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Abstract

This thesis will deal with the phenomenological aspects of calculations involving unstable
particles. In the first part we discuss techniques used in the treatment of unstable particles
such as the complex mass scheme and the narrow width approximation. We show the complex
mass scheme allows us to include finite width effects while providing gauge invariant results,
both for a fermionic and a bosonic resonance. In the second part we move towards Higgs
phenomenology computations. We present a full calculation of the Higgs production cross
section (gg — H) through top quark loop as well as for the Higgs decay width I'(H — vv),
which includes fermion and W boson loops. Respectively, these processes correspond to the
dominant Higgs production mechanism at hadron colliders and to the decay mode used for
the discovery of the Higgs boson at the LHC. Lastly, we write a Monte Carlo C++ event
generator which provides the cross section for Higgs production associated with top quark pair
o(qq — ttH), and which can be readily modified to output any of the usual desired quantities
and plots, as well as unweighted events.
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1 Introduction

Since its development in the 1970s, the Standard Model of particle physics (SM) has become a
remarkably successful and well established theory. The SM is summarized in figure 2, where
we can see it consists of a bosonic and fermionic sector. The former is related to the three
fundamental forces described by the Standard Model: the strong force - mediated by gluons, the
weak force- mediated by the W, W~ and Z bosons, and the electromagnetic force - mediated
by photons. The fermionic sector is composed by six leptons: the electron, muon, tau and
respective neutrinos, and corresponding antiparticles and by six quarks:up, down, strange,
charm, top and bottom, and their corresponding antiparticles. Finally, a central piece of the
puzzle is the only scalar particle of the theory, the Higgs boson.
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Figure 2: Particles and sectors of the Standard Model

Before stipulating the existence of the Higgs field and the Higgs mechanism, the Standard
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Model had no way of explaining how elementary particles obtained their mass. Understanding
the process responsible for electroweak symmetry breaking and generating the masses of
elementary particles became one of the main goals of the particle physics community since
the mechanism was first proposed in the 1960’s. The search for the Higgs boson was a long
journey that culminated in July of 2012 when the CMS and ATLAS collaborations at CERN
announced they had discovered a narrow resonance with mass around 125 GeV, which inferred
the existence of a new particle compatible with a Higgs boson. This claim was later updated
when in March of 2013 it was reported that the new particle had no spin and even parity, and
measurements of the boson’s interaction with other particles strongly indicated that the recently

discovered particle was in fact the SM Higgs boson.

This thesis will address some of the phenomenological aspects of calculations involving
unstable particles. Of the Standard Model particles only the lightest ones are stable since heavier
particles can always decay to lighter ones. This means massless particles, like the gluon, photon
and neutrinos (which in the SM have zero mass) are necessarily stable, while particles like the
top quark, the W and Z bosons, and the Higgs boson are unstable. The first part of the thesis
will be concerned with the general properties of unstable particles and what the appropriate
techniques are for dealing with them, in particular the application of the Complex Mass Scheme
(CMS). The second part will approach Higgs phenomenology and the employment of Monte
Carlo methods.

In chapter 2 we lay out the foundation of the thesis, introducing the fundamental concepts
which play a central role in our discussion of unstable particles, as well as illustrating the
importance of the Higgs boson in the Standard Model. Having gone over the necessary relevant
concepts, in chapter 3 we focus on mass renormalization and renormalization schemes. We
begin by highlighting the differences between stable and unstable particles and describing how
one can define their physical mass. These differences turn out to have implications on which
renormalization schemes are appropriate when dealing with stable or unstable particles, so we
proceed by demonstrating how mass renormalization of a stable particle works in the two most
widely used schemes: the On-Shell Scheme and the M S scheme.

In chapter 4 we discuss why the resonances of unstable particles pose a problem when
dealing with perturbative calculations in one of the before mentioned schemes, since up to a
tixed order they do not produce gauge-invariant results. The need for a new renormalization
scheme that can effectively deal with unstable particles in the same way the previous schemes
took care of stable particles becomes evident. This is where we introduce the complex mass
scheme. In this chapter we show how this scheme solves the problem of gauge-invariance both
for a bosonic and a fermionic resonance. Lastly, we use the complex mass scheme setting of the
event-generator Madgraph to study how the CMS affects the cross-section of one of the main
Higgs production mechanisms at hadron colliders pp — t¢H. We take the opportunity to segue
into our next topic: Higgs phenomenology.

In chapter 5 we discuss the main Higgs production and decay mechanisms at the LHC. We
present a full calculation of the cross section of the dominant production channel - gg — H, also
known as gluon fusion, as well as for the partial decay width I'(H — ), which is precisely the
signature that allowed for the discovery of the Higgs boson at the LHC in 2012.
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Finally, still in the topic of phenomenology, in chapter 6 we present an introduction to Monte
Carlo integration and how it is used in the computation of relevant quantities in collider physics.
We use a sequential s-type branching algorithm to write our own MC code for computing the
cross-section both for gg — ¢t and qq — ttH, with excellent agreement with Madgraph in both
cases. In the case of Higgs production associated with a top-quark pair we also adapt our code
to produce some of the usual plots relevant when analyzing scattering data.






2 Important Concepts

2.1. Gauge Theories and Gauge Invariance

The most successful theories describing the behavior of elementary particles belong to a par-
ticular class known as gauge theories. Simply put, a gauge theory is one whose Lagrangian is
locally invariant under a certain continuous symmetry group, also known as a Lie group. If
the transformations of the symmetry group commute we say the theory is abelian, otherwise
it is known as a non-abelian gauge theory. For example, the remarkably successful quantum
field theory of electromagnetism - known as Quantum Electrodynamics (QED) - is an abelian
gauge theory invariant under transformations of the U(1) local symmetry group. An example
of an non-abelian gauge theory is the Standard Model of particle physics, with symmetry
SU(3). x SU(2)r, x U(1)y, where the SU(3). corresponds to the strong sector which gives rise
to the eight SM gluons while SU(2), x U(1)y is the electroweak sector which after symmetry
breaking - a concept we will explain next section - gives rise to the photon and the massive W

and Z bosons.

Gauge theories appear to be highly adept at describing three of the four fundamental forces
in nature, so it is important to understand exactly what they are and how one can obtain such
theories. In this section we will impose a gauge symmetry on a Lagrangian and follow the
necessary modifications until one obtains an abelian gauge theory. In particular, we will start
with the Dirac Lagrangian, whose equation of motion describes the relativistic behavior of
massive spin 1 particles, and obtain the QED Lagrangian. Here we follow chapter 7 of de Wit,
Laenen and Smith [1].

To begin, let us then consider the Dirac Lagrangian

Ly = i — mb . (2.1)
This Lagrangian is invariant under the rigid phase transformations ¢» — v/ = €% and
b — ¥ = e, We note, however, that because of the derivative in the first term it is

not invariant under local phase transformations. To see this let us perform the following

transformations to the fields

Y=y = Dy,

22
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which implies the following transformation of the Lagrangian

Ly — Eip :Z@e—iqﬂx)@ (eiqf(ﬂc)w) _ m@@b
—ip(iqPe + i) — mpp (2.3)
=ithp — mapp — qpd&ep # Loy

In doing this calculation we see that the problem lies in the fact that the derivative does not
transform in the same way as the field, but instead as

Ouib(@) = (@) =0, (€% Nh(a))

‘ (2.4)
—e'%@)(9,0(x) + iqd, ((z)) ¥(x)).

We can solve this by devising a modified derivative that transforms in a manner identical to the
tield. If we substitute the regular derivative in the original Lagrangian by this new covariant
derivative we ensure the Lagrangian remains invariant under local phase transformations.

Thus, we construct the covariant derivative first by defining

Dyp(z) = (Op — iqAu)Y(), (2.5)
which transforms as

Dyp(x) = (Duip(x))" =(0pb(2))" — iq Al (x)

(2.6)
=0ub(x) +iq0u& ()Y (x) — igA, ().

We note that in our definition of the covariant derivative we introduced a new field A,
whose transformation A, — Aj, is as of yet unspecified. Since our goal is to have D, (z) —
(D(2)) = €@ D, 2p(z), we can set a transformation rule for A, that ensures this. Indeed,
we impose

Ay = Al = A, + 8¢ 2.7)

which cancels the extra term coming from the regular derivative, ensuring the desired transfor-
mation property of D). Then, the Lagrangian

Ly =i Py — mapr

o o o (2.8)
=P — mipp — iq A,y

is invariant under the simultaneous transformations (2.2) and (2.7). Thus, this Lagrangian
satisfies U(1) symmetry since it is invariant under the multiplication of the fields by a 1x1
unitary matrix, i.e. a local phase transformation. In sum, we started with a Lagrangian
containing only a kinetic and a mass term for field 1) and our requirement that this theory be
gauge invariant under U(1) led us to introduce a gauge field whose transformations properties
assured this would be the case.

By definition the successive application of covariant derivatives also yields a covariant
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object. This allows us to to define a gauge covariant object depending only on the gauge fields,
as we now show.

Let us compute
[D/u Dyly = DM(DVT/’) - DV(DM¢)~ (2.9)

We start by writing the explicit expression for D,(D,) resorting to the definition of the
covariant derivative (2.5)

DN(DV¢) :Du (81/¢ - iqu/¢)
:au (81/1/) - iquﬂvz)) - iun (&ﬂ/’ - iqAﬂﬁ) (210)
:aual/¢ - iQ(auAu)¢ - iqAVau - iunaﬂ/J - q2A,uAVw~

By interchanging the indices ;1 <+ v we also obtain the expression for D, D). Since partial

derivatives commute we obtain

[D,ua Du]w = _in;uﬂ;Z)a (2.11)

where we have defined the field strength tensor F),, = 9,4, — 0, A,,. It is easy to see F},, is a

gauge invariant object under (2.7)

Fu — Fl, =0,A, — 9,4,
=0, A, — 0,0, + D, Ay — 0,0,
—0,A, — 9,A,
=Fu,

(2.12)

meaning —iqF},, 1 is indeed covariant, as we predicted. We can use the field strength tensor to

construct a Lagrangian for the gauge field

1
La=—FuwF", (2.13)

which is clearly gauge invariant. Adding £ 4 to our gauge invariant Lagrangian for the field v
(2.8) we obtain

['QED =LA+ Ew

: B B B (2.14)
== FwF" + i@y —mipp — ig Ay

which is the Lagrangian for Quantum Electrodynamics with A, being the photon field and

q = —e being the charge of the electron.

A point of vital importance to our discussion is that we cannot include a mass term for the

gauge field. A term of the form %mQA A is not invariant under (2.7) since
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1 2 1 2 A7 7!,
S Me A Al —om? A A

(A + 0, (A +076)

N . (2.15)
:imQAMA“ +m?A,0ME + §m2augaﬂg

;é%mzAMA“

and would consequently spoil the gauge invariance of the theory. In the case of QED this is no
cause for concern - the photon happens to be massless so there is no need for a mass term in the
Lagrangian. In the Standard Model however, this is not so. The W, W™, and Z are massive
gauge-bosons. Their mass cannot be accounted for by explicitly writing down a mass term since
- just as in the case of U(1) - these terms would spoil the gauge-invariance of the theory.

Thus, we must find a way of providing mass to the gauge bosons we know are massive in the
real world without spoiling the gauge-invariance of the theory. Luckily, such a procedure exists.
The mechanism responsible for atributing mass to gauge bosons is called the Brout-Englert-Higgs
mechanism, or often times simply the Higgs mechanism, which we will explain in the following

section.

2.2. Brout-Englert-Higgs Mechanism

2.2.1 Spontaneous Symmetry Breaking

In the previous section we saw why one cannot simply insert mass terms for gauge bosons in
the Lagrangian and claimed this setback is solved by the Higgs mechanism. A key ingredient to
understand this procedure is the concept of spontaneous symmetry breaking, which we will now

illustrate. Consider the following Lagrangian for a complex scalar field ¢
L =109 =V (o), with V(o) = p?o* + Ag|". (2.16)

We note that this is symmetric under global phase transformations. To make the degrees of
freedom explicit we can rewrite this Lagrangian by decomposing ¢ = % (¢r +i¢r). We obtain

2
L= L (@u0n) + 3 u0r)” — 2 (6m + 61— 2 (om + on)" 217)

Let us first consider the case when 12 > 0, for which the potential is plotted in figure

3a. The classical minimum of this potential - also called the vacuum - occurs quite clearly at
é(z) = ¢o = 0. In order to investigate the particle spectrum we need to expand the fields
around this vacuum. In this case, since the vacuum occurs at the origin, the expression for
the field perturbations coincides with the original expression. We then see that we are in the
presence of two massive particles ¢ and ¢; both with mass p, which interact with one another.

Thus, we call the case p? > 0 the manifest realization of the symmetry.
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@ V(|¢]?) for u? > 0 ) V(|¢]?) for u? < 0

Figure 3: Higgs potential before and after symmetry breaking

Let us now consider the case 2 < 0, for which the potential is plotted in figure 3b. In this

case it is clear that we no longer have a single vacuum but a ring of vacua satisfying

2 2
v (¢l°) =0, which leads to \/—7 = |po| = v. (2.18)
NDL Nigi=is0l A

We see that we can no longer consider a vanishing vacuum expectation value, so the U(1)
symmetry is no longer manifest since rotations in the complex plane would lead to a different
ground state. We say the symmetry has been spontaneously broken and call this the spontaneously

broken realization of the symmetry.

Out of this infinite number of minima we choose to expand around ¢r = v and ¢; = 0 such
that ¢ becomes

o= %(v +dr+idn), (2.19)

with 5 r and 5 1 being the fluctuations around the vacuum of ¢ and ¢;, respectively. We now
substitute expression (2.19) in the Lagrangian in order to rewrite it in terms of the fluctuations.

For the kinetic term we obtain

1, ~ ~ 1, ~ 1, ~
10,61 = 510ur +i0u01 1" = 5(9uR)” + 5(9ur)*. (220)

To obtain V (|¢|?) we first write

o =5 [0+ )+ 3]
L 1,1, (2.21)
=5V +U¢R+§¢R+§¢I7



and

2 1 ~ 1~ 1~ a~ 1 5~
6" = (18")" =v* + v*0k + {0k + 101 + Vor + SV 0R+

S (2.22)
+ V701 + 00k + vOROT + SOROT.
From (2.18) we have ;2 = —2) so we write the potential as
2 L 4 272 73 ~ oy Loy 1oy 1
V(lgl") = —Z)\U + A PR + Mgy + AvgrdT + 1)@3 + 1)@1 + 5)‘¢R¢I' (2.23)
The Lagrangian then becomes
Loz e, 170 272 . .
L= 5(6,@3) + 5((%(;51) — M\ ¢f + interaction terms . (2.24)

This time we see that we have one massive particle ¢r with mass m? = 2\v?, and one
massless particle ¢1. The fact that the ¢; field is massless can be understood by noting that it
describes the angular excitations (we chose our ground state on the ¢ axis), direction in which
the potential is constant. This is a direct consequence of the so-called Goldstone theorem, so ¢; is

what is known as a Goldstone boson.

The Goldstone theorem states that for every generator of the symmetry group that is spon-
taneously broken by the vacuum expectation value (or in other words for each generator that
connects the different vacuum states) there will appear a massless particle called the Goldstone
particle. In this case the symmetry is generated by a scalar parameter, thus the Goldstone
particle is also a scalar. However this is not always the case. In some supersymmetric models
for example, spontaneously broken fermionic symmetries occur - which leads to Goldstone
fermions, instead of scalars. We see that in the manifest realization of the theory there is no
Goldstone boson since no generator of the symmetry has been broken. On the other hand, in
the spontaneously broken realization -also called the Goldstone realization - the degeneracy of
the groundstate is due to the broken symmetry. According to the theorem this gives rise to a
massless particle, which we confirmed.

Now that we have seen how spontaneous symmetry breaking works, we can apply it to
a gauge theory by adding the covariant version of Lagrangian (2.16) to our original gauge-
invariant Lagrangian. As previously mentioned, this is the procedure known as the Brout-
Englert-Higgs mechanism, which will give rise to mass terms for the gauge fields without spoiling
the gauge-invariance of the theory, as we will see. Next section we will apply the Higgs
mechanism to a U(1) gauge theory with the intention of afterwards building on that example
and subsequently apply it to SU(2)1, x U(1)y, i.e. the electroweak sector of the Standard Model.

2.2.2 Abelian Case

To apply the Higgs mechanism to a U(1) gauge theory we take Lagrangian (2.16) and substitute
the regular derivative by the U(1) covariant derivative, which we have already established is

10



given by expression (2.5). We get
1
£ =|Dyudl* — w?|6l* = Nol* — 1 F,

. 1
=|0,¢ +ieAup* — p?|¢]> — Ng|* — ZFEV :

(2.25)

Now we choose p? < 0 such that we are in the spontaneously broken realization of the
theory. Let us evaluate the first term of the Lagrangian by again performing decomposition
(2.19). For the first term, after a little algebra we obtain

0 + e Aud|* =10u01” + 2 A6 + 2¢ A, Reli(0,6) 0]

1.+ 1 .+ 9 14459 - ' ' (2.26)

25(@@3) + 5(8;@3) +5et A, — evA,(0"¢r) + interaction terms.

The term +%6202AZ does indeed have the form of a mass term for the photon field so one might
think we have fulfilled our goal. However there are two problems we need to deal with. First
we note that the original Lagrangian contained four degrees of freedom - two coming from
the complex scalar and the other two being the possible spin polarizations for the massless
gauge field, whereas in (2.26) the gauge boson is massive so we have five overall degrees
of freedom. The second problem is the presence of the —ev A, (9"¢;) term, representing the
coupling between the Golstone boson and the gauge field which appears to transform a spin-1

particle into a spin-0 particle. This parametrization of the fields is then obviously unphysical.

We can exploit our gauge freedom to eliminate the Goldstone boson ¢; from the Lagrangian
entirely. This would change the number of degrees of freedom back to four and would rid us
from the undesired coupling term thus solving the two issues we mentioned. We do this by

writing
Loy 7o pi Lo 1o, Loz e
i(augb[) —evA, 0 or + 56 v Au = 56 vi[A, — g(ﬁqb[)] , (2.27)
and subsquently applying he gauge transformation
1
Au(z) = Al (v) = Ay + gaqu[. (2.28)

Usually we say that the Goldstone boson is eaten by the gauge boson, which in doing so obtains
one extra degree of freedom corresponding to the longitudinal polarization. The gauge in which
the Goldstone particle no longer appears explicitely in the Lagrangian is called the unitary
gauge. It is important to note that while physical predictions do not depend on the choice of
gauge the unitary gauge allows us to work with fields that correspond to physical particles and

avoid unwanted mixing terms. The gauge tranformation 2.28 on the original field ¢ would be
¢ — ¢ = eiO/vg = =010, (2.29)

11



and since up to first order we can write

6= (0 Dt idn) = =0+ D) (230

we see that the effect of the gauge transformation (2.29) is to make the field ¢ purely real. We
see that a shortcut to obtain the Lagrangian in the unitary gauge is setting ¢ = 0 from the

beginning.
Now that we know we are working with the physical fields we rename ¢ = h, and write
the full Lagrangian as
1 1 1
L= 5(8/JL)2 — M?h? — ZF’%” + 562’1)2142 + interaction terms, (2.31)

where we dropped the prime in A,. The field h is the so-called Higgs field, whose mass is
mp, = V2 v2. We see that the A, field has a mass m4 = ev, so we have attained our goal of
having a gauge invariant theory with a massive gauge boson.

2.2.3 Standard Model

In the previous section we have sketched how we can have a U(1) gauge theory with a massive
photon by making use of the Higgs mechanism. However in the real world the massive gauge
bosons are the W, W~ and the Z, not the photon. In this section we will apply the Higgs
mechanism to the electroweak sector of the Standard Model, which posesses SU(2)r, x U(1)y
local gauge symmetry.

Analogously to the abelian example, we expect there to be three Goldstone bosons which
will provide the longitudinal degrees of freedom of the massive W', W~ and the Z. We also
expect there to be a massive scalar particle - the Standard Model Higgs boson - corresponding
to the field excitation in the direction radial direction.

Since we want the Higgs mechanism to provide the masses of the eleectroweak gauge bosons
we introduce a SU(2), x U(1)y doublet of scalars, one neutral - ¢°- and the other charged ¢+

+ 1 ;
6= ¢0 _ L (ot (2.32)
¢ V2 \ 3+ iy
Choosing the unitary gauge in this case amounts to setting ¢; = ¢2 = ¢4 = 0and ¢3 = v + h,

just like setting é; = 0 would lead to the unitary gauge in the abelian example. So we have

0
P(z) = (U o (w)> - (2.33)

We again want to consider the Lagrangian
£=(0u0)(0"0) = V(I6P). with  V(6]) = 1*6'¢ + A(@T0)” (2.34)

We see that after spontaneous symmetry breaking this potential has an infinite set of minima

with (¢T¢) = —g. To have a SU(2) x U(1) gauge theory we have to introduce its covariant
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derivative, just like we introduced the U(1) covariant derivative in the abelian case. The
electroweak covariant derivative is the 2 x 2 matrix given by

1
Dy = |9+ 54'BuY +gWiTa| (2.35)

where Y is the so-called weak hypercharge serving as the U(1)y generator and 7}, = 30, being
the SU(2), generator, where o denote the Pauli matrices. Also, B,, is the gauge field associated
with the U(1) group whereas W} denotes the three gauge fields associated with SU(2). In

explicit matrix form the covariant derivative is

D(;S—L 8+9W3+z~"B i§ (W, —iW?) 0
V2 g(W1+zW2) 0y — iSW3 +i% B, | [v+h

(2.36)
1 [ zi(Wﬁ —zWi)

V2|0, - & (gW —ig'By)

Now we evaluate | D,,¢|?

