, The Standard Model of Electroweak Interactions, http://arxiv.org/pdf/1201.0537.pdf

G.C. Branco, PM. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher, J.P. Silva, The-
ory and phenomenology of two-Higgs-doublet models. Phys. Rep. 516, 1 (2012)
http://arxiv.org/pdf/1106.0034v3.pdf

C. Itzykson, J. Zuber, Quantum Field Theory

M.E. Peskin and D.V. Schroeder, An Introduction to Quantum Field Theory
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Chapter 11
Effective Field Theory

Abstract Effective field theories (EFTs) are a highly important topic in Quantum
Field Theory. Here we are going to shortly present some important highlights as well
as the renormalization group equations for the Wilson coefficients. Afterwards we
shall focus on one illustrative example and present the matching procedure at the
one-loop level. The infrared behaviour of EFTs is also covered with this example.

11.1 Effective Lagrangian

For a nice introduction as well as more advanced topics consult references. An
effective field theory is characterized by some effective Lagrangian:

Leﬁ=2%0i52a»a, (11.1)

i

where O; are operators constructed with the light fields, and the information on
the heavy degrees of freedom is hidden in the couplings C;; d; is the dimension of
the operator O; and A is the scale where the heavy fields come into the game. For
simplicity we have considered that there is only one operator for a given dimension. If
this was not the case, another summation (over all the operators of a given dimension)
should be included in the Lagrangian i.e.,

()

_ Ci ) — ) )

Lp=D =07 =2.¢"0" | (11.2)
i,j iJ

The operators are classified depending on their dimension as:

d; < 4 — relevant, d;i = 4 — marginal, d; > 4 — irrelevant. (11.3)
The Lagrangian L. contains an infinite number of terms (power series in A), there-
fore it is not renormalizable in the usual sense (an infinite number of counterterms
© Springer International Publishing Switzerland 2016 163
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would also be needed for renormalization). If we truncate the series of the Lagrangian
i.e., we only include terms up to dimension N

N
Lyg= D CiO;, (11.4)

with N finite, the Lagrangian is not, in general, renormalizable either. However, for
a given loop order the needed number of renormalization counterterms is finite.!
In effective theories the number of counterterms needed for renormalization grows
with the number of loop corrections included, whereas, for renormalizable theories
(in the usual sense) the number of conterterms is the same at any loop order.

11.2 Renormalization Group Equations

11.2.1 No Operator Mixing

In the following we shall consider the renormalization group equations (RGEs) for
the coefficients C; and the operators O;. For this first analysis we shall only consider
a simple case for which the coefficients do not mix under renormalization. Normally
this is case when there is only one operator for a given dimension d; and is what
we are going to consider next. Given the bare operator (’)iB and the bare Wilson
coefficient CZ.B , when including loop corrections the Lagrangian can be written in
terms of the renormalized quantities as:

Lop=D CPOF =2 CPZiOi(w) = D Ci(wOi(w) | (11.5)

where we have defined the Z; renormalization constant as

OF = Zi(wOi (), (11.6)
and where the renormalized Wilson coefficient is given by

Cl = Zi(w™"Ci(w. (11.7)

This is the standard approach when renormalizing effective Lagrangians; one
includes the loop corrections, and hence the p-dependence, that comes from the

IThis is true provided that we use mass-independent renormalization schemes i.e., the MS scheme.
In order to understand why mass-independent schemes are needed for renormalization of EFTs
consult for example section 3. Quantum Loops of Effective Field Theory (A. Pich, http://arxiv.org/
abs/hep-ph/9806303).


http://arxiv.org/abs/hep-ph/9806303
http://arxiv.org/abs/hep-ph/9806303
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operator renormalization into the Wilson coefficient so that the renormalized
Lagrangian is p-independent. All the loop corrections are then contained in the C;
coefficients (as we shall shortly see with an example). Let us write down the formal
RGEs? for C; and ©;. The bare operator is p-independent, therefore:

dOf dZ; do;
—L =0 =p0;— + pZ;—-. 11.8
% dy % dn +p i (11.8)

We define the gamma function of the operator O; as

=8 () 8 )
= = - — e 11.9
YO, Z: du Vo, . + 70, - + ( )

where « is the expansion parameter of the operator. Thus, the RGE for the operator
O; is simply given by:

== = —70,0;. (11.10)

On the other hand, the product OiB CiB = O; (1)C(p) is p-independent, thus we obtain
analogous RGE:s for the Wilson coefficients C;:

dé;

p— =70,Ci | (11.11)
dp

The solution of this equation is given in (B.23):

alw) do YO; (a)
Ci(n) =C; — =
(1) = Ci(po) exp { /a o @ B
a(w) 7’8:/[?1
a(uo)] {1+...}

= Ciuo)| (11.12)

11.2.2 Operator Mixing

Let’s now consider that there are n operators for a given dimension d;. Introducing
the short-hand notation Of] ) = O; (with j = 1,...,n), the effective Lagrangian
for the given dimension d; can be written as

ZFor a short reminder of RGEs see Appendix B.
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Ligg=p 0O = Zco =c’o (11.13)
J

where we have defined © as a 1-column vector and C” as a 1-row vector. In general
the operators mix under renormalization, i.e.,

n

=D ZiwOjw = ¢ =2 (27),wc; (. (11.14)

J J
In this case it turns out to be very useful to use the matrix notation:
“I\T
P=zwow = cP=(2Z") wew. (11.15)

We easily obtain the RGEs for the operators and the Wilson coefficients

d d
= O) =0, (n 5)ew =o
( du-f—%o) (1) Hap o (1)
(11.16)
where the anomalous dimension matrix o is given by:
d
vo=2""'u—=12. (11.17)
dp

In order to solve this equation we must find the matrix U that diagonalizes o i.e.,

U U =730, (11.18)

with 4¢ diagonal. Introducing the previous equation into (11.16) we find:
1 d ~ -1
Uu ,ud— —UqpU C(u) =0. (11.19)
7
Defining C = U!C we find the following equations in diagonal form:

d .
(Md— —?O) C(p) =0 (11.20)
I

Thus, the coefficients éi obey the unmixed RGEs:

(Mdi ”(l))C(u)_O (11.21)
I
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where 7( D are the diagonal terms of the matrix y¢. The solution is straightforward
(same as in the previous section):

" da o @) ] (11.22)

Ci(p) =G —
() (o) exp | /a o @ B

Changing the basis from Ci to C; we finally find the solution we were looking for:

() dOé ;;/8)(0[) B
w =gt o« U).C . 11.23
() ]Zk ij €Xp {/a(lm) a Bl ( )jk k(120) ( )

11.3 Matching

11.3.1 p¢? Theory

Consider the following Lagrangian:

1
£=§(8¢)2 m2¢? + - (8<p)2 M — Amz (11.24)

If M > m, E, where E is the energy domain of the process we want to analyse,
we can integrate out (from the path integral) the heavy field ¢ and write down an
effective Lagrangian that describes physical processes at energies E ~ m. Say we
wish to describe a scattering process like ¢(p1)p(p2) — ¢(p3)P(pa), then we can
write the following effective Lagrangian:

1- 1 1
Loy = 5C009)* = 5C2¢* = :Cod* + .., (11.25)

where Cp, Cy are the Wilson coefficients of zero dimension and C is the two-
dimensional one. These coefficients can be expanded as:

Co=CP+C"+..., co=cP+cV+...., ca=c+cV+. ..,
(11.26)

where the upper index stands for the corresponding loop order. In the following we
shall present the matching procedure. Both theories must give identical results at a
matching scale 4 ~ M. Thus at this given scale the scattering amplitudes provided by
L and L. must be the same. At tree-level however, the matching is scale independent
(the scale dependence comes into the game only at the loop level). The tree-level
matching is diagrammatically shown in Fig. 11.1. Explicitly this reads:
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N ) - - = - = - = / ~ -
- N/ ~ -

2
»— + + X = IT

e ~N / N\ /(O)\
- ~ _ _ _ _ _ _ \ - Gy ~

Fig. 11.1 Tree-level matching conditions

MO =M | (11.27)

Dropping the —i global factor from —i M, the amplitude of the full theory for the
scattering process is given by

1 1 1
0) — ;)2
M = —iA (s2—M2+t2—M2+u2—M2)

)\2
= i3W +O0M™%). (11.28)

For the effective theory the amplitude simply reads

MG = —ic. (11.29)

Comparing the two results we obtain the tree-level matching conditions

)\2
) _
CO _— _3W.