(D) (Dub) = (Ouh)? + 0/ (Wh + W2 i) 0+ )+ L(gWE — o B) (v + b
(2.37)

Let us focus on the quadratic part in the W* and B fields, which is

02 . . 02
§gz(W,} AW (W — W) 4 g(gWi —¢'B,)% (2.38)
Regarding the first term, it is convenient to recombine the charged fields W;} and Wﬁ into a
complex field W,,, such that

W, = —=(W,; —iW}2). (2.39)

-

This means that
. . | p—
gg2(Wj +IWD)(WH — iW)® = ZgZUzl/VMW“ (2.40)

This has the form of a mass term so we see that the W+ and W~ bosons are associated with
the W, and W, fields with their mass dependeing on the SU(2), coupling constant and on the
Higgs field vacuum expectation value. The terms quadratic in Wg’ and B,, can be written as

02 2 2 3u
3 _ Y (s g 99 w
(QW QB ) 3 (VVM Bu) (—gg’ g2 ) (B“)

_v o (WO
8 < B“) M (Bu ) '

We intend to diagonalize the mass matrix M2 so that we can lose all the mixing terms and thus

(2.41)

[
=

13



be able to write the Lagrangian in terms of the physical fields. Their masses are given by the
eigenvalues of M 2 i.e. the solutions to the characteristic equation

(> = N)(g* —\) — ¢%¢*> =0, whichyields X\ =0, \=g*+ g (2.42)

By computing the eigenvectors we obtain the change-of-basis matrix S

/
gL |9 9 (2.43)
ViE+g?|lg -4
such that (2.41) becomes
2 3u
- (0 0 w
- (W8 B.)S (0 24 g,2> S ( . (2.44)

So now we define the photon field A, and the Z field Z,, such that they correspond to the basis

that diagonalizes the mass matrix M

Al 1 9 g 5
= wE B, (2.45)

yielding,

A, =sin QWW[z’ + cos Oy B,

(2.46)
Z,, = cos QWW;E — sin Oy B,

where we defined the weak mixing angle as tan 6y = %/. So by applying the Higgs mechanism
in the electroweak sector of the Standard Model we see that the photon has remained massless,
while the W and Z bosons have acquired a mass

1

mw =5 gv
1 1 gv (2.47)

mz =5V g*+ g% = :
2 2 cos Oy

The relation
2 2
cos Oy = m—‘g/ or p= aniw =1 (2.48)

mi m?, cos Oy

is an important experimental check on the Higgs mechanism. Another experimental test is to
determine whether the couplings of the Higgs to other particles are the ones predicted by the
Standard Model. We can summarize the SM Higgs couplings to gauge bosons and fermions, as
well as to the Higgs boson itself in the following Lagrangian [16].

L= =g TH + PEH g 4 SR s 5, v v (g i+ P 12) (249)
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2 2m?2 3m? 2

m 2m 3m
v, gHHVV:TQVI JHHH = UH, gHHHH:TQH7 (2.50)

Iuff = Tf’ gaVV =

where V =W, W=, Z bosons and = 1, 07 = 3.

2.2.4 Fermion Masses

Besides providing the procedure for having massive gauge bosons without spoling the symme-
tries of the theory, in the Standard Model the Higgs mechanism is also responsible for explaining
the masses of elementary fermions. To see why this is so, we take a fermion mass term —ma)¢

and decompose it into chiral fields such that

mpp = m(Y g + Ypipr), (2.51)
where we have defined
vr ="y (2.52)
wR == PR’Z/Ja

with ¢ = 1_275 and ¢Yp = H% being the chiral projectors. We call g the right-handed field and
1, the left-handed field. The issue is that in the Standard Model left-handed fermions belong
to the doublet representation of SU(2), while right-handed fermions are SU (2) singlets. This
means that both the right- and left-handed fields transform under U(1)y but only left-handed
fields transform under SU(2).

Consequently, the mass term (2.51) is not gauge invariant under SU(2);, x U(1)y, the
symmetry group of the electroweak sector of the Standard Model. This is one of the defining
characteristics of the Standard Model and the reason why we cannot directly include mass terms
in the Lagrangian. Fortunately, we can once again employ the Higgs mechanism to circumvent
the fact that mass terms are not gauge invariant, just as before.

Let us call ¥;, the SU(2) doublet, and ur and dr the SU(2) singlets, such that

w=<z>, (2.53)

where the u field can represent any up-like quark or neutrino and the d field any down-type
quark or charged lepton.

What we would like to do is take the two SU(2) doublets at our disposal - ¢;, and the Higgs
doublet ¢ - and combine them to construct an SU (2) singlet which we can then couple to the

right handed fields in a gauge invariant manner. Under SU(2), ¢ and 1, transform as

¢— ¢ =Ug

(2.54)
Y, — Y = Uy,

where U is an unitary 2 x 2 matrix with unit determinant. We immediately see that ¢ is then
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an SU(2) singlet.

We can construct yet another singlet ¢1,(—io2¢*). To show this we use the most general

a b
U= (—b* a*) . (2.55)
R a* b\ (b —a
i = (1 0) <_b ) - ( N), 259
. B a b 0 -1 B b —a
Ul=ioz) = (—b* a*) (1 O) B (a* b*) ’ @57)

such that —iooU* = —iUo2. Now we can verify that ¢, (—io2¢*) is indeed a singlet

parametrization of an SU(2) matrix

Now we note that

and also

VU (—io2¢™) = YU (—ioa)U*¢* = P U (—ion)U*¢* =ty (—ioas”). (2.58)

We also need to make sure that the term is invariant under U(1)y so first we write how the
fields transform under this symmetry, the doublets transform as

0 ¢f = 2%
. 2.59
Y = g = e2ht =
and the singlets as
1
up =e2%8yp
(2.60)

dp =e2 0 dp,

where ¢ is the generator of the U(1) transformations and for now ¢, q1, g2, g3 are just arbitrary
numbers. We see that the SU(2) singlets ¢; = ;¢ and 19 = 1, (—ice¢*) transform under U (1)
as

1 — P =2y,

i (2.61)
Yo — 1//2 :e_i(q+Q1)z/12,

so we set g3 = g1 — ¢ and ¢2 = ¢+ ¢ since this will ultimately lead to a mass terms also invariant
under U(1)y transformations, as we will see below.

Now we set the Higgs doublet to the unitary gauge, such that

1 0
b = % <v . h(x)) . (2.62)

We will only keep the terms proportional to the vacuum expectation value since we are interested
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in the mass terms, however we note that the perturbation h(x) gives rise to interaction terms
between the fermions and the Higgs field. We are finally able to construct gauge invariant mass
terms. For the down- and up-type quark respectively we have

Ly =N (@MMR + 8R¢T¢L>

B B (2.63)
:)\\j;[deR + deL]
and
Lo = (Dr(~io26)dn + dp(—io26") )
‘o (2.64)
:%[ELUR —l—ﬂRuL]

We were once again able to obtain mass terms in the Lagrangian in a way that does not
spoil gauge invariance by resorting to the Higgs mechanism. We should make a brief note here.
While this mechanism is responsible for providing masses to elementary fermions, it does not
provide the mass of what we commonly think of as matter. This is because only 1% of the mass
of the proton comes from the rest masses of the quarks. The remaining contributions to the
mass come from QCD binding energy, which comes from the kinetic energy of the quarks and
gluon fields that bind the quarks together. This is also true for the neutron.

2.3. Particles and Propagators

In this section we aim to understand the effect a time-dependent external disturbance has on a
tield, including what happens to such field once that disturbance is switched off. We follow
section 2.2 from de Wit, Laenen and Smith [1].

To do this, let us consider the Lagrangian for a relativistic scalar field in the presence of a

source J(x)
1 o1 2.9
L= 5(8“(;3) —5m »° + Jo. (2.65)
The equation of motion reads
(3% +m?)g(z) = J(x), (2.66)

which is just the Klein-Gordon equation in the presence of a source. We solve this equation
through the Green’s function method by introducing A(z) which must satisfy

(0% + m?)A(z) = —id™ (x). (2.67)

Using the definition for the Fourier transform as well as the definition of the Dirac delta

4 k.
A(m) :/(gﬂl;eik‘xA(k)/ (5(4)($) :/(gﬂl;elk.x (2.68)
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we see equation (2.67) in momentum space yields

Alk) = 15— (2.69)
such that

Now we can solve the differential equation through the Green’s function method

¢(x) = do(z) +0¢(), (2.71)

where ¢ is the solution to the free (homogeneous) Klein-Gordon equation and

56(x) = / YA — )T (y). @.72)

We can make the time dependence of (2.72) clearer by writing

. o0, J(Kk KO
Sp(x) = / dBle kX / dkPetk"t (k0>2(_i{2 1 — (2.73)

Now we see that for large values of |t| the exponential ekt oscillates very quickly so we expect

(2.73) to vanish. More precisely we can resort to the Riemann-Lebesgue theorem which states

+00 ‘ too
lim dzf(z)e*™ =0, when / |f(x)|dz is finite. (2.74)

t—o00 — oo oo

However we see that this latter condition is not satisfied, since our integrand has two poles
located at £ = +w(k), with w(k) = vkZ +m2. Due to these poles, 6¢(z) will not vanish.
Even when J(k, V) is integrable there will always be contributions corresponding to plane
waves whose four-momenta satisfy the relativistic dispersion equation £ = v'k2? + m2. These
contributions can then be identified with physical particles associated with field ¢, since they
survive at assymptotically large times. The contributions that do not satisfy E = vk2 + m?
correspond to virtual particles, since they cannot survive at times substantially larger than the
time scale over which the source varies.

Let us focus on the following integration over &°

7

(K9)2 — k2 — m2

I(t) = / +OOczkoeik“tf(ko) ,with  f(k°) = (2.75)

—00

This integral can be evaluated by contour integration. For ¢ > 0 we can choose the contour
seen in figure 4. For large values of k” we see f(k”) — 0, so we can safely assume that the

contributions coming from the vertical pieces of the contour vanish.
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Im k°

Re k'

Figure 4: Contour chosen to perform integral (2.75)

We then have

%dkoeik%f(ko) :/dkoeikotf(kO) +/dkoei(k0+m)tf(ko+m)
c (2.76)
= / dkOe*” £(K0) + e / dk%e™*’ £ (K + ia)

We see that the second term is exponentially supressed and vanishes for large values of t. Thus,
by Cauchy’s residue theorem we have

I(t) = 55 dk%e*° £(K0) = —2mi > e Resf(wn), (2.77)

c

where w,, are the poles of f(k°). As it stands, the poles of f(k°) lie on the real axis. How one
chooses the contour to circumvent the poles will lead to different forms of the field propagator,
namely the retarded, the advanced and the Feynman propagators.

\Z/ NGV

Figure 5: Contour choice for the retarded propagator

The retarded propagator amounts to choosing contour seen in figure 5 and it is given by the

Green’s function

4 ik(z—y)
Agp(z —y) = lim 'k ¢

e—0 ) (2m)% (kO 4 i€)2 — w2’ (2.78)

As we can see from this expression, this choice of contour is equivalent to shifting the poles

above the real axis by an infinitesimal amount 7e and taking the integral on the real axis.

[0 £

Figure 6: Contour choice for the advanced propagator

Similarly, the advanced propagator amounts to choosing the contour in figure 6 and its

19



expression is

dk eik(:vfy)
A —qy) =1 .
Alz—y) = lin (27)% (k0 — i€)? — w?

(2.79)

.0

%

Figure 7: Contour choice for the Feynman propagator

Lastly, we have the Feynman propagator, which amounts to choosing contour in figure 7 or
shifting the left pole above the real axis and the right pole below the real axis. Its expression is

the famous Lorentz invariant object

4 ik(x—y)
Ap(z —y) = lim dk e

e—0 ) (2m)* k2 —m? + i€ (2.80)

This propagator can also be derived as the vacuum expectation value of the time-ordered
product of the free fields ¢

Ap(z—y) = (T{do(x)Po(y)})- (2.81)

Im k°

A

Re k"

Figure 8: Appropriate contour choices for the Feynman propagator fort > 0and ¢t < 0

In this section we only explicitly evaluated the integral for ¢ > 0 but the procedure for
t < 0 is essentially the same, the only difference being that we close the contour in the lower
half-plane instead of closing it from above. The summary of how we choose the contour for
the Feynman propagator can be seen in figure 8. In most calculations in this thesis we will
use the Feynman propagator but leave the ie implicit unless we are directly dealing with its
consequences.

Unstable particles will play a vital role in this thesis so one last remark is in order. In chapter
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3 we will show that due to quantum corrections to the two-point Green’s function, the pole of
the propagator of unstable particles is shifted into the complex plane. Exactly how this comes
about will be explained later; for now it suffices to consider the propagator with a complex
valued pole

d*k i .
A(z) = ik 2.82
() /(27r)4 k2 —m2+me (2.82)

Once again, at very large times only the modes associated with the pole of the propagator

survive, however now we have the pole located at (k°)? = w?(k) + iv. If we assume v << w?(k)
then the location of the pole can be written as ¥ = w(k), /1 + z'w%(k) ~ wk) + zﬁ(k) The
leading contribution to the propagator at large times will then be proportional to

ikt _i(emrisgg )t _ w0t~ st (2.83)

kOpole

We see the inclusion of an imaginary part in the denominator leads to a damping of the
usual plane wave solution. Thus, the probability of detecting an unstable particle decreases
exponentially with a characteristic time

w(k)

T(k) = —=

-1
- k), (2.84)

where we have defined the decay width I'(k) of a particle as the inverse of its mean life time
7(k). We can recover the plane wave solution for stable particles by taking the limit I'(k) — 0
since by definition they have infinite decay times.

2.4. Unitarity

2.4.1 Optical Theorem

Unitarity is a fundamental property of any quantum field theory which simply put means
that probabilities add up to one. In order to have a probabilistic interpretation of a theory it is
required that it be unitary.

Let |i) denote our initial state at ¢ = —oo and |f) our final state at t = +00. We will assume
that interactions occur in a finite interval, so that at ¢ = Fo00 these states are free states at infinite
times assymptotic states. This is closely related to our discussion about real and virtual particles

in the previous section. Now we define the scattering matrix or the S-matrix as
{fI5]i) = (fIU(t = +o0,t = —o0)l1), (2.85)

where U is the time evolution operator in the Schrodinger picture. We can easily check why
this S-matrix must be unitary. In the Schrodinger picture the norm of a state is constant in time,

which implies that for any value of ¢
(U;t|¥;t) = (V;0]T;0). (2.86)
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Now, since we have
|W:t) = e YW 0) = S|W), (2.87)
then
(U5 t[Wst) = (U;01S7S|W;0) = (W;0]¥;0), (2.88)

which together with equation (2.86) implies STS = 1, meaning S must be unitary. This appar-
ently simple result has remarkable consequences. We note that the amplitudes we are used to
computing through Feynman rules are related to the S-matrix elements by

(fIT) = 2m) W (ps — pp) M(i — f), (2.89)
where 7 is known as the transfer matrix and is defined as the non trivial part of the S-matrix
S=1+1iT. (2.90)
Unitarity of the S-matrix implies that
1-THA+iT)=1=i(T" =T)=T'T. (2.91)
If we now apply |i) from the right and (f| from the left this yields

(T = T)li) =i(GIT* — (fIT13)

o NAs(4) i . ' (2.92)
=i(2m)"0" (pi — pf) (MO(f = 1) = M(i = f)).
Now we use the completeness relation
1= Z/dnxyx><X|, (2.93)
X

with dllx = [[;cx g%ﬁ%& and the sum being over single and multiparticle states, and we

insert it in the right hand side of equation (2.91)

RS [T T, (2.94)
Now since
(FITHX) = (XIT1) = @)D (g — px)MT(f = X)), (295)
and
(X|Tliy = (2m)*6™ (px — pi) M (i = X), (2.96)
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we then have

(FITTT i) Z/dﬂ (2m)*0@W (px — pi) (2m)* W (px — pp)M* (f = X) M(i — X). (2.97)

Equating the right and left hand sinde of equation (2.91) and using that 6 (px — p;)0™¥) (px —
ps) = 6W(px — p;)d™@ (p; — py) we obtain an important result

M(i = ) = M*(f = i) :iZ/dHX(27r)45(4)(pi—pX)M*(f—>X)/\/l(i LX) (298)
X

We call this result the generalized optical theorem. We see the left-hand side is proportional to ¢
if M ~ g, while the right-hand side goes with g since it has a squared amplitude. However
this result must hold order by order in perturbation theory. The only way to reconcile this is by
concluding the amplitude on the LHS must contain loops and therefore be of the same order as
the product of the tree-level amplitudes on the RHS. We see then that the imaginary part of the
loops (noting that a — a* = 23(a)) can be computed resorting to tree-level amplitudes. When
the initial and final states are the same, for example in self energy amplitudes, we see equation
(2.98) becomes

SM(A = A) =my Y T(A— X)
X (2.99)

=maltotal,

where we used the definition of the partial width

1

M(A—X)=5— /dHX(27T)45(4)(pA — px)IM(A = X)P?, (2.100)
A

and defined I';.,; as the total width of the particle, equal to the inverse of the particles lifetime.

We take this opportunity to note that the self-energy of stable particles- which as we previously

saw have infinite decay times and therefore zero width- do not have an imaginary part. This

will be relevant for our discussion in later chapters.

24.2 Cutkosky Cutting Rules

In section 2.3 we described how one had to perform the ie prescription to the scalar propagator
in order to choose the appropriate contour to our integration. In this section we will introduce
another consequence of unitarity which will be very useful later in the thesis. We start by
evaluating the imaginary part of the Feynman propagator

Y 1 1 L !
S| 55 | T3 a
2 —m2 +ie 2i \ p? _€m2 +ie  p*—m? —ie (2.101)

p2_m2+€2
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Now we use the following definition of the Dirac delta

to write
S (N —m8(p? —m?). (2.103)
p? —m? +ie

This tells us that only when the particle goes on-shell does 1/(p? — m? + i¢) have an imaginary
part. In particular, this means that in the computation of loop-amplitudes the contributions
to the imaginary part come when the intermediate particles in the loop go on-shell. We will

demonstrate this by computing the imaginary part of a one-loop amplitude in a scalar ¢* theory

1 1
L= 5(8,@)2 — §m2¢2 + A3 (2.104)
k
_ P, ,"
_____________ -1 e ————
| ;
k-p

Figure 9: Loop diagram for ¢*

This diagram can be seen in figure 9 and its amplitude is given by

22 dk i ;
M__Q/(QW)4k2—m2+ie (k—p)2 —m? +ic’ (2.105)

We can rewrite the Feynman propagator as

1 1 1 1 1
o _ — = = Ap(k? 2.106
2wy | ko —wi +ie ko —I—Luk—ie} (k0)2 —w? +ie  k* —m?+ie F(E), )
where as usual w;, = k? + m?. Now we note that
1 1 —21
- = 92imd(ko — wh), (2.107)

ko — wi +ie ko —wp —ie (ko — wy)? + €2
where again we used (2.102). The Feynman propagator then is
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] 1 1
Ap(k) = -
r(k) 2w, [k‘g—w%—l—ie k3 + wy, — ie

i [ 1 1 . 1 1 (2.108)

:2wk ko—wk—i-z’e_ko—wk—ie ko—wk—ie_ko—i-wk—ie
™

:f(S(ko—wk)-i-AR(k?),
Wi

where Ag(k) is the retarded propagator we introduced in section 2.3

? 1 1 {
Agr(k) = — - = . 2.109

r(k) 2w, [ko—wk—ie ko —I—wk—ie} (ko—ie)Q—w,% ( )
Unlike the Feynman propagator, which has one pole above and one pole below the real axis,
the retarded propagator has both poles above the real axis, namely at kg = +wj, + ie. We can
insert this in our expression for the amplitude
ik

— [AR(k:) + wikd(ko - wk)] [AR(k‘ -p)+

iM==5 | Gy

0(ko —po —wg)| . (2.110)
k—p

Now the term Ar(k — p)Ar(p) only has poles above the real axis, so we can close the contour
from below to see that this integral is zero. The integral over ¢ (ko — po — wr—p)d(ko — wy) is also
zero since we cannot satisfy both delta functions simultaneously. This is easily seen by going to
the frame where p = 0, such that ky must satisfy ko = wy and ko = po + wi, which it cannot. We
are left with the integral

Wk

. 2 d*k T
M= [ 5 | Anth =) T alho - ) + Anh)

We can turn the retarded propagators back to Feynman propagators since according to (2.108)

d(ko — po — wk)] . (2.111)

—-p

we have Agp(k) = Ap(k) — J-6(ko — wg), but once again the terms proportional to the delta

functions drop out for the same reasons as before. We are left with

A2 d4k s
-5 (QT)‘l [Ap(k —p)w—ké(kzo —wy) + Ap(k)

M= 5(]{,‘0 —pPo — OJ].C):| . (2.112)

k—p

Now we turn to the evaluation of the imaginary part of this amplitude, which must come from

the Feynman propagators since the delta functions are real. We have

2 4 - 7r
M = — )\2/ (;ZWI; <% [—iAr(k —p)] @5(/’?0 —wi) + S [—iAp(k)] wk,pé(ko —po — wk—p)>
2 4 T
:% (;TI;Q <7r<5 ((k —p)* —m?) w—k5(ko —wp) + 6 (K —m?) wk,pé(ko —Po — wkp)) ;

(2.113)
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where the second term is zero for the usual reasons. Now we use

1 2oy L
mé(k}o wk) = 5(k m ) 2wk5(l€0 + wk), (2.114)

as well as [ dkod((p — k)? — m?)8(ko + wg) = 0 to find

23 M = X / ﬂ(—zm)é((p — k)2 — m?)(—2mi)3(k* — m?). (2.115)
2/ (2m)4

This means one can compute the imaginary part of the amplitude by setting intermediate

particles on-shell.

This procedure can be generalized and performed for any amplitude, in which case it can be
achieved by applying the so called Cutkosky cutting rules. These rules form an algorithm that
allows us to compute the imaginary part of an amplitude. In this context the word cut simply
means a specific way of putting intermediate particles on-shell. A usual representation of a cut

in a Feynman diagram can be seen in figure 10.

4
1
|

7’

b,
',

Figure 10: Representation of a cut

The algorithm goes as follows: First one cuts in all possible ways of putting intermediate
particles on-shell while still respecting momentum conservation. Then for each cut one substi-
tutes the cut propagators by —27id(k? — m?)0(k¢), meaning they are put on-shell. We then sum
over all possible cuts and the result is precisely —23M, i.e. the discontinuity of the diagram.

As an example of an application of this powerful tool we will confirm the optical theorem
by following the recipe explained above. Let us change the term \¢® in Lagrangian (2.104) to
Apx? and add the kinetic terms for a scalar x with mass m,,. We assume that mg > 2m,, so the
decay ¢ — xx is kinematically allowed.