(11.30)
It obvious that at this level C_(()O) =1land Céo) = m? by comparing the propagators of
the light scalar ¢ in both theories.

At one-loop level things start to be a little more difficult. The needed diagrams
are shown in Fig. 11.2.

In this analysis we shall only compute the first set of diagrams (first line of
Fig. 11.2). The second line is left as an exercise for the reader. The first two diagrams
of the complete theory give the following contribution to the scattering amplitude:

1 A2 m? 1 m?
EX7ESTR VeI [P W

M(l,w:_,-A_zuk l+/ldx1n a (11.31)
@m?" Le o 2]

where a2 = p%x(x — 1) +m?x + M%(1 —x). After renormalizing in the M S scheme
we find
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(1,a) (1,0) (L a)ess (2,a)ers

VAR - -
\ / / \\
v~ | m N
_ - - — 4+ = _—_— = — — ___D/___+___|:|___
el . cf
1T \\ /—\ // \\ //
4 = :L_J + ]:[ 4
7 N 7 N
SN Y S - C[(]U) e /Céo) N~ s C(()l) ~

Fig. 11.2 One-loop matching conditions

Mo — 1 A () m* () [m (mzm)) _ 1} ’

"2 @n? M2 2
Ny ! a® ()
(1,b) . H H
= — 1 11.32
R “am? Jo “( /ﬂ)’ (1132

where A(u) and m(u) are the running coupling and the running mass of the full

theory (as usual, the subscript R stands for renormalized or regular).® In order to

perform the matching properly we must expand the logarithm of a2/ in powers of
2 /172

p/M*:

1 2 1 2 —1 2 M2(1 —
/ dxln(%):/ dxln(p x(x )+m2x+ ( x))
0 e 0 1
M2 1 2 m2
=In{— dxln | — -+ — 11—
n(ﬂz)+/0 xn(sz(x )+M2x+( x))
M2 1 m2
~In|— +/ dxln(—x—i—(l—x))
(/Lz) 0 M?

L/ MPx(x — 1)
+/0 dx(mz/Mz)x +1—x

M? m? m? 1 p2 4

3In general, after renormalization M will also depend on u.. However we have considered that
M (1) =~ constant close to the matching scale p1 ~ M.
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Summing both contributions, (1, a) and (1, b), one obtains:

1 _ (1,a) (1,b)
My = Mp™ + My

_ N [3mP)  (mP () 1mP
=i — In - =
4m?2 2 M2 12 2 M2
IR 11.34
202 (7) (11.34)

We will now move on to the computation of the diagrams for the effective theory.
The transition amplitude of the first diagram reads:

D
MEDer — lC(O) d”k 1

20

Qm)D k2 — m?

(11.35)

3 A2 m? 1 m?
leen(E) )

2@ M2
The second one is simply:
MUDe — iV 4 ip?Ch.

(11.36)

After renormalizing in the MS scheme, we obtain

1La), )
M = Mg 4 M

3N meo) [ (mE )
= i- - In -1
2 (4m)2 M2 12

—iC8" () +ip*Cs” ()

(11.37)

where (1) and mep(p1) are the running coupling and mass in the effective theory
(which, in general are not equal to the ones in the full theory). For the matching,
in order to avoid potentially large logarithmic contributions from In(M?/u?) we
must choose the matching scale p around M. Here we shall choose it © = M. The

matching condition ME}; R= Mg) then gives:

3 Agp(M) mZ(M)

2 (4m)? M2

2 (M
()
M2

=SV o) + pPesd )
N2(M) [3m2(M) m2(M)
= = In
4m? |2 M2 ( M? )
1 m2(M)
2 M2

1p2
2 M?

)

(11.38)
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Therefore we get to the following relations between the parameters of the full and
effective theory

AM) = Ag(M), m(M) = moy(M), (11.39)

for the mass and coupling and

- 1 \N2(M
(M 2(M
ey = _(:W)g (1 + m]v([z )), (11.41)

for the coefficients. One must notice that the terms proportional to In(m? /M?) cancel
exactly in the matching. This is a general feature of effective theories: both the
complete theory and the effective one have the same IR behaviour (thus also the
same IR divergences) and therefore, the IR divergences will always cancel in
the matching. In this case, if we wanted to take the limit m — O for the light field
¢, it would give rise to an IR divergent logarithm. However, this logarithm cancels
in the matching and our effective theory is IR safe (well defined in the limit m — 0).
Thus, after the matching we are left with the following effective Lagrangian

1 1 Agp() 5
ﬁeﬁZE |:1 + 5(470—21‘/[2:| (0¢)

1 5 Agﬁ"(,u) mgﬁf(ﬂ) 2

1 Agﬁ'(,u) Xgﬁ(,u) 4
~ |:—3 A2 +a(47r)2M4 o+ ...,

(11.42)

where a is determined by the matching given in the second line of Fig. 11.2 which
has been left as an exercise. The running parameters Agp(yt) and mep(p) can be
calculated solving the RGEs with the initial conditions given by (11.39). The low
scale is usually chosen as > ~ m?. Note that the Lagrangian (11.42) doesn’t have
a canonically normalized kinetic term. In order to obtain the canonical kinetic term
and, therefore, use the standard Feynman rules we must perform a field redefinition:

1 A2
¢ — 1 - 5(477’?—21‘42. (11.43)
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Thus, our final Lagrangian takes the form
2 2
1 , 1 > )\eﬂ(ﬂ) meﬁ(,u)
= — i (1) — 1
Xm0 ) 5 1 [ X
2 (4n)2M? 4! M?
A1)
3 gt 4
1 2 2 3 4
= 5(3@ - —meﬁr(u) " — ZAeﬁ‘(H) "+ (11.44)

for which we can define the usual Feynman rules following the standard procedure
and that we can use for calculating scattering processes like ¢¢ — ¢¢ with one-loop

matching precision.
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181759/public/aqft.pdf

A.J. Buras, Weak Hamiltonian, CP Violation and Rare Decays, arxiv:hep-ph/9806471
W. Skiba, TASI Lectures on Effective Field Theory and Precision Electroweak Measurements,

arxiv:org/pdf/1006.2142v1.pdf
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Chapter 12
Optical Theorem

Abstract The optical theorem can turn out to be a handy tool in calculating absorp-
tive (imaginary) parts of self-energies (or scattering amplitudes) or it can be a useful
cross check for some calculations. In this chapter we will explicitly deduce the stan-
dard form of the optical theorem and try to establish a robust and transparent notation.
We will also take an illustrative example and recover the well known Breit-Wigner
approximation for unstable particle propagators.

12.1 Optical Theorem Deduction

The scattering matrix S can be written as S = 7 — i M, where 7 is the identity
operator and M the transition matrix. The unitarity property of S guarantees that
STS = 7, to all orders in perturbation theory. Therefore, we can write the following:

S\ S=T+iMYT—iM)y=T—iM+iM + MIM=1. (12.1)
Thus:
iM =M =MM. (12.2)
Given an initial state |i) and a final state | f), we have
P(FIM = MO = (FIMTMi). (12.3)

Introducing the closure relation in between M and M on the RHS of (12.3) we get

((FIM = MD)iy =D (FIM n) (n| Mli), (12.4)

n
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where |n) is a complete basis of orthogonal states, and where in is defined as

&’ pi
Z z (27‘(‘)3"’ /H 2El (12.5)

n

In the previous expression n; represents the number of particles in the state |n). If
we suppose that the initial and final states are the same, then the LHS of (12.4) reads:
i |(M = M) = i[GMI) — M)
=i2m*W (P = P)[Mini — M,

= —2Im(M;;) 2m)* 6D (P, — Ph) (12.6)
where we have introduced the following notation:
(fIMIi) = @m* 6D Py —Pi) Miss g (12.7)

On the other hand, looking at the RHS of (12.4) we obtain the following:

D M) (n| Mliy =D~ (| MIi) (n| M]i)

n n

= > (@ P - P) MR a28)

Thus, combining (12.8) and (12.6) we obtain the standard form of the Optical The-
orem:

_ o Epi sy e
ZIm(Mz—n) (27T)3”j—4/]~_[ (7)1 Pn)|Mz—>n| . (129)

If the initial state is a two-particle state (a + b), the theorem takes the form!:
—2Im(M;_;) = 2212, mZ, mi) Zo(a +b—n)
=2\12(s, m2, ml%)JZa +b — all), (12.10)
What the previous expression states is that, except for the \1/2(s, mg, mi) factor and
a global sign, the absorptive (imaginary) part of the transition matrix is equal (order

by order in perturbation theory) to the sum of the cross sections describing all the
possible final states originated by the initial two body scattering. Schematically:

ISee Chap. 3 for definitions of decay rates and cross sections.
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2

Im ~ Y

If the initial state is a one-particle state (a), then we can relate self-energies with
decay widths:

O

Therefore, the imaginary part of the self-energy is proportional to the total decay
width of the particle:

—2m(M;)) =2VA2 > I(a - n) = 2V M(a - all) = 2k T4,

(12.11)

where k? and I, are the squared four-momentum and the total decay width of the
particle a. Note that in the previous equation we have written Vk? instead of the
mass m,. This is because, on the LHS of the previous equation, we have the self-
energy amplitude of a particle that is not necessarily on-shell (k? # m% in general).
Thus, the total decay width must also be expressed as a function of Vk2 and not of
mg. This will be better understood with a latter example.

Therefore, (12.11) justifies the Breit-Wigner approximation of the propagator of
an unstable particle. Consider for example the propagator of a scalar particle ¢.
After accounting for loop effects and renormalizing, the propagator contains the
renormalized? two point function /7 dlf (k%):

i i
k2 — M2 + TR (k) k2 — M2 +Re ng(kZ) +iIm IR (k2)

(12.12)
As a first order approximation, we can ignore the real part of the two-point function
and we obtain the well-known expression:

i i
K2 — M2+ iVIPT,(02) K= M +iMyTy

(12.13)

2See Chap. 7 for more details on renormalization.


http://dx.doi.org/10.1007/978-3-319-22966-9_7

176 12 Optical Theorem
As we have already mentioned in Chap. 7, this term does not need renormalization

thus, the previous approximation is renormalization scheme independent! We shall
try to clarify all possible doubts with the next explicit one-loop example.

12.2 One-Loop Example

Consider a Higgs-like scalar particle ¢ with the usual Yukawa interaction

Lx) = —%qb(x)f(x)f(x), (12.14)

where v is the electroweak symmetry breaking scale and m ; the mass of the fermion.
The optical theorem in this case, states that the imaginary part of the self-energy
(given by a fermionic loop) is proportional to it’s decay width to fermions:

2
! /
¢ ¢
Im - ----H }F--—--= ~ - — - =
f
The decay width is straightforward to compute. It is given by:
1 mzf 4m§» 3/2

r )= ——M{1——F] . 12.15
@~ =g o( M;) (12.15)

The self-energy is also rather trivial. Taking the following configuration of momenta

k+q

we obtain the following expression for the two-point function:

m? [ dPk Trik+¢+me)K+mp)}

(g% = — = .
i1 v2 ) @mP (k2—m§.+i5)[(k+q)2—m§.+ig]

(12.16)

Note that we have explicitly written down the i e regulator of the Feynman propagator
because for this calculation it will play a important role (it should not be mistaken
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with € = %‘ where D is the number of space-time dimensions). Using the loop

functions defined in the previous chapters we obtain

2
1. — 12mf #26 m _‘1_2 l
7 (4mv)2 I e6)e
12m?% (g2 m? 1 a?
Meg®=—2L (L =L /d (%)), 12.17
r(q") (47rv)2(18 3 + A xa” In 2 ( )
with a?> = —¢?x(1 — x) +m? — ic and where we have separated the regular and the

UV-divergent parts as in the MS scheme (for simplicity). We can now use this result
to explicitly check on the optical theorem. The only piece of the self-energy I7(¢?)
that can develop an imaginary part is given bellow:

12m3 1 2
2y _ f 2 a
T(q ) = (47”))2/(; dxa“In (?)
12m3 1 —g%x(1 —x) +m% —ic
_ f 2 2 f
_W/O dx[—q x(l—x)—i—mf]ln( 2 .