We want to compute the same diagram as before but with particle x in the loop, as opposed
to ¢. It is easy to see the expression for the amplitude will remain the same. We make the cut
over the loop and make the replacements according to the cutting rules to get

e

(93 —
28M = 3 | @y

(=2mi)8((p — k)2 — m?)(—2mi)8(k* — m?). (2.116)

Now we make the change of variables k = s and p—k = ¢; and insert 1 = [ d*q16™ (p—q1 — o)
to get

A2 d* d*
M = / (27?;4 / (2:)24(2@25@% —m?)d(gs —m*)(2m) 'Y (p - —q2)  (2117)
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Since p° > 0 we must also have ¢}, ¢J > 0. Then we can use

4 3
/(;17:;4%5(/@2 —m?) :/(%32;’ (2.118)

which leaves us with

1 )\2 cBg 1 dBqg 1
am=% | 2m)'3(p — 1 — a2
22 ) (2m)3 2w, (27)3 2wq2( yot ) (2.119)
=MT(¢ — xx),

where we used the definition of the partial width (2.100). We see this is exactly the same result

one gets from applying the optical theorem to a self-energy diagram.
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3 Particle Masses and Renormalization Schemes

3.1. Stable and Unstable Particles

We know that tree-level diagrams are associated with a perturbative expansion of the classical
theory, e.g. QED cross sections computed at tree level are identical to those of the scattering
of classical point-like charges. One can easily verify this by reintroducing & (which is usually
set to unity in QFT calculations, as is the case with this thesis) and noting that particle loops
in QFT are proportional to 7, indicating we are considering quantum effects. Since tree-level
amplitudes are usually not sufficient for our purposes we are forced to take into account these

quantum corrections in our theoretical results.

As we saw in chapter 2 only the modes that obey the dispersion relation £ = v/'k2? + m?
survive after an infinite amount of time, since they are related to the pole of the propagator. On
the other hand this also means we can define the physical mass of the particle as the pole position
of k? in the two-point Green’s function, since propagation at infinite times is what we associate
with physical particles. At tree-level this pole corresponds to the bare parameter m appearing
in the Lagrangian, but this ceases to be the case when we include quantum corrections. To see
this let us consider all one particle irreducible diagrams, that is, all the diagrams that cannot be
divided into two by cutting only one internal line. Since we are considering these diagrams in
the context of the two-point Green’s function they are also self-energy diagrams and we denote
their overall sum by i¥(p). So to obtain the so called full-propagator which corresponds to the
physical propagation of a particle, we have to add up all the possible diagrams contributing to
the two-point function, that is, we want to compute the sum:

4@7 = + 1PI + 1PI IPI — + -

Figure 11: Representation of the series of 1P1 insertions

We denote the bare propagator of the theory Ay(p) and the full propagator by A(p) we see

that this sum corresponds to
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T;) (E(p)Ao(p))n] (3.1)

_ AO(P_)
1 —%(p)Ao(p)’

e . . o= L - ‘
where we used the result for an infinite geometric series ) |, ;2" = 1 196 for x| < 1

We have assumed that |X(p)Ag(p)| < 1in order to satisfy d’Alembert’s convergence criterion.

If this is not the case then we say perturbation theory breaks down since for every insertion of
1PI diagrams the terms become more dominant and as such it makes no sense to truncate the
series up to a certain order. What one can do in this situation will be a main point of discussion
of chapter 4, as well as the problems arising from following that procedure. For a scalar, whose
2 21

bare propagator equals Ay (p) = i[p* —m?”]~", equation (3.1) becomes

7

A(p) = . 3.2
The definition of the physical mass M, is then the solution to the equation
M} —m® + S(M,) = 0. (3.3)

Until now we have made no considerations about the stability of the particle in question but
this becomes an important aspect from now on. In chapter 2 we presented the Cutkosky cutting
rules and derived the generalized optical theorem, valid for S-matrix elements as well as for
any amplitudes M. This is particularly convenient since unstable particles do not occur as
assymptotic states. As we for described in chapter 2, for the special case where the final and
initial state are the same the imaginary part of the amplitude is given by

SM(A — A) Z/dl‘[x 2m)20W (ps — px)|IM(A = X)J? (3.4)

and then from the definition of partial width (2.100), the imaginary part of the self-energy
becomes

SM (A — A) = maltotal- (35)

This illustrates a significant difference between stable and unstable particles. Stable particles by
definition do not decay, which means their width I' is 0, as we explained in chapter 2. Hence
the self energy of a stable particle is purely real. For particles that have width, i.e. unstable
particles, the self energy does have an imaginary component. An important consequence of this
is that for unstable particles the pole of the Dyson propagator will be complex, and so will the

solution of equation (3.3). Obviously the physical mass of a particle cannot be complex so we
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must slightly amend its definition be the solution of the equation

2 2 2
My —m* +R%(M,) =0, (3.6)
which is valid for both stable and unstable particles. We call this definition of mass the real pole
mass, which is physical and does not depend on the renormalization scheme used. Near the
pole the full propagator (3.2) takes the form
_ ]
Cp?— M2 +iSB(M2)
_ 1

p2 - Mg + Z']Wprtoml

A(p) (3.7)

(3.8)

When this propagator appears in the s-channel of an amplitude then the cross section in a region
close to the pole takes the form
i 2 1

o X - = , (3.9)
p2 - Mg + Z]\41)1—\total (p2 - Mg)Z + (]\4I)Ftotal)2

which is the so-called Breit-Wigner distribution and is usually a good description of a resonance
occurring at M,,. When the width of the resonant particle is small compared to its mass there
is very useful and widely applied approximation one can make, dubbed the narrow-width

approximation, which we presently address.

3.1.1 Narrow Width Approximation

Although most elementary particles are unstable only the W, the Z and the top quark are
considered to have large widths, or more rigorously, widths that are not sufficiently small
compared to their mass. For all other unstable particles we can take the limit 1; — 0 as a
reasonable approximation. We can make use of the definition of the Dirac delta in equation
(2.102) and apply it to the Breit-Wigner distribution (3.9)

2 1 Ftotal/M m p2—M2 7T 2 2
Anwa@?)|” = P = 4 L= o(p” — My),
[Anwalp)] Ciota M3 (pQ—M’%)Q"‘ <Ftoml>2 Ltotar My My Ltotar My ( »)
Mp2 Mp

(3.10)

meaning that near a resonance we can treat the particle as being on-shell. Another important
aspect of the narrow width approximation is that production and decay of a resonance can
be treated as seperate processes because the overall cross section factorizes into an on-shell

production cross section and subsequent decay. For a scalar field this is easily shown by writing
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the cross section for the generic process present in figure 12 as
o(A— B+C) = 21/dH AL, M(A = B+ C)Pen)'s® (S k=Y p -3 q)
=5s /dﬂp dlly | Mprod <p?, {Z Qz} )‘ 'ANWA <[Z qz'r> 2
‘Mdecay ([Z Qz} 2) ‘2 (2m)*6™) (Z E=> p=) q)

(3.11)

qi

Figure 12: Generic process with production and decay process with a single scalar ocurring in
the s channel

Now we introduce the unit factor 1 = [ (‘226)94 (27)46™W(Q — 3 ¢;) and also plug (3.10) which

allows us to write
(A= B+C) == /dH (d4Q 213 (Q Mg)‘/\/lpmd (2, Q7] ) (2m)45@ (Zk - pi- )

% 2
([Z Qir) ’2 (2m)6™) (Z ki — Y pi— Z%)

— [ dII
2Mp/ 1

Noting that gﬁq)ﬁ 216(Q* — M?) = dIlg and using our definitions for the cross section and

the width (2.100) we see this becomes

(3.12)

X —0O)

0(A—-B+(C)=0(A— B+ X)
Ftotal

(3.13)

So we have proven that in the NWA the total cross section decouples into the product of
the production cross section and of the branching ratio (I?(_)C) Since resonant regions are
dominant, the NWA provides a consistent theoretical method to extract the relevant part of the
amplitude since it allows us to neglect non-resonant and non-factorizable contributions to the
cross section. This makes computations considerably simpler. Applying the NWA to non-scalar
particles is not as straightforward since there are correlation effects between the production
and decay processes. However one can still choose to neglect the correlation between spins,

in which case one gets back the standard factorization of the NWA. More specifically, for the
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schematic production and decay of a vector-boson seen in figure 12 one chooses to approximate

2

QuQy

7;; > Mdecay
\%

MY, decay (3.14)

prodeu

‘ Mprod (TII“/ -

2

9 Z "/\/lprocl6 6/\2'/\/tdecay ) (315)

>\17>\2

where we made use of the polarization sum identity

k., k

Y ko

E €,€, = —Nuw + . (3.16)
" " m3,

Analogously for fermions, neglecting spin correlation effects in the generic production and
decay process of figure 12 means approximating

2
‘Mprod(@+mf)Mdecay’ - ZMprodu ( ) ( )Mdecay (317)

Py Z |Mp7’0du | |u ( )Mdecay’27 (318)

where we used the result for the sum over particle spinors

> u(p)u(p) = p + my. (3.19)
As we mentioned before, making the above approximations leads to the standard NWA factor-
ization 0,44 times the branching ratio. There are of course drawbacks of employing the NWA ,
such as neglecting off-shell effects. For a detailed discussion of the accuracy of the NWA we
refer the reader to [7].
In the following sections we will introduce two renormalization schemes in the pedagogical
context of QED mass renormalization. Ultimately our main interest lies in the Complex Mass
Scheme (CMS), but first we introduce two standard schemes - On-shell renormalization and

M S - which will serve as an introduction and a good reference point to the CMS.

3.2. On-Shell Renormalization Scheme

We have seen how radiative corrections displace the pole of the propagator of a field and
therefore influence the physical mass of such field. It is therefore useful to study mass renormal-
ization, which is what we will do in this section in the context of QED. This will allow us to
introduce and discuss the notion of renormalization schemes and pave the way to our discussion

about the Complex Mass Scheme. Before we delve into the details of any particular scheme
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we have to compute the electron self-energy diagram - seen in figure 13- which corrects the
electron tree level propagator.

k—p
TN
> > >
k

Figure 13: QED fermion self-energy diagram

In the Feynman-'t Hooft gauge this diagram equals

() = —€ / (;ln’;n% k(f +$v T _ik) (3.20)

To evaluate this we use that v#+,v, = (2 — n)y, and recall the Feynman trick

1 ! 1
AB /0 ¥ BA— 2 (321)
so that we get
_ B d"k (n — 2)} — nm?
D) =~ [ G =m0 = o) e 62

We see that the denominator becomes (k —zp)+ (1—x)[zp? —m?] so we make the shift k — k-+xp
and drop the term in the numerator proportional to k, since the denominator is symmetric
under £ — —k and the integral is over all space. The result then is

/ / dk (n—2) $}7§A—2]nm2, 623)

with A? = (1 — z)[m? — zp?]. We see that for large k the integral goes with k! so this diagram

is logarithmically divergent. In order to regulate this divergence we will use dimensional
regularization, which consists in taking n = 4 — 2e. Now we make use of the formula for this

type of integral

k1 ()T T ) b,
| = s it A (424

In our case o = 2, which yields

1
i (p) = 2¢ 21%7#“ €)(4m)" /0 dz(xp — 2m)[A% ()]~ (3.25)
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Now we use that I'(e) = 1I'(1 4+ €) and T'(1 + €) ~ e~ to write

() =2ic* 5 - /01 dolp — 2m) <4Zv$2>

—2i¢? 161%2 % /01 dz(zp — 2m) <1 el <Ag(2x)>> ’

where we defined ji? = 47e7? 2, and used that a® = "% = 1 + e¢lna + O(€?). Finally we get
that

(3.26)

S(p) = %%(p —4m) + % /01 dz <ln <A2M(x)>) , (3.27)

with the first term being divergent when ¢ — 0. Now we are ready to begin the renormalization
procedure. We note that since there are divergences proportional to the mass and to p we will
have two quantities to renormalize. The infinity proportional to the mass will naturally be
absorbed by the mass parameter, whereas the divergence proportional to p will be absorbed by
the field 1. The QED Lagrangian written in terms of bare quantities is

Loup = —F}, + ihgPho — motgt + eAubgy"o. (3.28)
Now we renormalize the bare mass and the field

mo =ZmMR
Yo =/ Zy1).

and write Zy, = 1+ 0, and Z,,, = 1 + 6,,,, where d,, and d,, are the coefficients of the so called

(3.29)

counterterms, which we will choose strategically in order to cancel the divergences coming from
the self energy diagram. In terms of the renormalized quantities the QED Lagrangian then
reads

Loep =— Fo, +iZypdy — mrZy Zmipto + e Aypy" o

_ _ _ (3.30)
= — 3, + i@ — mpdi + e Ayt + ALy + ALy,
where AL,, and Aﬁyj are the counterterms given by
ALy =641
y =Py (3.31)

A»Cm :(5111 + 5m)mR$¢a

where we note that since we expect ,,,, o, ~ o we only kept terms proportional to a such that
(14 8m) (1 +6y) = 14 6 + 8y + O(a?). We treat the counterterms as interactions so if we now
compute the self energy in terms of the renormalized parameters - which we denote by g (j)-
we have to add these interaction terms to previously calculated expression for the self energy.
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We then get

3.32)
ap amg . (
e = ¢ + dyp — (0y + 6m)mpr + finite terms.
We see that by choosing
al 3al

one cancels the divergent part in the renormalized self-energy ¥ (p). We can of course also
include finite terms in our counterterms (3.33) and they would still cancel the divergence. There
is then a certain ambiguity in choosing such finite terms and which ones we end up choosing
define the renormalization scheme. Although physical results should of course be independent
of the renormalization scheme used, depending on the circunstances some are much more
convenient than others. The two most used schemes are the On-Shell Renormalization scheme
(OSRS), which we will address in a moment, and the M S which we will discuss in the following
section.

To begin our discussion of the on-shell scheme we recall from expression (3.1) that after we
perform the Dyson sum the full propagator (in this case for the electron) is
_ ?

p—mr+Sgr(p)’

A(p) (3.34)

with the renormalized self energy given by (3.32). We know the physical mass is defined by the
real pole of the propagator. In this case, since the electron is a stable particle definitions (3.3)
and (3.6) are equivalent. In order to have a pole when p = M, we see that the renormalized
self-energy must satisfy

ZR(Mp) = mMmpRr — Mp. (335)

This pole must also have residue ¢, which means

7 7 _; :>dER
dp

lim [p — M,y

p>3t, Pt SR e Tt BTap) (M) =0, (336)

where we used 1'Hopital’s rule in the last step. As of yet we have not specified any renormaliza-
tion scheme, these are still two general conditions that define the pole mass independently of
the scheme.

We are now in the condition to introduce the OSRS. The point of the on-shell scheme is that
the renormalized mass equal the physical mass, i.e. mr = M,. Thus, in this scheme we have what

are called the on-shell renormalization conditions

d¥g

Ypr(M,) =0 and ay

(M) =0 (3.37)
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By applying these conditions to the expression of the renormalized self-energy (3.32) we get

0 =%(M,) — 6mM,

s (3.38)
yielding
dx
Oy = — dip(Mp)
(3.39)

We use expression (3.26) to compute C%Z(p) and obtain

where we recall that A%(z) = (1 — z)[m

2 — zp?]. This integral has a infrared divergence at

x = 1, so we introduce a photon mass m., to regulate this divergence. One need not worry since
physical observables are IR finite and the dependence on m. drops out. Thus, we rewrite the

self energy as

1 ~
iS(p) =2ie’ - 61%2 % /0 da(xp — 2m) [1 +eln (W)] (3.41)
Y
to obtain
dx a1 i m?
df],?)(Mp) =i (6 +In <W> +2In (%)) . (3.42)

(3.43)

3.3. MS Scheme

In the scheme known as minimal subtraction (MS) the only requirement is that the counterterms
have no finite parts. This we have already done when we first explained how chosing the
countermens would cancel the divergence. The counterterms provided in this scheme are thus
the ones from equation (3.33). However usually one uses a modified version of this scheme
called modified minimal subtraction (M S), the only difference being that one also subtracts the
finite terms g and In(47) coming from i = pe?#4m, which turns fi into p in dimensionally

regularized amplitudes. To see how this works we recall from expression (3.26) that the
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unrenormalized self energy is given by

S(p) =5 /01 dn(xp = 2mp) [1 o <W>}

:;_éiw@p—zmm[i—7E+hW“W+m(A§;Q}

:% [1 + e+ 1n(47r)} p— % ﬁ —7E + ln(47r)] mg + % /01 du(zp = 2m)In <A/;(2x))

(3.44)

Now again we use that after renormalizing the fields and mass the renormalized seld energy is
given by Yg(p) = 3(p) + yp — (6 + dm)mr, but this time we choose the counterterms such
that the terms In(47) and 7 also vanish. This yields

Oy = — % [1 +E + 1n(47r)]
(3.45)
Om = — Z—i [1 +vg + 1n(47r)} ,
which makes Y g (p) equal
1 2
Sr(p) = ;‘T/O da(xp — 2mp) In <Afj(x)> . (3.46)

This last expression is UV finite and depends on p instead of i, as we claimed it would. When
using this scheme the renormalized mass mp, is called the M S mass, which contrary to the
on-shell scheme does not coincide with the pole-mass M,,. The full electron propagator in this
scheme is

B i
 p—mr+3Ir(p)’

A(p) (3.47)

so we see that by requiring that the pole be at M, we can relate the on-shell scheme mass with
the M S mass. We want

Mp — mpg + ZR(Mp) =0 (348)

Now we use that mp and M, only differ in terms of order «, since they are both related to the

bare mass by M,, + M, dpss = mo = mg + mpg dps and dpss, dns ~ a. Now we evaluate the

integral
1 2 2
W 3 " )

de(x —2)MyIn | ——+—— | = —zM,In | — | — =. 3.49
[ et =2 (=) = =y () =3 o)

So we finally obtain the relation between the M S mass and the physical mass
on [ (3w () s +0(a) (3.50)

mp = Mp in n Mg ). .
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We see in expression (3.50) that the M S mass mp (which is often represented as m(u) in the
literature) depends on the renormalization scale .. The fact that physical observables cannot
depend on this parameter is what leads us to the renormalization group equation (CIITO;L) =0,
which is an important constraint appearing in many contexts. The reason why this seemingly
arbitrary mass is important is because the M S scheme is much simpler to use when performing
calculations than the on-shell scheme. When computing loop-amplitudes it is easier to use the
M S, and make the conversion to the physical mass afterwards, than to use the on shell scheme
mass every step of the way. Moreover, numerically speaking the physical and the M S mass
are quite close when p is chosen to be close to M, - the notable exception being the top quark
since M), ~ 173 GeV but mgr ~ 163 GeV. Also, since quarks are subject to color confinement
they do not appear as assymptotic states. This means that they do not have a well defined
pole-mass so the M S mass is usually preferred for quarks. The quark masses are displayed
in the appropriate scheme in table 1. We note that for the light-quarks the M S mass is taken
at ;o = 2 GeV, while for the heavy quarks the renormalization scale is set at the value of the
running mass. This can be achieved by plotting 7(x) and p - the intersection point of the two

curves is precisely the value m(m).

Quark type ‘ Quark mass Scheme
u mu(2GeV) = 249708 MeV | MS
d ma(2GeV ) = 5051072 MeV | MS
s ms(2 GeV ) = 10172 MeV MS
c me(me) = 1.2770 00 GeV MS
b () = 4.1970 58 GeV MS
t my = 172 £ 1.6 GeV On-shell

Table 1: Values for the quark masses in the appropriate scheme taken from [17]

On a final note, contrary to the on-shell scheme in which we claimed that - by definition
- the propagator did not get radiative corrections, in the M S it does, since the renormalized
self-energy is no longer set to be equal to zero.
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4 Complex Mass Scheme and Gauge Invariance

4.1. Resonances and spoiled Gauge Invariance

Let us consider a generic n;, — nqy: scattering process occurring through the s-channel like the
one in figure 14, where n;,, particles combine to form an unstable particle with mass M 4, which
then decays. We use the on-shell scheme, such that the renormalized mass equals the physical
mass M 4. Now let’s say we want to compute quantum corrections up to a certain order to the

internal tree level propagator of the unstable particle, which goes as Ag(p) ~ ﬁ.
A

Figure 14: Generic process with n;,, particles creating a resonant particle which then decay into
Nout Particles

As we mentioned before, this would amount to computing the series of 1PI insertions as in
figure 11 up to the desired order. However a problem arises in the region where the center of
mass energy comes close to the mass of the particle. We recall that for every 1PI insertion one
includes a factor of

. . 1
iX(p*)Ao(p?) ~ ZZ(PQ)ma (4.1)
so in the region where s ~ M3 we see that this factor diverges. This means that as we increase
the order in « in our corrections, those terms become more dominant, as opposed to less, so
truncating the series at a given order would give unreliable results. Hence in this region - called
the resonance region - we say that perturbation theory breaks down. Resonances are then
an intrinsically non-perturbative object and need to be taken care of by a non-perturbative
procedure. One such procedure is precisely the Dyson summation we saw in (3.1), which in the

on-shell scheme takes the form

1

A(p) ~ .
R Ve RS

(4.2)

One might be worried that when using the result for a geometric series to obtain (4.2) we
assumed that it satisfied d’Alemberts criterium of convergence, which clearly is not the case

in the resonance region. We can circumvent this formality by introducing an effective action
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such that the tree-level propagator corresponds to (4.2). The point here is that we are going to
assume the full propagator takes the form (4.2) over all phase-space, including the resonance
region.

Now we arrive at the heart of this discussion. Results for physical observables must be
gauge independent, and this independence is guaranteed order by order in perturbation theory.
When computing a scattering amplitude, individual diagrams are usually gauge dependent
and the overall gauge independence at a given order comes from delicate cancellations between
diagrams when all the processes ocurring at that order are considered. The issue, then, is the
following: when using (4.2) the expression for X g (p?) is usually only known to a certain order
in . If we use A(p) in a given finite order - let’s say o™ - then expanding (4.2) will produce
diagrams of order a1 and higher. In order to cancel the gauge dependence we would have to
add all other diagrams of order o™ !, which we by definition are not. Consequently the result
will be gauge dependent, which is an indicator that the renormalization scheme is incomplete.