(12.18)

In order to find the imaginary part we have to find the roots of the equation:

4m§c
1= —. (12.19)
q

In the region in between x; and x, the only imaginary part of the logarithm is the
one originated by the —ie term and it is =i7 depending on the sign conventions we
adopt. Here we will choose it —i7. Thus

+

N =

—qzx(l—)c)—f—m2 :O:>x12:l
! )

12m? [ 5 Lo mi AN
_W(47rv)2 /xz delmgetl =0 fmy] = g?q b 7 - (1220
Comparing with (12.15), we finally obtain:
Im [1(¢%) = \/;F(qz) = —Im(M), (12.21)

which is exactly what we were intending to prove.
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Appendix A
Master Integral

Consider the integral J (D, «, 3, a2) defined in (6.1):

de (k2)a

2y —
J(D, o, B,a") = 2mD (2 — a2y

(A.1)

Given a four-vector k* we introduce the following Euclidean quantities (this is often
called a Wick rotation):

k' = k% k) = ik, kg). (A.2)

Therefore, we find the following:

K=k -k = —(k%)? — k% = —k2, (A.3)
dk® = idk9, (A.4)
dPk = idPkg. (A.5)

We can thus, write (A.1) in terms of the previously introduced parameters

dPke (=D (kp)"
" E E
HD. 0 B )= [ oD (2 — a2y

a—0- E E
= (-1 l/ oL (k% a2)8' (A.6)

Let’s now consider the following integral in spherical coordinates:

+o0o 00 00
/ dez/dSZD/ d|x||x|P~! ESD/ dlx||x|P~1, (A7)
—00 0 0
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where we have defined Sp = f d$§2p and where §2p is a solid angle. Using

0 2 o 2 1
N / dxe™, / dxxPle™ = 5r(D/z), (A.8)
—0o0 0

we obtain that (\/7)? can be written as

+00 D
(VmP = ( / dxe—xz)
+00
E/ dPxe™>

—00

R 2

dS2p / dxxP~le™*
0

Sp
2

r'(D/2). (A.9)

Thus Sp is simply given by Sp = 272/2/I"(D/2). Introducing the previous result
we can now write (A.6) as:

_ Zi(_l)afﬂﬂ.D/Z 00 |D71 |kE|20¢
@mPrD/2) Jo (kg1 +a?)?
Zi(_l)a—/j 00 |kE|2a+D—l

J(D, a, 3,a% dlkg|lkg

= — 5 —. A10
@ o g Ty (10
All we have left to do is to find the solution to the remaining integral
e} k 204+D—1
KE/ d|kE||b;|—”. (A.11)
0 (Ikgl +a%)!
Performing a change of variable
2
a
1= ———>", A.12
(kE|? + a?) A1
we find:
. . 2a% k|
lim z=0, lim z=1, dz = dlkg|. (A.13)

kg |— 00 lkg|—0 (lkg|? + a?)?



Appendix A: Master Integral 181

Thus, we can write |kg| and d|kg| as

a2 12 1 a2\ 2
k| = (—(1 - z)) . dlkgl = —5dz(1 =27 2@?) (—
z 2 z
(A.14)
The integral K in terms of the new variable takes the form
01
K= _/ EdZ(GZ)a—ﬁ-'rD/ZZﬁ—a—D/Z—l(1 _ gyatD/2-1
1
1
1
=/ 5dz(az)CM—g'ﬁ‘D/ZZﬂ—(Y—D/Z—1(1 _ Z)(Y+D/2—1' (AIS)
0

Therefore the expression (A.10) becomes

i(_l)a—ﬂ(QZ)a—ﬂ+D/2

1
J(D. . B.d2) = dzz3—a=D/2=1(| _ ,ya+D/2-1
(D0 0.0 = =0 r (b 2) /0 = 4=
(A.16)
Introducing the Euler Beta function,
1
_ -1 'm)I"(n)