In most cases we can use the narrow-width approximation to deal with the presence of
unstable particles in perturbative calculations. As we explained in section 3.1.1 the NWA
consists of approximating the resonant resummed propagator by a delta function divided by the
width. In this case the troublesome denominater no longer exists so no mixing of perturbative
orders occurs, meaning that the NWA provides a gauge-invariant results. However we also
saw the limitations of the NWA. When one intends to study either the production of broad
resonances or kinematical regions where the unstable particle is considerably off-shell one
often needs to go beyond NWA. In this situation it becomes necessary to perform a complete
calculation that considers off-shell effects, spin correlations as well as the interference with non
resonant backgrounds. At leading order (LO) several ways have been introduced to circumvent
this problem, one of which we will tackle in the upcoming sections. At next-to-leading order
(NLO) one could perform a pole expansion, which does provides a gauge-invariant answer but
unfortunately is only valid in the resonance region.

The modern and most widely-used procedure to treat unstable particles is called the Com-
plex Mass Scheme (CMS), which we will introduce and discuss in detail in the next section. In
short, it amounts to performing an analytical continuation in the complex plane of the Standard

Model parameters that depend on the masses of the unstable particles.

4.2. Complex Mass Scheme

In the previous section we described that the appropriate treatment of resonances requires one
performs a Dyson resummation of the propagator, which leads to the mixing of perturbative
orders resulting in the loss of gauge invariance.

We would like to have a consistent scheme that would be valid throughout phase space and
would produce gauge invariant results. We claimed that the most pragmatic way to handle
this issue can be accomplished by the Complex Mass Scheme (CMS) [8] [10] [12] , which is a
generalization of the on-shell scheme in the sense that it is an analytical continuation of the
masses to the complex plane. As the name suggests, we will define the renormalized masses of

the unstable particles complex in such a way that we can consider finite-width effects while
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obtaining a gauge invariant result.

To do so, it is a necessary condition that no mixing of perturbative orders occurs. This can
be achieved defining the renormalized mass /i to be the complex valued pole of the resummed

propagator. We perform the Dyson resummation

1

A(p?) ~
VO i iSal)

(4.3)

with Y r(p?) now being the (complex) renormalized self-energy depending on /i. To have a
pole at p? = i implies ¥ r(f1?) = 0. Analogously to what we did for the on-shell scheme,if we
impose that the residue of the full propagator be equal to i we have the CMS renormalization

conditions:

d¥r

G 1) =0 (4.4)

Yr(#*) =0 and

these differ from the on-shell scheme conditions, which were only valid for the real part of the
self energy. The CMS mass /i is related to the on-shell scheme mass M by

(12 = M? —iMT, (4.5)

such that /i is the complex valued pole of (4.3), and M its real valued pole.

The way one applies this renormalization scheme is simple and quite analogous to the
procedure we followed for the on-shell scheme. In fact one can start by performing the on-shell
renormalization and then add and subtract an imaginary part

mg =M?* + s M?

=M? — iMT + 6M? +iMT (4.6)
=02+ 6j2.
Since the bare mass is real this implies 3[1?] = —3[6/2%]. Now we choose the finite parts of

§* and of the field counterterm such that the complex self-energy satisfies the renormalization
conditions (4.4).

By resumming the CMS tree level propagator one obtains the full CMS propagator. However,
thanks to the renormalization conditions (4.4) the resummed propagator is the same as the tree
level propagator
1 1 1

e R ) I Yr(p?)  p? - P2 olF”)
(4.7)

Since /i is a renormalized mass it must appear everywhere in the Feynman rules. This means
that in the Standard Model in particular the Weinberg mixing angle must be modified to

cos(Ow) = Hw , (4.8)

nz
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with 4% = M2 — iMzI" and i3, = M? — iMyT. From what we have seen, computing an
amplitude with a resonant propagator in the CMS is formally equivalent to computing the
tree-level amplitude in the bare theory, since the resummed CMS propagator has the form of a
tree-level propagator. It is easy to see why we expect the results to be gauge invariant. We also
see that the CMS is for unstable particles what the on-shell scheme was for stable particles. In
both cases the resummed propagator has the form of the tree-level propagator, and in both cases
the propagators do not receive radiative corrections since any 1P1 insertion is proportional to
the renormalized self-energy which vanishes.

There are a few thing one needs to point out about the CMS. Once we have consistently
introduced the complex masses everywhere in the Feynman rules gauge invariance is preserved.
All relations that do not involve complex conjugation also remain valid like the Ward Identity
(which is directly related to gauge invariance) and the Slavnov-Taylor identity, since the masses
are only modified by analytic continuation. Then at tree-level when computing the matrix
elements, independence and unitarity cancellations hold order by order in perturbation theory,
even though some higher order contributions are incorporated in the complex masses.

The CMS has also been shown to maintain gauge invariance and unitarity at least at NLO.
The generalization of the CMS at one-loop goes as follows. First, as we showed, the complex
masses are introduced in the Lagrangian by splitting the bare masses into the CMS complex
masses and complex counterterms. The former became part of the free propagator while the
latter are treated as an interaction. In the SM, the complex masses are introduced for all unstable
particles such as the Higgs, W and Z bosons, and the top. Independently of the imaginary
part added and subtracted this does not spoil gauge invariance and unitarity cancellations are
respected order by order [8]. Performing a O(«) calculation in the CMS yields O(«) accuracy
everwhere in phase space provided the width used in the resonant propagators through the
complex mass is itself computed at O(«). This is easy to see away from resonances where
expanding the propagator provides the usual perturbative expansion. At first sight the complex
masses and couplings seem to violate unitarity since the Cutkosky rules used to prove unitarity
order by order are no longer valid, as they assumed real masses. However since we do not
change the bare Lagrangian unitarity of the overall theory is guaranteed, and unitarity violating
terms are of order O(«) in a O(a?) calculation. We note that this unitarity violation cannot be
enhanced because the Ward and Slavnov-Taylor identities are exactly preserved. Lastly, as was
pointed out by Veltmann unstable particles should be excluded as external states and only the

S-matrix connecting stable particle needs to be unitary.

4.3. Vector boson resonance

Bearing in mind our previous discussion, in this section we will address vector boson resonance,
namely ¢q7 — W — ["7;y which is ¢q¢ — W — [~ 7; with an external photon attached at all
possible places. We will compute it in a gauge invariant manner in two ways: first a correction
to the W W vertex, in which we closely follow the article by Baur and Zeppenfeld [13], and
second through the complex mass scheme, which we have claimed produces gauge-invariant

amplitudes but have not explicitly observed it yet.
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4.3.1 WW+~ Vertex Correction

As we said, our goal in this section is to calculate the amplitude of the process seen in the figure

below in a gauge invariant manner

where the ® means we want to attach a photon in all possible ways to the diagram. The first
step is to obtain the explicit form of the resummed W propagator. The tree-level propagator in

the unitary gauge is given by

0 2\
AL (p7) =

. pupu i _ 1 :|>

vV —"_ 14

m E[nu } Dup {pz mIQ/V 9)
T,

- m%v miy, p?
1
= L
uv 2 nyv
PP -miy My
where TH := (n’”’ - p;—é’y> acts as a transverse projection operator and L* := ;p “actsasa
longitudinal projection operator. This can be easily checked by verifying that
10Ty = Tju
LLay = Ly (4.10)

T, Loy = LyTow =0 .

Now we perform the Dyson sum by first noticing that we can decompose the 1PI amplitudes

I1,,, into longitudinal and tranverse components
M (p?) = 17 (p*) Ty + 11" (p%) Ly, (4.11)

so for every 1PI insertion we get a factor of

1
L2 (p*)AY, = (M7 + LS < - — La,,>
T (4.12)
_ IIr 11y, R
p?—my, M my,
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The resummed propagator then is
A = Ajy, + AL (P A% + A [I(p?) A [T(?) Ay + ...

= A7 (Z(H(pQ)AO)”>

n=0
> 10 " = /T \" (4.13)
:Aﬂa ( ) Tau+ ( ) Lw
2 ) T )

, 1 o 1o 1 1
- ) [
w

p*—m
where as usual we used the result for a geometric series. So finally we get that the full W
propagator is

—1 i

AP = T + —

= — L. 4.14
p2—mW—HT mW—HL e ( )

Up until now we have been using the fixed width approximation, which means that we approxi-
mate the self energy to a constant equal to its resonance value (p?) ~ 3(M?). In this case how-
ever we will use the so called running width approximation which approximates the self energy
as X (p?) = %I‘Wﬁ(pz), which we note still satisfies the optical theorem X(m,) = mw 'y .
We are using the on-shell renormalization scheme, so my; corresponds to the real pole mass
and from the renormalization conditions we have RII; (p?) = 0 and RII7(p?) = 0.

Explicit calculation of the imaginary part of the self energy by cutting the fermion loop and
making use of the Cutkosky cutting rules leads us to the results

2
g Tw (4.15)
S’ = 3, et =
generations w

where we dropped the theta function from (4.15) because we are only interested in virtual W
decays. Having done this we can finally write the resummed W propagator as

= — 1 s .
wP) = e m¥, + ip*yw g m?, w

where we defined vy = I'y /mw . Now, a gauge invariant expression is obtained by attaching

a photon in all possible ways to the charged particles in the diagram provided we include

corrections to the W W+~ vertex. These corrections are the attachment of the photon to the

charged fermion loops in the W boson self energy. Otherwise the amplitude will not be gauge

invariant, as we will see. The resulting diagrams can be seen in figure 15
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Figure 15: Diagrams contributing to ¢g — [~ 7y

In the third diagram the photon can be attached to the lowest order vertex as well as to the
charged fermion loops, as we have mentioned before, meaning that the vertex blob represents
the following diagrams

B8

Since we are only keeping the imaginary part of the self energy we must do the same for
the triangle diagrams for consistency. As we explained in chapter 2 we can use the Cutkosky
cutting rules to obtain the imaginary part of a loop diagram by cutting said diagram in all
possible ways. The first diagram is the familiar lowest order vertex for three gauge bosons,
given by the expression

—iel§™ = —ie (a1 + @)™ = (a1 + B 0 + (k = a2)"n) (4.17)

If we neglect the masses of the fermions in the triangle diagrams and drop the terms proportional
to k* which will later contract with the polarization €,(k) and vanish, the contribution from
the four ways to cut the triangle diagram reduces to a simple expression. Each quark doublet
contributes with i(g%/48™)I'y to the lowest order vertex. Thus the vertex becomes

;2
afp _ paBu & _ reBu ;
rofn —ofr 1+ Z 15 | =07 i) (4.18)
generations
To prove that the full amplitude ¢qg' — 7y is gauge invariant it suffices to prove that the

47



electromagnetic Ward identity for the vertex Bk (4.19) is satisfied.
kTl = (iDw) 3(a1) — (iDw) 1 3(a2) (4.19)
To see this, we compute the left hand side by writing k£ = ¢1 — ¢2

kulhs = (g1 +a2) - (@1 — 42)1ap — (201 — @2)5(q1 — @2)a + (01 — 2¢2)alq1 — g2)]

) . (4.20)
= [(aiMap — @a@18) — (@27ap — @2a928)](1 + ivw).
It can be easily checked that the expression for the inverse W propagator is given by
(iDw),5(p) = (0° — miy + ip*yw) Ty — miy Ly (4.21)
by verifying that
DDy =Ty + Ly = 0 (4.22)
If we compute the right hand side of (4.19) we get
(iDw) " (q1) = (iDw) 1 5(02) = (¢inap — ©1aq1p) + YW (Napdi — G1aq1p)
— (63708 — ©2a928) — iYW (11asd3 — G10425) (4.23)

= [(¢100p — ©1aq18) — (@©27ap — ©aq28)](1 + ivw),

which is indeed equal to the left hand side. The electromagnetic Ward identity is satisfied and
we have proven that the inclusion of an imaginary part in the W+~ vertex leads to a gauge
invariant full amplitude. We note that had we not included such corrections to the WW~ vertex,
then the term proportional to iyy would not appear in (4.20) so it would no longer equal (4.23)
so the amplitude would not be gauge invariant. This procedure, albeit ad-hoc, delivers a gauge

invariant amplitude.

4.3.2 Complex Mass Scheme

We have seen that the inclusion of an imaginary part to the WW~ vertex provides a gauge
invariant amplitude. In this section we will observe that the CMS also provides a gauge
independent result, but since the CMS is a renormalization scheme the procedure is more
general and consistent than the previous one. We will try to find a correspondence between
the previous method and the CMS by writing the full expression for the amplitude M, in
both procedures and seing how the cancellations occur when we contract with the photon

momentum.

W W~ vertex correction

First we want to compute the diagrams we mentioned in the last section explicitely, still
using Baur and Zeppenfelds method. This will serve as a comparision when we perform the

calculation in the CMS. We make the momenta assignment seen in figure 15.
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For the amplitude of the first diagram we get

293 m—Fk 1
M ==, *(1 — :
1 3w (p2>7 ( '75 (p k)27 ( )(p3 +p4)2(1 +Z'YW) _ m%/[/ (424)
+ P4)a(P3 + D , _ .
(o L2ELIP LR i)Yy = el
My
Since we are taking the limit of massless fermions from the Dirac equation we get that
pulp) = ulp)p = pv(p) = v(p)p = 0. (4.25)

Equation (4.24) then becomes

3 _
MY :zg%st’l(pg + pa) O(p2)vs(1 — 75)Mv“u(p1)u(p3)vﬂ(l —vs5)v(ps).  (4.26)

Now we repeat this calculation for the remaining amplitudes, again using (4.25). This gives

3 _
MY z; %st_l(pg + pa) T(p2)YH 0 i pk)2 18(1 = 5)u(p1)a(ps)y’ (1 = v5)v(pa)

9> L a _ + p2)a(p1 + ,
MY =~ z% sin(6.)0(p2)7* (1 — 75)u(p1) D~ (p1 + p2) <na,0 _ p23n2(p1 pZ)p(l + Z’YW))
w

[(p1 +p2 +ps+pa — (p1+p2 + E)T0"* + (k — p3 — pa)P ") (1 + iyw ) D~ (p3 + pa)

<na@ _ st padolps tpa)s g WW)) sy (1 = 5)0(pa)

)Hn
(p
2
w

3

=— i%sw@(pz)va(l —v5)u(p1) D (1 + p2)[(p1 + P2 + P3 + Pa) Nap — (1 + P2 + k) gk
+ (k= p3 = p1)ad)(1 + ivw) D™ (p3 + pa)u(ps)y” (1 = v5)v(pa)

3

MY = — i% sin(0u)(p2)y* (1 — v5)u(p2) D~ (p1 + p2)u(ps) M<H/3:_]f)27a(1 — 5)v(p3),
(4.27)

where we defined D(p) = p*(1 + iyw) — m.

Complex Mass Scheme

Now we will proceed with the computation of the same diagrams in the complex mass scheme.
In this calculation we drop the triangle graph contributions to the W/~ vertex and replace the
W propagator expression by the CMS propagator. To obtain the CMS propagator, we just take
the tree-level W propagator and substitute on-shell mass by the CMS mass i = m%, — imw ',

which yields

v —i y p'p”
DMW (p) - 5 ~5 77“ Y
p*— i
(4.28)

_ —i o pl'p”
p2 — m%,[, + imwFW m%,v - imwrw .
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In this calculation we must not forget that /i dependent quantities now acquire a imaginary
2

part, such as the Weinberg angle sy — s}, = 1 — Tn—vzv(l — iyw). The amplitude for the first
Z

diagram is
" 2 3 , o —% 1
Micus = Zg%swv(m)’y (1- 75)(;?—19)27%@1) (ps + pa)? — m%/(l — )
<77a ~ (ps +2p4)a(p§ + p4)/3) (ps3)y? (1 — 4s)v(pa) (4.29)
miy (1 — iyw)
3 _
B ig%s;@(m)vo‘(l ~ 75)MV“U(171)D’1(P3 + Pa)u(ps)va(l — v5)v(pa)

where we again used the Dirac equation for massless fermions (4.25). The results for the

remaining amplitudes are

3 _
Mbens 2%%31017/71(]?3 + pa) U(m)V”MW(l — y5)u(p1)u(ps)y? (1 — 75)v(pa)
3

Mionrs = —i%s;ﬁ(m)’ya(l — v5)u(p1) D' (p1 + p2) (Uap -

(p1 + p2)alp1 + p2)p>
m%[,(l — iyw)

[(p1 + p2 + p3 + pa)n” — (p1 + p2 + k)0 + (k — p3 — pa)’n"| D' (ps + p4)

e

3

= —i%swf(mwa(l —5)u(p1) D' (p1 + p2)[(p1 + P2 + P + Pa) Nap — (P1 + pa2 + k) gok

+ (k= p3 — pa)ad4]1D" (3 + pa)u(ps)y” (1 — 75)v(pa)

93/7 ’ 9{3+k

Micns =— i7g w0 (P2)7* (1 = 5)u(p2) D ~1(p1 + p2)u(ps)y* (s T 12 Yol —75)v(ps),

(4.30)

where we defined D'(p) = p* — m%,(1 — iyw ). As we can see these amplitudes have the same
structure as before, with the factor sy appearing here appears as s};, and the denominators D(p)
being replaced by D’(p). The factor (1 + iyy) has also disappeared from the third amplitude
due to our not having included the triangle graphs in the W+ vertex. As we will show in the
next section, upon contraction with k, both methods will yield the same results apart from a
factor. Hence if one method satisfies gauge invariance so does the other, since the difference in
factors is irrelevant when assessing whether &, M* is equal to zero.

Ward Identity

We have already showed that the Baur and Zeppenfeld method produces a gauge invariant
expression by checking that it satisfies the electromagnetic Ward identity (4.19). Since we are
now in posession of the explicit expressions for the amplitudes we can also confirm gauge
invariance by making sure that k£, M* = 0.
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For k, My , we get

3 _
kMY zig%st‘l(pg + pa) D(p2)vp(1 — 75)M%U(p1)U(p3)vﬁ(l — 75)v(pa)

3 _
kMY :i%%swpfl(m + p4) U(PQ)%MWO —35)u(p)u(p3)y” (1 = 75)v(pa)

3
ky My = — il (p2)v* (1 — v5)u(p1) D~ (p1 + p2)[(p1 + P2 + p3 + pa) - kap — (p1 + P2 + k) gka

8 w
+ (k= p3 = pa)aks] (1 +ivw) D™ (ps + pa)u(ps)y” (1 = 75)v(pa)
3
kM = — igg%@(m)v“(l —75)u(p2) D~ (p1 +p2)U(p3)%m“m(l —75)v(p3)-
(4.31)
Again by making use of the Dirac equation (4.25) we get to the following identities
m—Fk k)2 B
o=k F ) = " ) = ) .
g ek N . 4
U(m)kmk = —U(m)m = —0(p2).

By virtue of momentum conservation we can write ps + ps = p1 + p2 — k in the expression for

k, M. For the total amplitude we thus have

3

ky Mg, :i%sw[D”(m +p1) — D Hp1 +p2) — (p1 +p2+p3+pa) -k

D™ (ps +pa) D™ (p1 + p2) (1 + iyw)Jo(p2)75(1 — v5)u(p1)t(ps)y” (1 — 75)v(pa)-
(4.33)

Now we note that

1 1
D! - D! = -
(P +p4) (P14 p2) (p3 +pa)?(L +ivw) —m3,  (p1+p2)?(1 +iyw) —mi3y,
(1 +iyw)

D(p3 + pa)D(p1 + p2)

= [(m +p2)2 — (p3 +p4)2]
(4.34)

On the other hand we can write k = (p1 + p2) — (p3 + p4) such that

(p1+p2+p3+pa) k= [(p1 +p2) + (p3s+pa)| - [(p1 +p2) — (P3 + pa)]

(4.35)
= (m +p2)2 — (p3 +P4)2
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This way expression (4.33) becomes

3 i
bin Ml :i%st(pg fngz;i + p2) [((p1 +p2)? = (03 +pa)®) = (01 +2)* = (p3 +p4)?)]

B(p2) (1 — 5)u(p1)a(ps)y” (1 — v5)v(pa)
=0

(4.36)

This once again shows that the method is indeed gauge invariant. The calculation in the CMS is
exactly the same up until (4.33) as long as we make the modifications sy — sy, D(p) — D'(p)
and drop the (1 + iy ) factor in the second term. This gives

3
k,M% s :iisw[D,_l(ps +p1) — D' p1 +p2) — (p1 +p2+ps +pa) kD' (ps +pa) D' (p1 + p2)]

8
B(p2)v5(1 — ¥5)u(p1)u(ps)y” (1 — v5)v(ps)

(4.37)

Finally we note that

D' (p3 +ps) — D' H(p1 +p2) = ! — !
’ (p3 +pa)? —mé, (1 —ivw)  (p1+p2)? —méy (1 —iyw)

_ (p1+p2)? — (p3 + pa)?
D'(p1 + p2) D’ (ps + pa)

(4.38)
By using (4.35) we get that

g 1
i=—s

8 “D'(p3+ pa)D'(p1 + p2)
B(p2)y5(1 — v5)u(p1)a@(ps)v*(
-0

kpMars = [((p1 +p2)? — (p3 +p1)?) — ((p1 +p2)* — (3 + pa)?)]

1 —5)v(pa)

(4.39)

Thus, we have reached our goal of proving that the implementation of the complex mass scheme
provides a gauge invariant amplitude. In this section we have done this for a bosonic resonance

so in the following section we will illustrate this is also the case for a fermionic resonance.

4.4. Fermionic resonance

Our next application of the complex mass scheme is to a fermionic resonance, namely top
quark resonance. We will compute the tree-level amplitude Wb — t — Wb, which although it
has unstable particles as external states it can be used as an example of how in principle the

treatment of a fermionic resonance in the complex mass scheme would play out. For a fermion
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we saw that the resummed propagator was given by

T P +iSE(p)

Ap) (4.40)
so by defining /i; to be the complexed value pole of the A(p) we have that the CMS propagator
is

i i _ P (g —ily)

ACMS(?) = p_/lt = }ﬁ_ (mt—ir‘t) _Zpg — (mt_irt)2.

(4.41)

We now proceed with the computation of the relevant amplitudes by making use of the CMS
propagator. There are five diagrams contributing to this process, as we will see. The first

diagram we need to compute is seen in figure 16.

Figure 16: Diagram 1

The corresponding amplitude is given by

2

g7e - p1—k)a(pr — K

M == LD g+ 00) Dt (o1 — ) [y - PP 2 s
w

+ (2k — p1) "] W(g2)77 (1 = 75)[(gh + ¢o) + (my — iT)]77 (1 — 75 )u(pa).

] [(2p1 — k)0 — (p1 + k)"0’ +

(4.42)

2
Now we contract this expression with &, and use that {v*,75} = 0, <H§5) = li% and

s 1o = 159 1% — ), This gives

2 T2

2
ge _ _ (p1 — k)a(p1 — k)
ke MY = — i D; Y1+ @)Dyt (pr — k) |1ap — e B

+ (2k — p1)Pk T(q2)7 (1 = 75) (g1 + )y u(p2).-

]Kmn—kwkwa—@n+kww+

(4.43)
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After a little algebra we see that

—k —k
g — LWL BT 1o e (4 k)R (26 — p)k®] = 2(pn - k),

myy

(4.44)

so finally we get

26
kMY = — 73972(191 - k)D; (g1 + q2) Dyt (o1 — k) W(g2)y” (1= v5) (gh + go)7 ulp2).  (4.45)

Figure 17: Diagram 2

For all the remaining diagrams we follow a very similar procedure. For the diagram in

figure 17 the amplitude is

gPe - + k)ala + &
M = i LD (o1 4 po) D+ 8) [ — DI DAB IR g gy (ot gy
w

+ (k= 1) ") a(g2)y* (1 — 75)[(ph + p2) + (me — 0] (1 — 35 ulqr).-
(4.46)

Now we again use the properties of the chiral projection operators and contract with k, to

obtain
2
. — — + k « + k; (o o
kuMy = — ZngeDt H(p1 + p2) Dyt (a1 + F) [naﬁ . )mg(h )s [(2q1 + k) - kn®7 — (2k + q1) 7K+
w
+ (k= ) k7] (2)7* (1 = 75) (i + )y "u(p2)-
(4.47)
After some algebra we see that
q —"_ k (o4 + k g g g oo
s = LRABE ] 004k — 2+ 07K+ (5 1)K = 2001 R
w
(4.48)

which yields

26
kM = — Z'gj?(ql - k)D; (p1 + p2) Dyt (g1 + k)u(g2)y” (1= 75) (0t + )7 ul(pz).  (449)
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Figure 18: Diagram 3

The amplitude for the third diagram, which can be seen in figure 18, is

26
Mz :éiLDt_l(ql +¢2) Dy (p2 — R)TY (1= 75)[(gh + g8) + (me — TV (1 = 5) (1 — F)y"u(ps).

8
(4.50)

We contract with k, and use the usual set of techniques

2

Ml = 2027 (1= ) (gt + @ G — B bu(pe)
26
= 2L Saa)r (1 - 25) (gt + ) up)
(mo—K)k (m—F)?

where we used that (pZik)Qu(pz) = B = —u(p2).

The fourth diagram we need to consider is displayed in figure 19.

Figure 19: Diagram 4

The corresponding amplitude is

26
M Z%i‘%D{l(m +p2) Dy (g2 + k)uy™(gh + K)7 (1 = 45) (04 + p2) + (my — iT)]97 (1 — y5)u(p2),
4.51)
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which gives

26
ke MY —*Z%Dt_l(m +p2) Dy (g2 + k)ak(gh + F)7v7 (1 = 75) (9t + p2)7y"u(p2)
26
= i LD (o1 4 pa)u(a” (L= 9)lph + el u(ra),

2
where we used u(g2) ngf,;@ = ﬂ(qﬂ% = u(g2)

Figure 20: Diagram 5

Finally for the fifth diagram, displayed in figure 20 we get

26
ME :g <_Zgg> Dfl(pl +p2)D;1(Q1 + q2)ulq2)7y” (1 — 75)[(gh + gb) + (my — il'y) 7" (4.52)
[ + 1) + (M — TV (1 = v5)u(p2),
which yields,
b ME =2 <—i92€> D (p1+ p2) Dy Har + a2)u(a2)7” (1= v5) (g + go) k(o + o)+
wMs =3 | =17 ) De ‘ (4.53)
+ (my — iTe)*Fly u(pe)

Since we have the expressions for k, M/ we can now assess whether the Ward identity is

satisfied by manipulating these expressions and see if they add up to zero.

Ward Identity

To verify the Ward identity k, M" = 0, we start by adding (4.45) and (4.51).

26 _
k(MY + ME) = ngDt_l(cn + q2) [( _2]8;1 _kq)nw - % U(g2)77 (1 = 75)(gh + go)7"u(p2)

2e

D+ ) () W)y (1= )t + g ule)
(4.54)
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Subsequently we add diagrams (4.49) and (4.52)

2(p1 - k)
(1 + k)2 —m3,

2
b+ 0M5) =i Z D ) |-

+ ;] w(g2)7" (1 = 75) (ph + o) u(p2)

=L o+ ) (=3 ) Taw)r” (1= )t + gt

=TED o) (3 ) W2 (1= )t + gl

\V)

26
+ igTDt_l(pl + p2) <—3> (q2)77 (1 = v5) k" u(p2),

(4.55)

where we used that p? = ¢} = m, and in the last step we made use of p1 + p2 = g1 + g2 + k.
Now we add expressions (4.54) and (4.55) to get

26
(MY + o+ M) =§[ (a1 + a2) - K== D (gL + a2) Dy (pL + p2)i(a2)77 (1 = 75) (gt + g6)7u(po)
26
— 217Dy (pr + p2)u(a2)y” (1 = )y ulpe)

(4.56)

Now we take (4.53) and rewrite it noting the photon is on-shell £? = 0 and using

(¢ + @)k + 12) =(g1 + ¢p)k(gh + ¢b)
=[gh + )2k - (1 + q2) — [gn + gl (4.57)
=2k - (1 + @2)[gh + gp] — (1 + @)

such that it becomes

26
B M = = S 12k 0y + )i D (4 p) D @1+ @22 (1 95) (gt + o) ) +

+ % gj[(fh +q2)* — (my — i)’ 1D (p1 + p2) Dy Han + q2)1(g2)77 (1 — v5) Kl u(p2)
26
[Qk (q1 + %)V%Dt_l(pl +p2) Dy Han + @2)u(q2)y7 (1 — v5) (gh + o)y ulpa)+
+ § L€ D7 + pa)(aa) (1 = 15k () 459)

So finally we see that the terms in (4.58) cancel the terms in (4.56). This means that we have
verified

ke MP = k(MY + o+ ME) =0 (4.59)

We have then confirmed that the Complex Mass Scheme provides a gauge invariant amplitude
in the case of a fermionic resonance also.
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4.5. CMS in ttH Higgs production

In this section we will test the implementation of the complex mass scheme in one of the main
Higgs production mechanisms used at hadron colliders, namely Higgs production associated
with a top quark pair. We will present a more detailed discussion of Higgs phenomenology in
our next chapter, here we just make use of pp — ttH to check some properties of the complex
mass scheme. We will do this by resorting to a widely used tool in collider simulations, Madgraph
[14]. Madgraph is a Monte Carlo event generator which is very useful for providing all the
necessary elements of SM and BSM (Beyond Standard Model) calculations, including cross
sections and decay rates. We explain how Monte Carlo event generators work in detail in
chapter 6, where we also implement our own MC program for one of the processes contributing
to Higgs production associated with top quark pair, namely ¢q¢ — t¢ and compare our results
with Madgraph. A full calculation of the amplitude pp — ttH, and its square, can also be found
in appendix B, where we also explain some aspects of computing cross sections in perturbative
QCD.

Fortunately the implementation of the complex mass scheme in Madgraph is quite straight-
forward. All one needs to do is set the Complex Mass Scheme setting to true and Madgraph
automatically implements the CMS feynman rules in its computation of cross sections.

ag(pp-tth) ag(pp-tth)
0.5 0.7¢
0.6
0.4}
0.5F
0.3¢ — CMS o4} — cMs
0SS 0SS
0.2f 0.3F
0.2F
01
01
8000 10000 12000 14000‘/5_ 8000 10000 12000 14000‘/5_
(a) Cross section for I'y = 1.49 GeV (b) Cross sections for I'y = 150 GeV

Figure 21: o(pp — ttH) both in the complex mass scheme and on-shell scheme for two different
values of I';

We generate the cross section o(pp — ttH) in Madgraph as a function of the center of mass
energy /s both with CMS implementation and with on-shell scheme implementation. The
plot can be seen in figure 21a. As we can see the two curves are very similar to each other, as
was expected. To see why we note that the difference between the two approaches lies on the
top-propagators used

Apr — i(p + my)
BW p? —m? + im I (4.60)
P+ (my —iTy) ’
Acms =i / ! i

p? — (my — iTy)?’

as well as on the fact that the whole amplitude | M| ~ m? in the on-shell scheme implementation
and ~ |m; — i['t|? when using the complex mass scheme. Thus, we expect the CMS amplitude

| M|? to be larger but not noticeably so, since I'; ~ 1.5 GeV for a value of the top quark mass of
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my¢ ~ 173 GeV. To see this is the case we can use an unphysical and unreallistic value for the
top quark width in our computation of the cross section. In figure 21b we plot the same cross
section having set the top width to a value closer to its mass, I'y ~ 150GeV . In this plot the
differences between the two approaches become evident and behave as we predicted.

Lastly we plot the value of the cross section as a function of the top width (in the fixed width
scheme) I'; at /s = 13TeV in both implementations. The plot is displayed in figure 22. This
once again corroborates our prediction for the differences between the two approaches as the

top width assumes large unphysical values.

g(pp—>tth)
0.55
0SS
0.45]
0.40 =" 1

n n n n n 1 n n n n 1 n rt
50 100 150

Figure 22: o(pp — ttH) at \/s = 13 TeV as a function of the top width I
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5 Higgs Phenomenology

5.1. Higgs Production

In this section we will address some of the main Higgs production modes that led to its
discovery in 2012. As we saw, the Higgs couples very weakly to light-flavor quarks (the
coupling is proportional to the fermion mass) and has no tree level coupling to gluons, which
are massless since the QCD SU (3) symmetry is not broken. At hadron colliders like the LHC (pp
collider) and the retired Tevatron (pp collider) there are four dominant production mechanisms,
namely by decreasing order of their cross sections, gluon fusion (ggF), weak boson fusion (WBE),
Higgs-strahlung i.e. production associated with a gauge boson, and production associated with
top quark pair (t¢H). The general diagrams for these processes can be seen in figure 23, and

their respective cross sections can be seen in figure 24.

(a) Gluon fusion

£ 9000000
S

(d) Associated production with top quark pair

(c) Higgsstrahlung

Figure 23: Main Higgs production processes at hadron colliders

We see that Higgs production through gluon fusion is the dominant process so we will
calculate its cross section to leading order in the next section. QCD radiative corrections to
this process turn out to be very significant and have been studied in detail. NLO corrections
increase the leading order result for the cross section by 80%, while NNLO correction increase
the NLO result by another 30%. Electroweak radiative corrections have also been computed at

NLO an increase the cross section by 5% at mpy = 125 GeV.
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Figure 24: Higgs production cross sections. The bands represent theoretical uncertainties [16]

While gluon fusion has the largest Higgs production cross section the other channels play
an important role as well. The second most dominant production process is weak boson fusion,
as seen in figure 24. In this process two light quarks scatter by interchange of a W or Z boson
via either the t-channel or the u-channel, and a Higgs boson is emitted from the internal weak
boson propagator. This is an important mode for Higgs searches as well as for the determination
of the Higgs coupling to weak bosons.

Next we have Higgs associated production with Z or W bosons, the third most dominant
mechanism, where two quarks annihilate to form a weak boson that radiates off a Higgs boson.
Lastly we have Higgs production associated with top quark pair, which is the process we used
to study some of the characteristics of the complex mass scheme. Even though its cross section
is smaller than the other processes’ it can provide important information about the top-Higgs
Yukawa coupling as well as give access to the Higgs decay into two bottom quarks. In the
next chapter we will use gg — ttH to showcase how one uses Monte Carlo integration in the
computation of cross sections whose processes have three or more final state particles. As such
we have computed the corresponding amplitude in section 6.2. We have also computed the
amplitude for the process gg — ttH in appendix B as well as its square. This allows for the
implementation of a Monte Carlo program, analougous to what we will do for gg — t¢H. This
way we have computed all the ten diagrams contributing to Higgs production associated with
top quark pair.

5.1.1 Gluon Fusion: gg — H

In this section we tackle the main production process for the Higgs boson used in the first run of
the LHC, which led to its discovery. We will closely follow Bentvelsen, Laenen and Motylinsky
[20] and take the oportunity to introduce some important techniques used in loop calculations,
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such as Passarino-Veltmann reduction.

g v, b wrrryee v\k—q g v, b wwwrrem v\k_q
q q
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g M, G wssree 4—!—}) g I 0 -wrrssse %‘FP
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Figure 25: Diagrams contributing to Higgs production through gluon fusion

The diagrams to be considered are shown in figure 25. Since the coupling of the Higgs to
fermions is proportional to the fermion mass we only need to consider contributions from the
diagrams with a top quark loop. If we also take into account a bottom quark loop for example
(since it is the next heaviest quark), we have that m; ~ 4 GeV and m; ~ 173 GeV so there would
be a relative supression of (%}) . 43?2 of the contribution to | M|?, which for our intents and
purposes is negligible.

As is costumary we use the Feynman rules from appendix A, which yield the following
expression for the amplitude

M= =g Yrritatle,p)en(a) [ (o T+ p may (b ) (k= g+ mo)+
V2 (2m)™ D1 Dy D3

+ (—=F 4+ g +me)y (= F + me) V" (=K — p +my)],
(5.1)

where we defined,

Dy =k* —mj
Dy =(k +p)* —m? (5.2)
Dy =(k — q)* —m}

There are a couple of things to point out. First, even though there is a loop integral over k in
(5.1) we know a priori that the expression will be finite. This is due to the fact that there is no
ggH coupling in the standard model (only in Higgs effective field theories -HEFT’s - once you
integrate out the top quark loop). Thus it would not be possible to perform the renormalization
procedure to absorb the infinities, since there is no coupling constant to renormalize. The
diagram must then be finite. Finally, we have to compute the trace in expression (5.1). This
can be done making use of the algebraic manipulation program FORM [15], which we will use
many times throughout this thesis. Here we just cite the result from the code, which ouputs

Trl...] = 8m[¢"p” + 4K*EY — ' - ¢ — "k + n*Ym?), (5.3)
t

where we dropped the terms proportional to p* and ¢” since these vanish when contracted with

their respective polarizations €, (p) and €, (q) in the expression for the amplitude.
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Passarino-Veltmann reduction

The main difficulty arising in this calculation is the existence of tensor and vector integrals. Our
aim is to write these integrals as a function of scalar integrals, which are much more tractable
and allow us to proceed with our calculation. In our notation we will use the letter C to denote
integrals with three denominators ( D1, Dy and D3), the letter B for integrals with two (different)

d"k kuky
Cuv
a / D1D2D3

d”k: ke
C / 271’ n D1D2D3 (54)

. _/ k1
0= | (2n)" D1DyDs

denominators. We thus define

and

d'k k
B (i) = o
M(Zv.]) / (277')" .DZD]’

d"k 1
Bo(i,5) = .
O(Zvj) /(27‘()" DZDJ,

To start breaking down these tensor and vector integrals we write the most general expression

fori # j (5.5)

consistent with their Lorentz structure, noting that C),,, is symmetric under the interchange of

and v. We obtain

C,ul/ = p;Lpl/CQI + QuQVCQ2 + (p,uQV + Q,upu)c23 + 77;w024

(5.6)
C,u = Cllp,u + Cl2€7,u )
and,
Bﬂ(L 2) = Bl(lv 2)p,u
Bu(l,S) = 31(1,3)qu (5.7)
B}L(27 3) = 31(27 3)p,u + B2(2a 3)Q,u

It all comes down to knowing the coefficients present in these expressions as functions of scalar
integrals. We can determine these constants by making contractions with p, and ¢, and the
metric, and making use of the on-shell conditions p? = ¢> = 0 and (p + ¢q)? = m?,. Let’s start by
obtaining the coefficients for the B integrals. If we contract the first equation in (5.7) with p,,
then the LHS is

v, 2)_/ "k p-k _1/ d"k (p+ k)% — k* — p?
p HAT B (27T)nD1D2_2 (27‘()" D1D2

mn 2
:1/d’f 1 1 _» (5.8)
2 (27‘(‘)” D1 D2 D1D2

__1/ d'k__p*
2 (271')”1)1D27
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where in the last step shifted the integration variable in the second integral k — k — p, cancelling

the first two integrals. In the RHS we have p? B; (1, 2), so equating these two expressions we get
1
Following the same procedure for the second equation in (5.7) we get
1
B(1,3) = §Bo(1,3). (5.10)
Finally for B, (2, 3) we have
B,(2 3)_/ A"k ky, _/ d"k Ky +qy
BT ) @mrDaDs ) @m) k2 = mll(k +p + q)? — my]

_/ dmk ky
) @m)r k2= m][(k+p+q)? —mi]

(5.11)

+ tug(z, 3)

If we make @Q = p + ¢ then the first term takes the form of B, (1, 2) with p replaced by Q. As

such we know this is equal to —Q M%B(()p =Q) (1,2), which after shifting the integration momenta

k — k—qbecomes —%(p+q),Bo(2,3) in the usual definition. We have arrived at the expressions

for B, (i, j) as a function of the scalar integrals only, which are

Bu(1,2) = 5 Bo(1,2)p
B,(1,3) = éBo(l,?))QM (5.12)
Bu(2.3) = 3 (0~ 1) Bo(2.3)

Now we have to determine the constants in the C integrals. We start by defining R; as

Ry = P)'Cpup”
Ry = P)Cup”
Rs = PI'C,.q"
Re = Py'Cuq”,

(5.13)

where P k; = d;; is a momentum projection operator, for example P}’ = 2g# and P} = 2pt. To
obtain these R; we start by writing k - p = $(Dy — D1) and k - ¢ = — (D3 — D;) and use this to

compute

(Bu(1,3) — Bu(2,3))

N

C;wpy =
1 (5.14)
Cuwq” = _§(Bu(172) — B,(2,3)).
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We can now plug in our results for B, (4, j) from equation (5.12) and obtain

1 1
C;wpy = Z(BO(L 3) - BO(27 3))(];1 + 130(27 3)pu
(5.15)

1 1
CHVqV - Z(BO(L 2) - B0(27 3))pl~t + 130(27 3)qH'

Finally, by applying the projection operators to these equations we get the expressions for the
R;

1
Ry = Bo(2,3)
1

Ry 21(30(173) — By(2,3))

4 (5.16)
Rs :Z(BO(L 2) — By(2,3))
RﬁziBMZ3)

We have obtained these results for the R; by taking the integral definition of C},, and going
from there. However we can also obtain other expressions for the R; by taking C,,, given by
(5.6). We then get

2
R3 2%023 + Coy

2
m
Ry :THCM
A (5.17)

Rs 2%021
2
2

™m
Rg ZTHCQ:a + Coy

All that is left is to invert equation (5.17) and write the C coefficients as a function of the R;,
which in turn are given by (5.16). Let us first state the result and then show the procedure for

this inversion. The coefficients are
"H (5.18)

Only the expressions for Ca3 and Cay require special care. We define the projection operator

4 1 14 1% 14
P :m(ﬁu — P — Pyq”). (5.19)

When we apply this on (5.6) we see that it isolates the Cy4 coefficient
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1
PR Cy, = n—

5 [m%{ng + (n — 2)024 — m%_]CQ?,] = Coyq. (5.20)

Then we apply P* in the integral definition of C),,,(5.4). The last two terms of P*” applied on
() are the definition of R3 and Rs. The remaining term is

we —/dnk’k2—3(2 3) + miC, (5.21)
We have managed to write all the tensor and vector integrals in terms of scalar integrals, so all
the terms coming out of the trace (5.3) can now be written as a function of these scalars. The
next step is to evaluate this integrals using dimensional regularization.

Evaluation of the scalar integrals

Our next step is to evaluate the scalar integrals By(i, j) and Cp. The computation of the latter is

a little more involved than of the former, as we will see.