B(m,n :/ dzz" (1 - = | A7

(m,n) A ( ) o tm) (A.17)

takingm = f — a — D/2,n = a + D/2 we finally obtain the expression that we
were looking for:

i (@®)P/2(—g2)o—P rB—a—D/2)'(a+ D/2)

2y _
](D,O[, ,8,61 )_ (47T)D/2 F(ﬂ)F(D/Z)

(A.18)



Appendix B
Renormalization Group Equations

In the following we present a compendium of useful formulae regarding the renor-
malization group equations (RGEs) for the coupling constant, mass and a generic
Green function.

B.1 Beta Function

Consider a model with one expansion parameter o, i.e., the QED Lagrangian intro-
duced in Chap.7. After including quantum corrections we need to perform renor-
malization. If o is the bare parameter and « is the renormalized one, we have learnt
that both parameters are related through a renormalization constant, say Z, that we
shall define as

ap = Zaa, (B.1)

(in the QED case for example, we have Z, = Z5 1). As the renormalization con-
stants are renormalization scale dependent (proportional to a ;i2¢ factor) and the bare
parameter is p-independent, we conclude that the renormalized parameter must also
depend on p so that the product Z,« is scale independent:

a0 = Za(a(p) | (B.2)

In order to find the scale dependence of the renormalized coupling we differentiate
with respect to i on both sides of the previous equation:

dayg 0 7 da n dZ, (B.3)
— =0= —_— e . .
2 dn et du H du
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The previous equation is called the RGE for the coupling constant. Defining the 5(c)
function as

w dZy
= - , B4
Bla) Zo dii (B4)
we can write the RGE for « in the standard form
do
po = af(a) | (B.5)
1

The [ function is called the anomalous dimension of the coupling and it can be
perturbatively expanded as:

sa=p (2)+5(2) +. =X (%) B.6)
i=1

where the i index stands for the loop order. We can now proceed to find the pertur-
bative solution to (B.5):

i a1 da
In (_) _ / 1 da
o a(up) ,B(Oé) «
Jow o ()
= « a2 o
a(po) Bi— + B (_) + ... @
™ ™

1 a(p) — alup)
3
a(po) ﬂla(ﬂo) s (Oé(lio)) N
T T

%

(B.7)

Rearranging terms we obtain the following

2 2 2
ap) = apio) [1 + <l (Q(MO)) 1“(”—2)+ i (a(”m)) 1n(”—2) + .. }
2 m ’uo 2 T ILLO

(B.8)

Resumming the logarithms to all orders we get

(o)
a(p) = 5 5 > ,
{ B (Oé(Mo))l 7 B2 (a(uo)) %
- — S )-5|\—) In{= )
2 T o 2 T 145

which describes the running of the coupling o with the renormalization scale ..

(B.9)
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B.2 Gamma Function

Let’s now consider the mass renormalization. If the bare mass parameter is m( and
the renormalized one is m = m (i) we define Z,, as

mo = Z, (pym(p) |- (B.10)

Following the same procedure as before, we find the RGE equation for the renor-
malized mass to be

dm
po = —my(a) |, (B.11)
1

where we have defined the gamma function (called anomalous mass dimension) as

w dZy
() = — —. (B.12)
7 Zm dp

Similar to the previous case it can be expanded as
o o2 o!
W =n(2)+n(E) +..=2%(5)- (B.13)
0 0 — 0
Manipulating the expression (B.11) and inserting (B.5) we get to the following:
Dy = -2 (B.14)
I

Integrating we obtain the following result:

m(u) = m(uo) ex —/Mmd—“@
P IHOTERD auy) @ Bla)

o o2
_ () exp _/a(u) d_oz% (;) + 72 (;) + ... B.15)
alpo) & B (g) + 5 (%)2 + ..
Truncating at the two-loop order we find:
«a a\2 «a
71(—)-{-72(—) _”Yl-l—w(—)_l (2_@) a )
@ n@ e )P