First, let us write the amplitude in terms of the scalar integrals, by plugging in our recently
found expressions for the tensor and vector integrals (5.6) and (5.12) in the full amplitude
M = €,(p)e,(q)M*. Since we are about to apply dimensional regularization on the scalar
integrals we make n = 4 — 2¢, which appears in this expression through the dependence of Co3

and Ca4 on n. For small epsilon we expand =25 = (1 + €) + O(e?) and the amplitude becomes
M = ~gEZETrltath] [(ep) - a)) A+ (0 €(a) (- () B, (5.22)
with

A =8myeBy(2,3) — 4miMHCo + 16m (1 + €)Cy
B__ 2 A (5.23)
M

This expression can readily be further simplified by taking into account two points. First, we
expect Cy to be finite just by looking at the UV behaviour of the integrand. The numerator goes
as k? and the denominator as k5, so the integrand scales with k3, hence the integral converges.
Since we are going to set € to zero, we can then drop any O(¢) term multiplying Cy since these
terms will vanish. We also note that we do not expect By(7, j) to have second order poles in €
since this would mean that that the amplitude would be infinite and not renormalizable. We
will prove this is the case in the next section so we can just go ahead and drop the O(€?) By (i, j)

terms now.
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Dimensional Regularization

To compute By(2, 3) we start by introducing a scale 1 which will be ensure the correct dimen-

sions when using dimensional regularization. So

d"k 1
By(2,3) = p* / . 5.24
o23) =1 | Gy =k T p ¥ 0 — 629
Next we use the Feynman Trick, as usual
1 ! 1
I 2
AB /0 AT (=B (6.25)
in our case we pick A = (k +p + ¢)? — m? and B = k% — m?. We get
m 1
Bo(2,3) = p** / d kn / dx L 5 (5.26)
@m"Jo (1= 2)[k2 = mP] + 2[(k + p+ q)* — m3])

We call Q = p + ¢, and write the denominator as k* + 2zl - k + xm? — m? and subsequently
make the shift k£ — k + xQ to obtain

! d"k
Bo(2,3) = p* /0 da / 2n)" [k21 ik (5.27)

where we defined M = z(1 — z)m?, — m?. Now we use the formula for this type of integral in

n dimensions (inserir referencia)

dk 1 e TP T(@=8) on g
| Grr i = Gty O 629
In our case o = 2 and n = 4 — 2¢, which yields
M2e 1
By(2,3) = zm?F(e)(Zlﬂ') /0 dx[M(z)]”¢. (5.29)

The integral in  can be approximated to 1, since [M (z)]~¢ = e~ °8(M@)¢ = 1 — clog(M(x)) +
O(€?), so only the constant term survives when ¢ — 0. Now we use that the I function has the
property I'(z) = 1 — v + O(2) and that (47)¢ = 1 + log(4)e + O(€?) to finally obtain

7
1672

By(2,3) = (1 - v+ log(47r)> . (5.30)

As we expected By(2, 3) only has a single pole in €. Plugging this in (5.23) we get

8 1
:15:2 [z — S MR (1~ 7)1677200]
5 (5.31)
B - — mTA,
H
where we defined 7 = ;1\:;;% .
H
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Now we proceed by evaluating the cross-section for this process. For the scattering of two
incoming massless particles, the master formula for cross-sections is given by

= / dLIPsZyMP (5.32)

where 3 denotes the average over the initial particles’ spin and color, and the sum over the
final particles” spin and color. Since the Higgs is a scalar and has no color this last sum does not
exist, so all we have to do is the averaging of the initial particle’s color and spin. For this 2 — 1
process the integral over the Lorentz inavriant phase-space (LIPS) is just given by

d*k ) .
/ dLIPS = / W(zﬂ&(s — ME)(2n)6W (k —p — q) = (2m)0(3 — M%). (5.33)

From averaging over color we have a factor of 5 (gluons transform under the ad]omt represten—
tation of SU(3)), and averagmg over spin glves us a factor of 5. We also use that g§ = 1672
and y?/2 = V2Grmj. The trace over color is Tr(t.ty] = 164, so the factor Tr(t,ty)Tr[t*"]

coming from |M|? is just 15,,6°° = 2. So the cross-section is

b= Wl?&{GF > lle ) A+ (p-e(q)) (g-€(p) B)[25(5 — m3) (534)

spin

To compute the module squared appearing in the cross section we use the completeness relation
for gluons when summing over spin states. Since the gluons are massless particles we only sum
over two polarizations states, so to write the completeness relations we introduce a light-like

vector n, such that n? = 0 and write

= NuPy + Nupy
/ﬂ’(p) = ZGM()‘ap>6V()‘ap> = "N + Hnipl . (535)
A

After a little algebra we see that this operator P, (p) we defined satisfies the following properties
P (p)Puv(q) = 2
P (p)guay = M

PH(q)pupy = M
Ppapppaozqa = MI%I

(5.36)

Now we use that for the sum of two complex numbers |a + b|> = (a + b)*(a + b) = |a|® + [b]* +
a*b+ (a*b)* = |a|® + |b> + 2R(a*b), so we have
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> lealA, p)e* (A2, 9) A + pagse®(Aa, q)e” (M, p) BI?
A1,A2

=) ea(M.p)Es (M, p)e* (M2, ) (A2, )| A1 + padpppioe® (M2, )& (A2, 0)€” (M, p)E (M1, p)| BI?
A1,A2

+ 2R[e” (A2, @)% (M1, p)ea (A1, p)EY (N2, @)Ppgo A* B]
=P, (p)P" (q)|A] + padsppds P (q) PP (p)| B|* + 2R[P**(q) Prap,q” A*B]
=2|A[? (5.37)

where in the last step we made use of the identities (5.36).

Finally, after some simplification of the pre-factors we can write the cross section

o=

ag\@GF m? 2 1 ~
6m (Mé) i— ~ME(1 —7)1672Co| M35(5 — m?,). (5.38)

2

We see that to obtain the explicit expression for the cross section the last thing we need to

do is evaluate the scalar integral C.

Computation of Cy

We recall Cj can be written as

d"k 1
Co = / 2m)" [k2 — m][(k — q)? — m][(k + p)? — m]] (5.39)

d"k 1
‘/ @) &2 — m2](R2 — 2k - — m2)[k + 2k - q — m2]

Just as before we apply the Feynman trick (5.25), in this case to the first two denominators with
A= (k—q)? —m? and B = k* — m?. This gives

c —/dnk/ldx 1 L (5.40)
"~ ) @on Jy (k2 — 2xk - ¢ — m?)? [k2 + 2k - p — m?] '

Now we will make use of the generalization of the Feynman trick to higher powers of the

fraction, which reads

a1—1
ZL’I

[11 A1 + ... + 2 Ay (01t tom)
(5.41)

1 Doy + ... + ) /1 an—1
- day...dznd(l — 21 — ... — zp
AT AT T T(an).D(am) Jo 0 (1= Tn)

Applying this to (5.40) by evaluating the fraction 35 with A = k? — 2zk - ¢ — m} and B =
k% + 2k - p — m? gives

_TE  [dw gt y
o= tor | e ), ), Vs s 09
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We note that by defining A = [yp—xz(1—y)q] we can write the denominator as (k+A)? — A2 —m?.
Hence, by making the shift £ — k£ — A we write Cj as

d™k 1 1 y
Co=2 [ ooy ) e | W e

We see that we have rewritten the integral in such a way that we can resort to formula (5.28) in

order to evaluate it. We get

d"k 1 . (471')6 F(l + 6) ) -
/ (2m)" k2 — (m? + A?) 1672 2 [mi + A7 (5.44)

In the calculation of the By integrals we saw that I'(1 + €) ~ e~ 72, which does not have a pole
at e = 0. This means expression (5.44) is finite, and we can therefore take the limit e — 0 without
any problem. The expression we get for Cj is then

; 1 1 y
Co=——= d d 5.45
0 1672 /0 a:/o ym% —ay(l —y)M%’ (545)

where we used that A? = [z(1 — y)q — yp|* = —zy(1 — y) M%. We proceed by first evaluating
the integral over x, which gives

[\

. 1
4 Y 2
Co=—- | dy—2F 1 —zy(l —y)M

1 2 _y(1 —y)M?
:Z/n@ S (2 y(2w H (5.46)
1672 Jo (1 —y)M3 ms
7 1 1 4y(1 —y)
= dy———In (1 - 2
167T2/0 y(l—y)Mén< T >
where we recall 7 = Zjlwi;. Now we make the change of variables y — 1 — y, which yields
H

) L 4y(1 —y)
=————— [ dy=In(1- ). 47
Co 16m2M% /0 yy " < T ) (>47)

We see that the function f(y) = 4y(1—y) has a maximum at Y4, = % whose valueis f(ymaz) = 1.
So we notice that for values of 7 < 1, the argument of the logarithm goes negative and thus it
acquires an imaginary part. Integrating (5.47) by parts we get

Co ) 4 /01 d (1 —2y)In(y) (5.48)

T 167r2M12{; y1—4y(1—y)/r.

Now we determine the poles of the zeroes y. of the denominator resorting to the quadratic
formula, which gives

(5.49)
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so we can write (Y as

i At (1=2y)In(y)
Co= 16m2 M7 T /0 dy(y -y )y—y-) (5:50)

We split the fraction in the integrand to obtain

1 1

i 1!
C, :—/d 1-2y)ln [ - : 5.51
0 16m2M% 8 Jo ul ) In(y) Y=Y+ Y—Y- 31

where we define 8 = y+ —y— = /1 — 7. Now we can split the integral into the contributions
coming from the poles and from the rest of the integration domain. To achieve this we use the
standard identity

/ /
/d:n = P/ /da: +imd(x’ — z), (5.52)

r—2' Fe ' —x

where P denotes the principal value integral. For a function f(z) with a pole at b, the principal

value integral is defined as

P / “def(x) = lim [ / " (o) + /b ’ d:vf(:v)], (5.53)

6—0t +5

such that we are integrating over the original domain except for a tiny region around the pole.
As we claimed before, for 7 < 1 the integral becomes complex, so it is suitable to divide the
evaluation of the integral into the regions 7 < 1 and 7 > 1.

For 7 < 1 we start by computing the imaginary part of the integral

Il/ld(l 2)1(){ ! ! ] (5.54)
= — — n — . o
8o Y S TR
Using (5.52) we obtain
. i 1 1
o1 =T ([ awdty = v =2t + [ awaty - )1 - 20)m))
P \Jo 0 (5.55)
i
:g[(l =2y )Inyip+ (1 -2y )Iny_|.
From (5.49) we see that (1 — 2y, ) = —f and (1 — 2y_) = (8 such that
iST =im[lny_ Iny,y]
— izl 2+
Y (5.56)
=—imln LrvizT
V17

To obtain the real part for 7 < 1 first we define £ = 4/7 and evaluate the derivative with respect
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to £ such that

dr 1 q

(152/0 d—g[l—gy(l—y)]
_ [ 1y
B /odyl—y(l—y)f'

We now change the variable of integration to u such that y = £(1+u) and hence 1 —y = 3(1—u).

dI——/l duil_u
d¢e 14— &+ &u?

(5.57)

The expression then becomes

1
d
= [ icren ©59)
1 1 du
- E /—1 u? — 52’

where we dropped the anti symmetric part of the integral and used 8 = /1 — 4/£. Now we
note that

1 1 1 1 1
25¢ <u+ﬁ_u_5> Tty (5.59)
SO
1
d§ Zﬁg/ <u—|—ﬂ u— 5) . (5.60)

Now for 7 = 4/¢ < 1, 5 is real so this intergal is easy to perform, as we will show. Also, since
now we are only interested in the real part of this integral, we can replace the regular integral
by the principal value integral. This yields

1
df 255 / (U+B u—ﬁ>‘ 6

We can compute the principal value integral from its definition (5.53), so

/ i [ /5—5 du L qu ]
P +
ru—p 5ﬁ0+ 1 u—p grsu—p

~dim [ (555) + 0 (557)) 02
(i)
Likewise we get
Vode 1+5
P/_l u+B =In <1—ﬁ> s (5.63)

73



and as such

ar 1 1+8
& 6£1< 6)‘ (5.64)

Having done this we change the integration variable to 3 by writing

1= [acth = [apet 56

and since § = /1 —4/¢ we compute

e [agl™t [ 147" pe
B-lw -lwe -5 (6.0
which leads us to the following expression for the integral
§ 1+
/dﬁ In <1—5 (5.67)
We can rewrite this by noting that
d (1+py 1 1 2 ¢
d/31“< 5)‘1+5+—5‘1—52‘2’ (568)

meaning we can write the integrand as a total derivative

1= fargs o (15)]

1 1
=5 In? (:Z) + constant.

(5.69)

With this we were able to compute both the real and imaginary part of the integral for 7 < 1.

For 7 > 1, p will be i 1mag1nary so we write |3| = 7 — 1. We take expression (5.58) and make

the change of variable v = i ﬁl , which yields

dr
€ __ﬂﬁf/—l/m 1+02

:—Qarctan( ! )
¢8| 1Bl

Now we use the identity sin(arctan(z)) = T such that

arctan (W) = arcsin (sm [arctan <‘5|>])
= arcsin ( 1 + |B’2> (571)

= arcsin >

74

(5.70)




Finally we integrate over £ to obtain the expression for I. We make the change of variables

T = \/g to get
[—— # 3 é
I= /d§ -9 arcsin <\/;>

1
=—4 | dr——— arcsin(z)
V1 — 22
dl v (.72)
=— 2/dxdm [arcsinz(:p)]

= — 2arcsin? (\/E) .

So far we have seen that

1-8

—2 arcsin? (%) , T > 1.

3 In? (M> —imln (%) + constant ,7 < 1

I= (5.73)

We can choose the integration constant such that I is continuous at 7 = 1, which implies

constant = —7. With this we are finally able to write the expression for the original integral
C() = m[ as
2
i %[ln(%)—m} T<1
Co = 6202 (5.74)
My | —2arcsin® (ﬁ) T>1,

with 8 = v/1 — 7. We can plug this in expression (5.38) and after some rearrangement of the
factors we obtain our desired result

Gro; . o 2504 2
= S Mpl|A 0(8 — Mz), 5.75
710 = sog = MAIAMP0(5 — M) 5.75)
with
21
3 arcsin® | —= ,T>1
A(r)=5Srll+(1=n)f(7)] and  f(r)=4 Sf} 2 (5.76)
_Z[lnl_m—m] , T < 1.

This is the standard result for the leading order cross section for gluon fusion, which can be

found for example in [20].

5.2. Higgs Decay

In the previous section we discussed the main Higgs production mechanisms at hadron colliders
and explicitely computed the cross section for the most dominant process, gluon fusion. In this
section we will talke about Higgs decay processes, and in particular the main one used at the
LHC: H — 7.
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Figure 26: Higgs BR and I'y as function of mass

The Higgs boson can in principle decay (off-shell) to all Standard Model particles, which at
tree-level are given by its SM couplings to other particles. Since these couplings are proportional
to the particle’s mass this means the prefered modes of decay occur for the heaviest particles.
This can be seen in figure 26a, where the branching ratios of the Higgs are plotted as a function
of its mass. We see that for small my the decay to bb dominates, since the b quark is the heaviest
particle the Higgs can decay into at that mass value. Once off-shell decays to WTW ™~ are
allowed they quickly dominate (we emphasize this is an off-shell decay since at m?, < 2myy the
on-shell decay is not kinematically allowed). We also note that even though the mass of the Z is
greater than that of the IV, the reason the decay to ZZ is not as dominant as to WW is because
the latter has two degrees of freedom in the final state (W W~ and W~ W) as opposed to one.
When the on-shell decay to WW becomes kinematically allowed, i.e. mpg > 2myp, we see a
drop in the ZZ branching ration until its own on-shell decay also becomes allowed.

When mp > 2m; the t{ decay becomes significant but it never really dominates since
the coupling to fermions is proportional to m; whereas the coupling to the weak bosons is
proportional to m?, and m%, as we saw in chapter 2. At my = 125 GeV the Higgs branching
ratios are summarized in table 2.

By summing over all the branching ratios one obtains the total decay width I';, which can
be seen as a function of the Higgs mass in figure (26b). At my = 125GeV the Higgs width is
'y = 4 MeV, which is relatively small compared to other EW particles like the W, the Z and
the top which have widths on the order of 1 — 2 GeV.

Up until now we spoke only of the tree-level decays, but loop-induced decays, and as we
said before H — v+ in particular, play a very important role in LHC phenomenology. We will
explicitely calculate this decay, which occurs both through top quark loop and W boson loop, in

the following sections.
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Decay mode | Branching Ratio ‘ Relative Uncertainty

H = vy 2.27 x 1073 tiﬁé
H— 277 2.62 x 1072 fiﬁ?iﬁ
H—WtWw- 2.14 x 1071 j;gz
H—s 7t 6.27 x 1072 f?ﬁ?iﬁ
H —bb 5.84 x 1071 tg;é
H = 2+ 1.53 x 1073 J:Zgg;
H— utp 2.18 x 1074 tgggj

Table 2: Higgs branching ratios and respective uncertainties at mg = 125 GeV

(a) Signal (b) Background

Figure 27: Example of signal and background processes for gg — vy

The reason why H — ~+ is important has to do with LHC detectors. We have to deal with
the fact that there is no signal without background. When we talk about background we mean
processes that produce the same final state particles as the process we intend to study but are not
in fact that process, as we illustrate in figure 27. To extract the signal for a process we measure
the four momenta of the detected particles and compute the invariant mass. The signal has a
resonance at my and therefore should peak at that energy, while the background is expected to
stay relatively flat. The LHC detectors are particularly good at measuring the photon energy
and momentum, in fact the resolution in this channel is ten times better than any other decay
channel with the notable exception of muons. Another important point is that photons do not
decay so all events can be used. This is in constrast with the W and the Z, whose decay to
two jets turns out not to be very useful given the overwhelming QCD background. So despite
having a small branching ratio H — 7+ was one of the main discovery channels of the Higgs
boson at the LHC.

In the following two sections we will compute the main processes contributing to H — vy

at one-loop, namely through top-quark loop and W-boson loop.
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52.1 H — vy through top-quark loop

D p
H--- - AL H-------- Yk

Figure 28: Diagrams contributing to Higgs decay to two v through top quark loop

The diagrams for this process, which can be seen in figure 28, are quite similar to gluon fusion.
Since we have already computed gg — H explicitly much of that calculation can be reused
to compute H — v through top-quark loop. The only modifications that are in order are
substituting the QCD gluon-fermion coupling by the QED photon-fermion coupling In practice
this means we take the result from the invariant amplitude (5.22) and replace g2 by (Q;e)” a

well as substitute the color factor Tr[t,ts] by 51»’ = N¢, where N¢ designates the number of
colors. This means we are able to shortcut the computation and by using that 2 = 4t we

V2 2mw
can write
M = —No( Qe (o) -<la) — - el 0| 4 677
with
:% (2 - %Mﬁ,u - 7)167#00) . (5.78)

When we computed the gluon fusion cross section we also saw that the integral Cy was given
by (5.74), so we can write this amplitude as

M2
M =N.Q; 16;27€1WF(7') (277W —q"p” > p(P)ev(q), (5.79)

with F(1) = —=27[1 + (1 — 7) f(7)], where f(7) is again given by

arcsin® (i> T>1
\/F b -
f(r) = 2 (5.80)
[ln 1"%}: i?T:| , T < 1.

5.2.2 H — 7y through W-boson loop

For the decay through W-boson loop the diagrams pertaing to the H — ~ process can be seen
in figure 29.
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Figure 29: Diagrams contributing to Higgs decay to two ~ through W boson quark loop

First thing we note is that the first two diagrams have the same expression since the two
overall minus sign coming from the W W~ vertices (relative to the first diagram) cancel. As is
costumary we use the feynman rules in appendix A to compute the amplitude of this process,

which give the following expression
My = gMwe* (A — Bu), (5.81)

with

hom [ L[ G
,u (27T)” D1Ds D3 2

myy
ko2 52
16102 (2K + P)p + Naop (=K + D) g, — Mus, (K + 2p)as] [UaQﬁZ - mz]
w
[7752&3 (Qk - q)V + 776!31’(2(] - k)ﬁz = Mvpy (k + Q)a;,»}' (5-82)
— )\ (L _ )83
asps  (k—aq)*(k @]
M 38— N33
[ m‘%v 301
k1 (k4 p)*i(k +p)h
B, = b _ : 5.83
K / (2m)™ D9 D5 I:n m%,v ( )
o (k—q)*(k — )™
. [277,31042an - 7751/.1770&21/ - nﬁll/nazu] |:77 262 - m2 77041,827
w

where we used the same definition for Dy, D2, D3 as before, given by equation (5.2). To compute
this amplitude we could proceed as before and use Passarino-Veltmann reduction to write the
tensor and vector integrals as functions of scalar integrals. However this would be a quite

cumbersome endeavor, so it would be pleasant to find a way to get the result without recurring
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to PV-reduction. This can be achieved and it goes as follows. First, we note that the amplitude
is symmetric under the simultaneous interchange of p with ¢ and p with v. We also know that it
satisfies the Ward identities

"M, =0

(5.84)
q" M, =0.
Thus, we are free to make the following decomposition
M v — ' v v M(l) )
pr =P+ ¢ — qupy) M (p, q) (5.85)

+ (P’ — Poupy — P2 20 + 1 4Pua) M (0, q).

We contract with the metric n*¥ and with ¢*p” and then invert the 2x2 matrix, such that we
have M) (p, q) and M) (p, q) as a function of ¢* M, p™ and M5. This yields

(1) _ p-q  (p 9’ + (n—2)p*¢ ;
M) = (n=2)[(p-9)* — p*¢*] ’ (n—=2)[(p-q)? - pzq?]quMATp (5.86)
M(2)(p, q) =— 1 MP — (n—1)(p-q) 2q,\MATpT‘

(n—=2)[(p-9)*—p*¢? * (n-2)[(p-9?—p*¢

Now we make use of the on-shell relations p? = ¢*> = 0 and (p + q)* = m?% so (5.86) becomes

2 2
MO () =—2 (MP - qwmf)
(- 2)72%{ ' m%; (n-1) (5.87)
(2) B S p_ A\ —1) X T
M (p7 Q) (TL — 2)m;1-_[ (Mp m%[ q M)\Tp ) .

Of these two coefficients we only need to compute M (p, q), since upon taking the momenta
on-shell in (5.85) and contracting with the polarizations only the first term remains. To compute
M4 and P Mp” we will require some assistance from FORM. We will instruct FORM that
there are a number of simplifications one can make in this calculation, by shifting the integration
variable and making use of p? = 0 and ¢? = 0. These are

RO [k a1
/(277)”1)1 _/ (271’)”D2 _/(271’)"1)3 -0
&k Dy [ d'k Dy
| =] G, -
[ .
(271')” Dq (271')” Ds
'k Dy _ [ ' Dy,
/(277)” Dy —/ (@m) Dy o (5.88)
/d"k D, :A_m%{/ k1
(271‘)” D2D3 0 2 (271’)” D2D3
[TE B w1
(27T)n D1 Dsg 2 (271’)” D1 Dsg

d"k  Ds m% [ d'k 1
— Ay 4+ TH L
(27‘(’)” D1Ds 2 (271')” D1Do




The expression for M/ after we make simplifications (5.88) is provided by the FORM code in
appendix C.1.1. We note that we drop the constant term appearing in the output since this
corresponds to a scaleless integral, which is zero by dimensional regularization. The result is

d"k 1 1 mS 13
P — o Mure? _tMa g2 _ 200 -1
MO = gMwe /(27)71 bbb, [ 5 — 9myy <n 9 > +8m(n—1)

1 r 5 4 2
+ 2(n—1)+mH+mH]
m

DiD, | 8 mify, 2
D: [ 1 ]
D1D2 L Qm%‘/
1 5 m m2
+ 2(n — 1 +H+H} 5.89
D1D3 L ( ) 8 m%v m%[, ( )
D [ 1 ]
+ - 4
D1D3 L 2mW

1 T 2 1 mb 3 m? 2
+ 6<n—>+ Ta 2 TH —mH(n—2)—2n2

DyDs | 3 TGm?/V 82m%v m%,[,
L [rmy o mE]
Dl 4777,%/ m%v

Similarly, the expression for ¢* M, p” after we make the simplifications (5.88) is provided by
the FORM code in appendix C.1.2. We drop the constant term for the same reasons as before.
The result is

d"k 1 1 m3 1 mS m?
A T 2 H H H
My.p" = gM - ~—H 7
@b = gwe /(zw)anQDJ Sml, Tamz, 2 T )]
I 5mb  1m]
— 1)m2 2 "H g
T Dy | VT TG Zm%‘,}
.
D1D2 L 4m%v
I 5 mb  1m]
B L) : BTl § .
+D1D3 (n yma + 16 ml, Qm%/v} (5.90)
L DT mH}
D1D3 L 4m%v
1 1 mY; 3mb  m} 9
——4_ = ) -1
T DyDy |32ml,  16mb, mz,  omn— D)

+ i 1 m?{ mjlq
Dy '

Again we make use of FORM, this time the code in apendix C.1.3 to get the expression for M ().

M(l) = gMW62

(5.91)
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Dimensional Regularization

Again we have to perform dimensional regularization to compute this amplitude. Luckily, most
of the work is already cut out for us since we have the expression for By(2, 3) from (5.30) and
Co from (5.74). We recall that Cj is finite, so we can intruct FORM to use the following identities
in the limite — 0

eCop =0
i
¢Bo =163 (5.92)
1 1
e 5(1+e+0(62))

Once more we use the code in appendix C.1.3, this time to perform the dimensional regulariza-

tion. This yields the result

— [m%{ + 6miy, — 6mi (m3 — 2m%,v)(—i167r2)00] . (5.93)

Finally we contract the amplitude M, with the polarizations to obtain
2

1ge ‘ ~ B
= TomZmmm?. [m + 6miy, — 6miy, (my; — 2miy,) (—il67%)Col (mEyn™ — 2¢"p")eu(p)es(q)
H

iM
(5.94)

with Cy given by (5.74). Similarly to what we did for the Higgs decay through top quark loop,
2

we can define 7 = —% in order to rewrite the expression for the invariant amplitude
w

2
M=_9

- 167T2mW

2
F(r) <]\éH77/w - qupV> en(p)ev(a), (5.95)

where F/(1) =24 37 + 37(2 — 7) f (1) with f(7) again given by (5.80). This is indeed the result
found in the literature, for example by Marciano, et al [21] however our calculation happens
to be less involved since we avoided the computation of five amplitudes and did not have to
resort to Passarino-Veltmann reduction.

5.2.3 Partial decay width I'(H — 77)

Now that we have computed the individual amplitudes of the Higgs decay to two photons
through top-loop and through W-boson loop we can write the total decay amplitude. For
the Higgs decay through fermion loop we claimed that only the top-loop contribution was
dominant and other contributions would be supressed. However, for the sake of completeness
in this section we will include all fermion loop contributions. This means we can take amplitude
(5.79) and sum over all quarks and leptons. Naturally N = 3 for the quarks, and N¢ = 1 for
the leptons. In addition, by taking into account our results for the decay through W-loop (5.95)
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we can write the total H — vy amplitude as

M_éigF( )Mi{ —¢"p" ) eu(p)ev(q) (5.96)
- 167r2'mW Tfs TW 9 N —q°P €u\D)ev\4q), .
with
F(rs,7w) = Fw(mw) + > NoQ} Fy(ry), (5.97)
f

where F¢(7¢) and Fyy () are given by the F'(7) function we computed for the top-loop and
W-loop cases respectively

Fy(rp) == 27¢[1 + (1 — 7¢) f(7¢)]

(5.98)
Fw(Tw) =24+ 3w + 37’(2 — Tw)f(Tw)

2
4m¥v ‘
My

m2
Here f(7) is given by the usual expression (5.80), and also 7 = ij—gf and Ty =
H

The goal of this section is to compute the partial width I'(H — ~), which we can achieve
by using the definition (2.100). To facilitate obtaining the standard result, first we note that we
can rewrite M as

a

M= 2<9)MéF(77)< —2“”>6()6() (5.99)
An QmW 9 fH>Tw Nuv M%qu u\D)Ev\q), .

such that

2

MP = V2Gr () MblF (s R | (0 - 520 ) o] . (5100

M

where we used that (5 ngz )2 = v/2G . We still have to sum over the final states’ polarizations.
w

This we have already done in (5.37) where we saw that

2 2
Z <77W = qu”p”> en(A,p)ev(A,q)| =2, (5.101)
A1,A2 H
and as such
aNZ 2
> IMP? =2v2Gr (—) ME|F(rp,mw) % (5.102)
4dr
Since | M| has no dependence on the momenta we can write
d’p d?p 4
I'H 9 )
(H = vv) Z\ / 27)52Ip] (271')32|q|( AW (Q —p —q). (5.103)

All that is left is to compute the two particle phase space integral. To do this, we refer to the

formula in chapter 3 of the book [1] for the phase space integral of two particles with masses m
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and mo

1 d*p1d®p;
I(S7m1’m2) _(277')2 / 4(4)1(4]2 ) (Q b1 p?)

1 AY2(s,m2,m3)
= e dQcps-
3272 s / oM

(5.104)

In our case the final particles are massless and identical, which means we only integrate over
half of the total solid angle. This yields I(s,0,0) = 1&.
Pluging the phase-space integral in (5.103) we obtain the known result

GpM%
8271

which is in agreement with the one presented in [21].

(i)Q (7, 7|2, (5.105)

I(H = yy) = gy
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6 Monte Carlo Methods

6.1. Monte Carlo Integration

We are often interested in the theoretical prediction of cross-sections and decay rates which we
can subsequently compare with experimental results. Up until now in our calculations, be it
for cross sections or for decay rates, we had at most two final state particles which made the
integration over phase space simple enough to be handled analytically. However obtaining
such analytical predictions is often not possible. To see why let us consider a general scattering
process with two incoming particles of mass m; and mg and momenta p; and p», and n outgoing
particles with momenta k;,7 = 1, ..., n. We recall the general expression of the cross-section for

this process is given by

= 1 - . 45(4) _ , 2
7= ON2(s, m3, m3) /JHldHJ(QW) O | p1+p2 Z’L:kl | M, (6.1)

31 .
where dIl; = %, M is the invariant amplitude of the process, s = (p; + p2)? is the square of
J
the center of mass energy s = (p1 + p2)*the \ function is defined as

Nz, y, 2) = 22 + oy + 2% — 2zy — 202 — 2y2. (6.2)

Similarly, the expression for the decay rate in a general reference where the decaying particle
has spatial momentum p and the outgoing particles momenta k;,7 = 1, ..., n is

U T amomis® [, S~ g
I'(p) 20(p) /j:1de(2 )*6 (p 2;&) (6.3)

with M being the invariant amplitude of the decay.

As we stated before, both of these expressions require an integral over the phase space of
final state particles. As the number of outgoing particles increases so does the complexity of
these integrals, so we are only able to provide the analytical solutions to the simplest of cases.
Moreover, the difficulty in performing the analytical calculation increases substantially if we
impose restrictions on the integration domain, for example in case we wanted it to match the
accessible phase-space of a given detector. In a typical LHC event we have ~ 10% particles,
leading to ~ 3 x 103 phase space integrals [23], hence analytical computations are out of the
question.

One has then to resort to numerical methods in order to perform these integrals, in particular
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to Monte Carlo integration. In this method one can compute multi-dimensional integrals by
approximating the original integral to

b1 ba
/ d:L’l/ da:nf(xl, ...,a;d) ~ (bl — a1) bd — ad Zf $1 ( )), (64)

1 d

where x (i) = ai, + pi(by, — ax), with p; being a random number between zero and one and N
representing the number of integration points. Put in words what we are doing is approximating
the function in the integrand f(z1, ..., z4) by its average over the random collection of points
z1(4),...,xn (i), with ¢ = 1,..., N determined by the random numbers p; and subsequently
multiplying by the range of the integration domain. To estimate the error of this calculation
we can employ the central limit theorem which states that the distribution (f) will tend to a
\F’ where o; is the standard dev1at10n of f(x1(7),...,zq(7)). This
means the error decreases with the number of MC points as f Explicitly the error of the

Gaussian curve with o;,; =

Monte Carlo computation is given by

VN : 1 9 1 2
E=\/% with VN:N;Wi — [NWZ} , (6.5)

where we defined the weight W; as

Wi = (a1 = b1)...(aq — ba) f(x1(), ..., za(7)). (6.6)

In the computation of cross sections we see that the role of the integrand is played by |M|?2.
Also, we see that for n final state particles we have a 3n — 4 dimensional integral, since there
are 3n integrals over the components of the spatial momenta restricted by energy and momenta
conservation. The next step in our MC integration of phase-space is to generate a set of four-
momenta that obey energy-momentum conservation using random numbers, which implies
ki = ki(z;). These momenta will serve as the argument of the function we intend to integrate.
Since we want to perform the integration over x; this means we will have to perform the change
of variables and compute the appropriate Jacobian. To generate the momenta we will use a
s-type branching algorithm, which for n particles with masses my, ..., m,, allows us to compute
their on-shell momenta making use of 3n — 4 random numbers. In this example we do not

restrict the integration domain.

The algorithm goes as follows. We start in the center of mass (COM) frame of the collision,
with momentum Q) satisfying Q? = s. Then we split this momentum into the on-shell mo-
mentum k; (wWhich will correspond to the external momentum of particle 1) and the off-shell
momentum 2. Next, we go now to the rest frame of ()2 (no longer the COM frame) and split it
into a on-shell momentum k, and a off-shell momentum 3. Although k3 is on-shell, since it
was generated in the ()2 rest frame we need to boost it into the COM frame before we can use it
as an argument. We repeat this procedure until we get to Q,,—1, which splits into the two final
on-shell momenta k,,_1 and k,,.

To show explicitely how this happens let us define the following auxilliary quantities
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2

8 = Zn:mj mZQ = Zn:kj and EZQ = Zn:Ej. (6.7)
j=i J=t

j=i

We will work iteratively and assume that at iteration ¢, k;_1, ..., k1 have already been determined
in the COM frame. At an intermediate iteration i, to determine k; and @Q;+1 from @); we proceed
as follows. First we write

k' = (E;, |k;| sin 0; cos ¢, |k;| sin 6; sin ¢;, |k;| cos(6;)), (6.8)
with E; = /|k?| + m2. We can now set Q;;+1 by momentum conservation

Qit1 = (ES |, k). 6.9)

In turn, |k;| can be obtained by

2 2
\/)\(sz 7m%’mg-l)
ki| = :

2m§°2

(6.10)

Thus, there are only three unknown variables we need to parametrize with random numbers,
Q

these being ¢;, §; and mgrl. We note that s; 1 < mgrl <m; —m; so we can parametrize these

parameters as

O; = 2wx§, cost; =1 — xé, and mg_l = 841+ xé(m? — 8i), (6.11)
with 2, 24 and z, being random numbers between zero and one. Having done this we are finally
able to use expressions (6.8) and (6.9) to obtain k; and @11 in the rest frame of ;. Naturally, in
the end we want to obtain the ; all in the same frame, namely the COM frame. This means we
still need to apply Lorentz boosts to the values of k; we have obtained through this algorithm,
in order to have them in the desired frame of reference. The Lorentz tranformation for energy

and momenta from a frame S with velocity v measured in a frame 5’ is

k') =7 (ki) +vE) (6.12)
K =k,
_ g5 _ Qi _ 1 _ < : . ;
where v = 3 = Q0 and vy = SiE T me To define k;; and k;; we resort to a unit vector
parallel to the direction of the boost 7; = %, such that
sz = fLi : ki ’ and ku_ = kz‘ — leTALz (613)

The last thing we need to do is find the the Jacobian of the coordinate transformation that

allows us to perform the integral over the random numbers z¢, % and z%. We can start by
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writing d3k; = |k;|d|k;|d(cos §)d¢, noting that we have
d(cos ;) = 2dzy, and  d¢; = 2mdal. (6.14)

For all but the last iteration, we can use the chain rule to write |k|?d|k| as

k| dk]> dm? dm®, .
d| ‘ d‘ | dml ml+1d$1. (6.15)

k|%d|k| = |k|? .
k|“d|k| = | ‘d|k’2dm?dm§il dai, 3

After having computed these derivatives we see that we can rewrite

A3k k. mQ
1 o ’ Zl(m? _Si) i+1

7(27T)32EZ 47{'2 - dwldl'deg (6 6)

i
For the last iteration the procedure is similar but we only need two random numbers for ¢,,—1
and cos 0,,_1. The random number for mg is not required since mg = my. So in this last step

we need to consider

dgkn—l d3kn 45(4) " i
G @y, Y (@ - k). (6.17)

Once again we can write

d3kp_1 = 4n|kp 1 2d|kp_1 |da?  dah Tt (6.18)

Now we can integrate over |k,,_;| by writing

om? \

ZETO0ES

Since this is the final iteration we note that |k,| = |k,—1| and hence

E? | =|k,1*4+m2_, and FE?=|k, > +m2. (6.20)
Now since m? = >, only the two last terms of the sum depend on [k|,,—1 so we have
8771? B oF,_1 n oF, B ’k ’En + Ent B ’k ’ mg_l © 21)
a’kn—l‘ B a‘kn—1| 8’kn—1’ - EnEn—l - EnEn—l' .
This means we finally have
d3kp_1 A3k, (271’)4(5(4) (Q“ B Z /{H) _ |kp—1] da L dg 2 (6.22)
(2m)32E,—1 (2m)32E, ’ 47Tm§_1 ! 2 .

Thus, we were able to parametrize the original phase-space integral as the integral over 3n — 4
random numbers going from zero to one. All the conditions are met so that we can finally

perform a Monte Carlo integration of phase space, which is what we will do in the next section.
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6.2. Cross section for qg — tt

In this section we will exemplify the procedure we just introduced for ¢qg — tt. Although
this process only has two final state particles and therefore is simple enough to be handled
analytically, we take this opportunity to test our Monte Carlo implementation by obtaining the
analytical expression and comparing our numerical results to it. We will also compare them to
the results coming out of Madgraph, which as we explained in chapter 4 is a Monte Carlo event
generator one can use to obtain numerical values for the cross sections and decay widths of

various processes. We start by computing the amplitude of the following diagram 30,

"o

Figure 30: qg — g — tt

which is
Y7 2 .o ..
= E0 ) g (o o a1, (623)

where 8 = (p; + p2)? is equal to the center of mass energy squared. To compute the squared
amplitude we start by writing the complex conjugate of (6.23) by noting identity

[@ (1)L (p2)]" = a' (p2)r0I 'y u’ (p1), (6.:24)
with T being a general Dirac structure. We also use the identities 797" = 1 and (y/)* = yoy#+°.
This yields

2

M = =% (g2 ular (1) o (o)l (1], (625)

where we also used that the SU(3) generators t* are anti-hermitian. We assume the incoming
quarks are massless, while the top and anti-top have a mass m;. Finally, to obtain the squared

amplitude we use that the sum over particle and anti particle spinors is

> wf(p)u(p) = p+m
52:1 (6.26)
> v vi(p) =p—m,
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so we obtain

2
i S IMP = BT (g — mor (gt + mon®] Tr o] Trltat] T, 627)

spins,color

where we sum over final states” spin and color and average over the initial states” spin and
color. Using Tr[taty] = 364, we get T [taty) Tr[tt] = %W = 2/9. We compute the traces in
FORM to obtain

1

29! )
9.4 Y. IMP= 5%[167@25 +32(p1 - @) (p2 - q2) + 32(p1 - @2) (2 - @1))- (6.28)

spins,color

To obtain a more pragmatic formula we go to the rest frame and express the invariant products
between momenta as a function of the angle relative to the center of mass and the energy of the
incoming beams. Let us call E to the energy of the incoming quark, as well as of the incoming
anti-quark, such that Vs =2F = § = 4E2. We see that in the rest frame of the collision q1 and
g2 must have opposite spatial momenta with the same norm |q| = \/E? — m7. This means that
they also have the same energy, which must be E' by energy conservation. Bearing in mind that

my = 0, mg = 0 this means |p1| = F and |p2| = E. Finally we can write

p1-q1 = E® — |p||q|cos = E? — E|q|cos = ps - o 6.29)
p1-q2 = E? +|p||q|cos @ = E? + E|q| cos§ = pa - q1,

with cos 6 defined in figure 31.

Figure 31: Angle § is defined as the angle between incoming and outgoing particles” spatial
momenta

We can now compute

2
(p1-a)(p2- @) + (p1- @2)(p2 - @) = 2E° [1 + <1 - E;) cos? 0} : (6.30)
Making E? = §/4 we obtain
1 > |M|2—24 %+1+ 1—% cos? 0 (6.31)
9-4 B NG E ' ’

spins,color
Since it is now convenient for us to integrate over angles we use that 3—6 for a collision with two
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final state particles in the center of mass frame is

do L A5 20 (2
=) = =2 — M3 —my) . 32
In our case we have
la _ VE—mi_ | fydmi 6.33
ol E s (639
so by writing g2 = 47as we obtain
- 2 2 2 2
(jg) = %% - 4% [477;25 +1+ <1 — 47;%) cos? 6] . (6.34)
cM
To get the total cross section we integrate over d¢d(cos ) to obtain
22702 [ 4mi [! Am? 4m3
o == mfés 1-— bet/ d(cos 0) @4—1—% 1—& cos®
9 45 5 Ja 5 5 (6.35)
ety ()
9 s 5 5 3 5

We have just obtained the analytical result for the cross section o(qg — g — tt) at leading order.
We can perform a check on this expression by taking the high-energy (or massless particles)

limit m;/s — 0 and see that we obtain

. 2 47
0= —ay -

— 6.36
9 35’ (6.36)

which if we drop the color factor 2/9 and make a; — a. is the famous expression for the
ete” — v — p~pt. This serves as a good indicator that our expression is indeed correct.

o(pb)
V3(TeV) MC program ‘ Madgraph ‘ Analytical

0.5 18.063 4 0.002 18.06 £ 0.05 18.063
5.018 & 0.001 5.010 & 0.008 5.019

5 (2.020 £ 0.001) x 1071 | (2.016 & 0.002) x 1071 | 2.018 x 10~*

10 (5.046 4 0.001) x 1072 | (5.052 & 0.008) x 1072 | 5.047 x 102

13 (2.986 +0.001) x 1072 | (2.986 + 0.005) x 1072 | 2.986 x 1072

14 (2.575 £ 0.005) x 1072 | (2.574 £ 0.004) x 1072 | 2.575 x 1072

Table 3: Values of the gg — tt cross section for our MC program, Madgraph and the analytical
result

In table 3 we can compare both our results and Madgraph’s to the analytical result and see
that indeed MC integration provides a very good estimate for the value of the cross-section.
We used N = 1 x 10° events in our program, and set a; = 0.118 and m; = 172 GeV in all three

computations.
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6.3. Higgs production associated with top quark pair

In the previous section we applied Monte Carlo integration to a simple case and compared
it both with the analytical result and with Madgraph. Since there were only two final state
particles performing Lorentz boosts turned out not to be necessary, since both ¢; and ¢ are
automatically generated in the COM frame.

We would now like to apply MC integration to a more involved amplitude, one that we
would not be able to obtain solely through analytical methods. The process we will focus
on in this section will be one of the main Higgs production channels at hadron colliders we
mentioned in chapter 5, namely Higgs production associated with top quark pair. Since we
are smashing protons the incoming particles can be either quarks or gluons so we have to
differentiate between ¢g — ttH and gg — ttH. Here we will only compute the cross-section
o(qq — ttH), and have relegated the calculation of the gg — ttH amplitude and its square to
appendix B.

qq — ttH Amplitude

(a) My (b) M:

Figure 32: Diagrams contributing to ¢g — ttH

The diagrams contributing to this amplitude can be seen in figure 32 and their respective

expressions are

M =ig? Ze D7 ar + K)DF (o -+ p2)an) (g + )+ iy v(ae) Dpa)on) [ 1]

Ma :igz%Dt_l(QZ + k)Dy (1 + p2)u(q1) v (= (ge + §) + melo(gz) D(p2)vau(pr) [t [ta]>.
(6.37)

Our goal is to obtain the cross section o(qg — ttH), so we need to compute |M; + Ms|? =
|IM1]2 + | Ma|? + 2Re(M3; M3). Again we start by writing the complex conjugates of (6.37) by
using the identity

[@ (p1)Tu! (p2)]" = @' (p2)70T 7 u’ (p1), (6.38)
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as well as 197? = 1 and (y")* = v9#4". This yields

M = - iQE%DJI(fh +E)Dy (p1 + p2)0(g2)vulgh + K+ milulgr)a(p)y"o(p2) [L9720 [t,)7172

Ms = - ig?%Dt_l(QQ + k)Dy ™ (p1 + p2)v(g2)vulgh + K + malu(qr)u(p)y*o(p2) [t [ta)772,
(6.39)

where we also used that the SU(3) generators ¢t* are anti-hermitian. Finally to obtain the squared

amplitude we again use the sum over particle and anti particle spinors given by (6.26). We get

2
M2 =2 (9%) Dy (a1 + K)Dy2(p1 + p2)Tr (g6 — me)ulgh + ¥+ me)(gi +me)

[(gh + §) + mu]va] Tr [y o)

2
MaP? =2 (22 ) D20 4 D24 )T (g = )@+ 8) + g+ )

[~ (g2 + #) + mu] ] Tr [y per]

2
Re(MiMy) =2 <92\%> Dy Mgz + kYD (g1 + k)Dy % (p1 + p2)Tr [(gh — mu)vulgh + K + m]

(¢h + mi)val—(gp + §) + mu]] Tr [pi*pey"]
(6.40)

where we used that Tr[t,t"]Tr[t%,] = 162 = 2. We delegate the computation of the traces
to FORM and as such we have found the square of the amplitude |M|?. Now we are in the
condition of building a MC program and comparing to Madgraph. The results can be found in
table 4 table, where we can see there is a very good agreement between both. Our full MC code
that provided these results can be found in appendix C.2 .

o(pb)
V3(TeV) MC program ‘ Madgraph

0.5 (9.70 £ 0.001) x 1073 | (9.69 £ 0.004) x 1073
(6.38 +0.001) x 1072 | (6.36 £ 0.001) x 102

5 (4.42 4+ 0.003) x 1073 | (4.42 £0.001) x 1073

10 (1.29 £ 0.001) x 1073 | (1.31 £ 0.003) x 1073

13 (8.21 £0.001) x 10~* | (8.19 4 0.001) x 10~*
14 (7.16 £0.001) x 10~* | (7.18 £ 0.002) x 10~*

Table 4: Values of the gg — ttH partonic cross section for our MC program and Madgraph

We can also adapt this code to produce histograms of the transverse momentum pr =
P2+ pg for any of the particles involved. In figure 33 we plot d%T as a function of py for the
top, the anti-top, the Higgs, and lastly for the ¢ pair at V§=13TeV.
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2% (ob) % (ob)
dpr dpr
0.0025 0.0025
0.0020 0.0020
0.0015 0.0015
0.0010¢} 0.0010 ¢}
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(c) Higgs (d) tt

Figure 33: Cg'%f[ after integrating over PDFs at /s = 13 TeV

By analyzing figure 33, we immediately notice that the differential cross section decreases as
the transverse momentum increases. This is due to the fact that for large values of pr the top
propagator becomes increasingly off-shell, which decreases the value of the differential cross
section. One may also notice that the plots for the Higgs and the ¢t appear to be exactly the
same. This is indeed the case, since the sum of the pr of the top and anti-top must be equal in
magnitude but with opposite direction to the pr of the Higgs, in order to satisfy momentum

conservation.