(B.16)
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With the previous approximation we find

alw | g B
m (1) = m(p0) exp / — (—ﬂ) +da 5271—25172
a(po) | & b ieh

a(p) }_Wﬁl L+ Bovi — B2
a(po) ugery

~ m(fio) [ (o) — a(uo))} . (B.17)

where we have used eAT8 = e4eB, ¢BIN4 = AB and the approximation e¢ =

1 + €+ O(€?). Thus, the running mass with two-loop order precision is simply given
by:

_ a(u) T B (o M alw) — aluo)
m() = m(po) [m} [1 + 32 (E - E) 7}  B.18)

B.3 Generic Green Function

Finally let’s consider an arbitrary Green function I"(p;, ., m), where p; are the
incoming/outgoing momenta. For simplicity we shall consider that the previous
Green function only depends on one coupling o and one mass m. As usual, the
bare Green function Iy(p;, o, m) and the renormalized one I"(p;, o, m, i) can be
related through a renormalization constant:

To(pi,a,m) =Zr(W I (pi, a,m, ). (B.19)

The RGE for I'(p;, o, m, ) is then given by:

d
(,U/E + ’YF(O‘)) F(Pi, a, m, ,LL) = 0$ (BZO)

where we have introduced the generalized gamma function! as:

p dZr
= ——. B.21
yr(a) Zr dn (B.21)

The dependence on the scale 1 can be made more explicit by introducing the 3 and
~ functions:

't is worth mentioning that when using mass-independent renormalization schemes ~y only
depends on the coupling « and this is the case we are going to consider here.
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0 0 0
(ua— + Bla)am— — y(@)m—— + ’YF(Oé)) [(piya,m,p)=0.  (B.22)
1 oa om

In order to find the solution to this equation one can proceed as in the previous section

and trade the ;o dependence by o. We simply obtain

I'(pi,a,m, p) = I'(pi, a(po), m(po), fo) EXp [—/

U de yr ()
oy @ Ba)

|

, (B.23)

which can be perturbatively solved at any loop-order, just as in the previous cases.



Appendix C
Feynman Rules for Derivative Couplings

The formal steps to derive the Feynman rules from the interaction Lagrangian for
normal vertices is straightforward and nicely presented in the literature. Here we shall
only present a trick, useful to derive the Feynman rules corresponding to vertices that
contain derivatives of the fields (and correctly assign the corresponding momenta).
Consider the Scalar QED interaction Lagrangian given by

L= ieA“H+b_;H* =ieA"(H0,H™ — (0,H"H™). (C.1)

We know from Wick’s theorem that H ™ describes an ingoing particle or an outgoing
antiparticle, also that H* describes an ingoing antiparticle or an outgoing particle.
Let’s now consider we want to write down the Feynman rule corresponding to the
following process H ™ (p) — H ™ (q)v(p —q) shown in the Feynman diagram below

H™ N~
~
N
\
~
P ~ A
ANNNNNNV
p e _—
s _
/ p—yq
s
s
H- 7

As we also know, in momentum space e ~*7** describes an ingoing particle (antipar-
ticle) with momentum p and e’P"* describes an outgoing particle (antiparticle) with
momentum p. Thus, substituting the fields from the interaction Lagrangian by their
corresponding exponentials, assigning the momenta shown in the previous Feynman
diagram we get

L =iee P~ (ei‘f"aue—"l"x — (8ueiq‘x)e_ip‘x)

=e(p+ C2)
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Multiplying by an i factor (which comes from the S matrix expansion) we obtain the
corresponding Feynman rule for this vertex

o] e

Using the same trick one finds that H(p) — H7T(g)v(p — q) is given by the

following Feynman rule
—ie(p+q)u| (C4)

This can be easily extended to any configuration of momenta and to any Lagrangian
containing terms with derivative couplings. It very usual to find for example Feynman
rules for triple gauge vertices (or similar) i.e., the triple gluon vertex given at the end
of Chap. 5, where all momenta are incoming (which seems to violate momentum
conservation). It is done like that for simplicity. Depending on the assignation of
momenta for the process that one analyses, one must simply invert the necessary
signs of the momenta to convert particles/antiparticles from incoming to outgoing.
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