We should note that to generate the plots in figure 33 we had to integrate over the parton
distribution functions (PDFs) of the incoming quarks. This is a concept we introduce and briefly

discuss in appendix B, but ultimately lies outside the scope of this thesis.

The code can also be adapted to provide any of the plots that are commonly used when
analyzing scattering processes. A very useful quantity in hadron collider physics is the rapidity,
which is commonly used for describing the angle between an outgoing particle and the beam

axis. It is defined as

1 E+pp
=-1 . .
V=g n(E—pL> (6.41)

This quantity is usually preferred over the polar angle 6 since it is better behaved under

Lorentz boosts. In fact, the difference of two rapidities is Lorentz invariant. This is easily seen
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by noting that under a boost the energy and longitudinal momentum transform as

E' =F cosh~ — p, sinh
7 — pzsinhy 6.42)
p7 =pr coshy — Esinh~y,

such that the rapidity transforms as

1 E/ /
y—>y’=1n< +pL)

2 E' —py

1 n (Ecoshfy — pr,sinhy + pr, coshy — Esinhy)
2 FE cosh~y — pr sinhy — pr coshy 4+ E sinhy

1 n <(E + pr)(coshy — sinh 7)) (6.43)
2 (E — pr)(coshy + sinh )

n 1 | e’ 7
= — 1n —_—
4 2 e
=y —7.
Thus Ay = y1 — y2 = Ay’ = y] — ¥4 = y1 — y2 remains invariant under a Lorentz boost along

the beam axis. The rapidity turns out not to be a very intuitive quantity however, so more

commonly the pseudorapidity is used instead. This quantity is defined as

1m<m“””). (6.44)
2 Ipl —pL

n

We can manipulate this expression to make the relation with angle § more apparent

1 1+%T«—1m 1+ cosf
=3 T ) 1 —cosf

Ip|
1 (14 cos 0)? 2 1+ cosf (6.45)
—n (S ERT T gy (2
2 sin? ¢ sin 0

(13)
=—In{tan—= |,
2

where in the last step we used the trigonometric identity 52¢

— 9
14cosf tan 2°

In figure 34 we plot 3—‘; and Cdl—z, both for the Higgs and the top quark. We see that the
differential cross section decreases as the direction of the outgoing particle becomes less collinear

with the direction of the beam.

Finally, one would be remiss not to mention that all of these plots agree with the ones
obtained through MadAnalysis (the plotting framework for MadGraph). The MC program we
developed therefore appears to be perfectly adequate to perform a complete analysis of the

scattering process.

95



—(pb ——(pb)
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do do
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(c) Top quark pseudorapidity (d) Higgs pseudorapidity

Figure 34: Rapidity and pseudorapidity after integrating over PDFs at /s = 13 TeV
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7 Conclusion

In this thesis we addressed some of the modern techniques used in the treatment of unstable
particles. We motivated and introduced the Complex Mass Scheme and illustrated how it was
able to produce gauge invariant results, thereby being a very useful approach when dealing
with resonances of unstable particles while still being valid throughout phase-space. In section
4.5 we also described how the application of the CMS affected the cross section for one of the
main Higgs production processes, namely Higgs production associated with a top quark pair,
which became apparent when we set the width of the top quark to large, unphysical values.
The CMS has been shown to maintain gauge invariance and unitarity at least to NLO, making it
our go-to tool to include the finite width effects of unstable particles in our calculations.

We then presented the full calculation of Higgs production cross section as well as the decay
width used at hadron colliders, namely o(gg9 — H) through top quark-loop and I'(H — ~vv),
which includes the top-quark and W-boson loop. Our computation for the W-boson loop was
done in a way that did not require Passarino-Veltmann reduction and is simpler than what is
currently found in the literature. We again used Higgs associated production with a top quark
pair, this time to implement our Monte Carlo event generator, whose result for the cross-section

agreed with Madgraph’s to excellent precision.
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A Feynman Rules

Unless explicitely stated otherwise, throughout this thesis we use the Feynman rules presented
below.

_r
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B Higgs production associated with top quark
pair

In chapter 6 we computed the cross section for qg — ttH. However this is only one of the
two processes that constitute pp — ttH, the other one being of course gg — ttH. Since the
computation of the cross section of the latter is much more involved than the one for the
incoming quark pair we refrained from doing it in the main text. However in this appendix we

show how one would have to proceed to obtain the full cross section o(pp — ttH).

The hadronic cross section for o(pp — t¢H) where the two incoming protons have momenta

P is given by

1
o ((p(P)p(P) — ttH) :/0 dzodzy fo(21) fo(22) 6 (g(z1P)g(x2P) — tEH) +
1 (B.1)
+/O dzoday Z fr(@) fr(x2) 6 (¢r(z1P)qs(z2P) — ttH)
f

In this formula z; and x» represent the momentum fractions the partons, i.e. the momentum
of the incoming particles 1 and 2, be it quarks or gluons, is related to the momentum of the
proton P by p; = 21 P and po = x2P. Also, fr and f, designate the so called parton distribution
functions for the quarks and gluons respectively. More precisely, a parton distribution function
fy(z1, 14%) is the probability density for finding a gluon with longitudinal momentum fraction z;
at the factorization scale p2. In this example we have set u? = M2 and dropped the argument.
The same definition goes for the parton distribution functions of quarks. Lastly, & denotes the
partonic cross section, in other words, the cross section computed by the usual formula (6.1)
when the incoming particles are partons - the collective name for quarks and gluons.

To obtain this cross section we then have to compute & (gg — ttH ) This requires the
calculation of [M(gg — ttH)|? which is what we are going to do in the next section. Everything
else, including the integration over PDF’s, is just a straightforward generalization of the MC

method we presented in chapter 6 and should be relatively easy to implement.

gg — ttH Amplitude

The diagrams contributing to this amplitude can be seen in figure 36, with their corresponding
expressions presented in equation (B.2). Once again we have used the Feynman rules in

appendix A.

101



(@) Ms

P2
(c) M5
P

o)

qi

A
P2
(e) M~

(g) My

P2

(b) My
q:
h_ k
==
)

(d) Mg

(f) Ms

(h) M;0

Figure 36: Amplitudes contributing to gg — ttH



MEY = ?\y} g1+ k)Dy (1 4 p2)u(q)[(gh + K) + milyav(ge) [t 2
£ (pr = p2)® + 0" (2p2 + p1)* — ™ (2p1 + p2)")
My” :gg%Dfl(% + k) Dy (p1 + p2)u(qn)val— (g + K) + meJu(ga)[t] -
£ (pr = p2)® + 0" (2p2 + p1)" — ™ (2p1 + p2)")
MEY =~ igE%DJI(m —a2) Dy (a1 + k)u(g2)lgh + K+ miy [ — g8) + 1]y v(g2):
[tatb]im
Mg" = —igi—= f ¢ (@ =)Dy (02 — g2)u(a)V [gh — ph +mel (e — ¢o) +muly"v(a2)-
[0z
MY = —igtZ5 D (b1 = a1)Di” a2 + W) g — i+ el (=g + ) + maJo(a)
[tatb]ulz
ML = —igl= \[ @+ k)D;  (pr — @)ulqn)[gh + K+ mady” [(mh — go) + maly*o(ge)-
[t4¢]
My =~ igf%Dt_l(pz —q1)D; (p1 — @)u(q)V” [gh — po + mal[(ph — ¢) + mu]y*v(ga)-
[tatb]ilig
Mg =~ ig?%Dfl(% +k)D; (p2 + q)u(g)y [(9e + gh + may*[—(gh + K) + meJo(ga)-
[0z
(B.2)
Now as we said we are interested in is the cross section o(gg — ttH) so we need |Y, M;|* =
S IMi*+23; isi Re(M;Mj), for i starting at 3. We start by writing the complex conjugates
of the amplitudes (B.2) by making use of the same identities we used before. This gives
M =g} 32 Hav+ k) Dy (p1 + p2)o(a2)lgh + K+ meJu(ql) [t -
Fm (p1 = p2)° + 077 (2p2 + p1)? — 0P (2p1 + p2)°]
M = E\y} Y2+ k)D; (p1 + p2)v(q2)[— (g + K) + mulypulql)[t] 72
£ (o1 = p2)” 4+ 0% (22 + p1)” — 0 (2p1 + p2)°]
M =~ ig?%Dt_l(m — q2)D; (g1 + k)0(q2)7 [ — ¢b + muly[gh + K + meJu(ql)-
[0z
M =~ ig2 75D (ar = p1) Dy (02 = @)(@2)07 [t = o+ mllgt — i + mulyPulan)

[tatb]il i
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A@W=—W%%Eﬂm—mﬂ?%%+@ﬂﬁﬂ%%+h+mMW%—m+mm%@U
[tatb]ilig

M = — ig?\%Dt_l(ql +k)D; (p1 — q2)0(g2)9[(L — g+ ma) Y [(gh + K) + me]u(ql)-
[tatb]ilig

M = = igt =D (2 = ) Dy (01 = @)0(@2)° 16— g+ mo)llgi — gt + ey (L)
[tatb]ilig

Mip” =~ ig?%l?t_l(qz + k)D; (p2 + q1)v(q2)[— (g5 + K) + m) v [ + ¢h + mu]y u(ql)-
[tatb]zjig

(B.3)

So now we are able to obtain |}, M;)?

|-/\/13|2 = <_;> fabcfabc (g§%> D;2(q1 + k)Dg_Q(pl +p2)T’I" [(q/z — mt)75

[gh + ¥+ mel (g + mo)[(gh + §) + melva] 177 (01 — p2)° +17° (2p2 + p1)? — 0% (2p1 + p2)°]
(" (p1 — p2)® + " (2p2 + p1)* — ™" (2p1 + p2)"]

M= (=3 ) 5% e (5225 ) D+ 00D, + 2T (G = )=+ )+ g+ )

Yal= (g + k) +me]] 7 (p1 — p2)” + 1P (2p2 + p1)” — 07 (2p1 + p2)°]
[ (p1 — p2)* +n"*(2p2 + p1)" — N (2p1 + p2)”]

Ms[* = <—§93\%) Dy %(p2 — a2) D (a1 + k)7 [(gp — ma)v [ — gb + ]y [gh + K + 1]

(gt +m)[gh + K +mdy* [k — ) + mi)V”] Puvpo

IMﬁz~€£%>m%m—mwﬁ@—@ﬁﬁ@—mWH%—m+mmm—w+mmp

(% + mt)’Yﬂ[Q/l - Hﬁ + mt”(m - Q/Z) + mth/u] P;u/pa

ﬁ?>Dﬁ@+mmﬂm—mﬁﬂ@—mm4%+mﬂwfw_m+mmp
)

(¢ +ma)y"lgh — ph + mey"[—(go + K) + )] Puvpo
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MsP? = (=322 ) D0 - Dy an 4 0T (= me) 1 = g4 m) ]Gt + )+

Mof? = (5 55) D; (1 — @)Dy (a1 — p2) T [(g6 — mt)y? [ — g5 + ma)lgh — o+ mu]7°
(% + mt)’yy[% - 172 + mt”(l/l - qé) + mt]fyu] Puupa

gg %) 2(p2 + @1) Dy *(g2 + B)Tr [(gp — mt) [~ (g + K) +mo) 7" [ + gh + mu]y”
(‘/1 + mt)'YV[(H@ +q+ me]y [_(‘IQ + k) + mt]] Piwpo

Re(M3My) = (—) £ fave <gs f) a4+ k)Dy a1+ k) Dy (p1 + p2)Tr [(gh — mit)y

[gh + K+ mu)(gh + mu)val—(ge + K) + mulva] 07 (p1 — p2)” + 0P (2p2 + p1)”
— 07 (2p1 + p2)° ][ (p1 — p2)™ + 17 (2p2 + p1)* — 1™ (2p1 + p2)"]

Re(MzMe) = (—gﬁ\%) D;2(p2 — g2) Dy Mqu + k) Dy (a1 — pO)Tr [(gh — mt)y [ph — gb + ]y

gt + K+ ma] (gh +me)y"[gh — ph + mal[(6 — &) +me]y"] Puvpo

Re(M3M7) = (—%?\%) Dy Y (p2 — a2) Dy a1 + k) D (p1 — @1) Dy Mgz + B)Tr [(gh — mt)y”

[ — ¢b + M)V [gh + K+ me)(gh + m) V" (gt — ph + maly" [—(gp + §) + mu]] Puvpo

Re(MzMs) = <_gs \/§> D (p2 — ¢2)D; % (qu + k)D; M (py — qo)Tr [(¢p — mt)V7 [po — gb + ]’

[gh + K+ mae](gh + ma) 711 = go + ma)|V[(gh + K) + mi]] Prvpo

Re(M5My) = (—ggﬁ \y/%) D (p2 — q2) Dy a1 + k) Dy H(p2 — q1) Dy (1 — @2)Tr (g — mit)y”

[ — gp + mulyPlgh + K+ me)(gh +me)y"[gh — po + mal[(h — ) + meV"] Pupo

2
Re(MzMyg) = <—93 " ) Dy Mp2 — q2) D7 (@1 + k) Dy (g2 + k) Dy (p2 + @) Tr [(gh — mt)y”

[ — gp + muly’lgh + K+ mel(gh + ma)y” [ + gh + muy " [ (g5 + £) + me]] Puvpo
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Re(MgMz7) = ( ; 2yt> D;*(q1 —p1)D; H(p2 — @2) Dy Hqn + K)Tr [(gh — mt)y [gh — g + mi ]

(e — g8) + Ml (gh + ma)V'[gh — h + maly” [=(go + K) + mu]] Puvpo

g?\%) Dy Y a1 — p1)Dy (p2 — @2) Dy a1 + k) Dy (py — q2) T [(gh — mit)y*

9t — i + mu][(g — g8) + ]y (gh + M)V [ — go + ma) V7 [(gh + K) + 7] | Prvpo

Re(MgMy) = (—g%%) D; (g1 — p1) Dy a2 — p2) Dy (p2 — a1) Dy (pr — q2)Tr [(gp — mt)y*

(g — ph + ma][(ph — gb) + mu]y" (gh + mu )y [gh — o + mu][(ph — ¢b) + M) V"] Py po

2
Re(MgMao) = (—393\%> D; (g1 — p1)D; (g2 — p2) Dy (g2 + k) Dy (p2 + q0) T [(gh — mit)y*

gt — pi + ][ — ) +muly” (gh + ma)y” [ + gh + 1y [ (g5 + §) + me]] Puvpo

Re(MiMs) = (=52 ) D )0 a4 D+ T (g5 = mO) (s 4 B) + ey

[% - H/l + mt]’yp(% + mt)’Yp[(H'l - 912 + mt)]’ya[(% + k) + mt]] P/u/pa

Rdﬂﬁﬂﬁ)=(—;ﬁj%)l%*@l—qﬂD?ﬁh+kﬂIJ@2—qﬁDfﬂn+pﬁTTK%—”m)

[—(gb + ) + miy7lgh — i + me v (gh + me)y [gh — o + ma][(ph — ¢b) + mev"] Puvpo

Re(MiMy) = (_;gg\y/%) Dy (o1 — @)Dy % (ga + k) Dy H(p2 + 1) Tr [(gp — mt)[—(gh + K) + my]
Vgt =+ My (gt + ma)y” (e + gh + mely (= (g + K) + mul] Puvpo

9§t> D g1+ k)D; % (p1 — a2) Dy (2 — @) Tr [(go — mt) (gh + mu)

V[(J/l - Hﬁ + mt”(p/l - %) + mt]’yu] P/U/pa

395 /2

Re(MiMyp) = (—Qg“”) Dy (g1 + KD (1 — 42) D M2 + k)Dy (pa + q0) T [(gs — mi)(gh + my)
’YV[(H/Z T+ mth#[_(% + k) + th Pvpo
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2
Re(MgMyp) = <—39§\y/%> Dfl(pz — ql)Dt’l(pl — QQ)D;I(QQ + k:)D;l(pz +q)Tr [(q/z — mt)y”

(1 — g +m)l[gh — ph + MV (gh + M)V [ + gh + el [=(gh + K) + mi]] Puvpo

(B.4)

where we used that Tr[t?t%t,t,] = —2 and defined P,,, s = > s u( A1, P)en (A2, )€ (A1, p)Es (A2, @)
In order to obtain the cross section one can now perform the traces in FORM and use a simple
generalization of the code in appendix C.2 . For the integration over the parton distribution
functions one can install the LHAPDF package and obtain the PDFs from there. In principle

all the conditions are met for constructing an event generator that computes the hadronic
cross-section o (pp — ttH).
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C Codes

C.1. Higgs decay to two photons through W-loop

C.1.1 Calculation of M’Pj

*
% Calculation of H—>2+photons via W boson loop
* Result using the algebraic manipulation program FORM

*

Declarations
Symbol m, d, D1, D2, D3, mh, n, A0;

Symbol P2, P3, P12, P13, P23, P123;

Vector p g k;

Index mu=n nu=n, al=n, a2=n, a3=n, bl=n, b2=n, b3=n;

T propl, prop2, prop3, V3muy, V3nu, V4munu, VH;

*

Off statistics;

*xxAmplitudes**
Local diagl=d_(mu,nu) * (prop2(al,bl) «xV3mu(bl, a2, mu) xpropl (a2,b2) x*V3nu (b2, a3, nu)
*P

rop3(a3,b3) *VH(b3,al));

Local diag2?= d_ (mu,nu) * (prop2(al,bl) *Vdmunu (bl, a2, mu, nu) xprop3(a2,b2) *VH (b2,al
))

Local Tot=2xdiagl-diag2;
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*x*xxFeynman Rulesx*x

**Propagatorsx

id propl (mu?,nu?) = (d_(mu,nu)- (k (mu) *k (hu) /m*2)) /D1;

id prop2 mu?,nu?) = (d_(mu, nu)- (k (mu)+p (mu) ) * (k (nu) +p (nu) ) /m*2) /D2;
id prop3 mu?,nu?) =(d_(mu,nu)- (k (mu)—q(mu) ) * (k (nu) —gq (nu) ) /m*2) /D3;
**xVertices*x

id V3mu(al?,a2?,mu?)=(d_(al,a2)* (2xk (mu) tp (mu) )+ d_(a2,mu) * (p(al)-k(al))-d_(mu
,a
1)x (24p(a2)+k(a2)));

id V3nu(al?,a2?,mu?)=(d_(al,a2)* (2xk (mu)—qg(mu) )+ d_(a2,mu)* (2xq(al)-k(al))-d_(
mu

ral)x(q(a2)tk(a2)));

id Vdmunu(al?,a2?,mu?,nu?)=(2+d_(al,a2) *d_ (mu,nu)—d_(al,mu) *d_ (a2, nu)—d_(al,nu
) *

d_(a2,mu));

id VH(al?,a2?)=d_(al,a2);

*%0On shell momentax=*
id p.p=0;
id g.g=0;

*x+Express the momenta as a function of the denominators*x
id k.p= (D2-D1)/2;

id k.g= - (D3-D1)/2;

id p.g= (mh"2)/2;

id k.k= D1+m"2;

**Rewriting of factors*x

*Placeholder for D1"-14D2"-1+D3"-1%
id D1"-1+D2"-1+D3"-1=P123;
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**xPlaceholder for the D22 and D32 termsxx*
id D2"2+D1"-1+D3"-1=P2;
id D3"2+D1"-1+D2"-1=P3;

*x*simplify D3, D2 and D1 factorsxx
id D1#D27-1+D3"-1 = A0 — mh"2/2 * D2"-1«D3"-1;

id D2+D17-1+D3"~1= A0 + mh"2/2 % D1"-1«D3"-1;
id D3xD17-1#D2%~1= AQ + mh"2/2 % D1"-1«D2"-1;

** Placeholder *=*

id D1"-1+D2"-1 = P12;
id D1"-1+4D3"-1 = P13;
id D2"-1+D3"-1 = P23;

*Simplify remaining factorsx

id D2+D1"-1=D1+D2"-1;
id D1xD27-1=0;

id D3xD1"-1= D1«D3"-1;

id D1+D3"-1=0;

id D3xD2"-1=D2+D3"-1;
id D2xD3"~1=mh"2+D1"-1;

id D1"-1=A0;
id D2"-1=A0;
id D3"-1=A0;

*Revert all the Placeholders#*

id P2=D2"2+D1"-1+D3"-1;
id P3=D3"2«D1"-1+D2"-1;

id P123 = D1"-1+D2"-1«D3"-1;
id P12 = D1"-1+D2"-1;

111



id P13
id P23

D1"-1+D3"-1;
D2"-1+D3"-1;

b D1 D2 D3 AQ;

Print Tot;

.end
Tot =
+ D1"-1+D2"-1+D3"-1 + ( — 1/4xm™—4xmh”6 + 1/2+xm"-2+mh™4 + 13+mh"2 — 9%
mh™2+n — 8+xm™2 + 8+xm™2+n )

+ D1™=14D2"-1 % ( — 2 + 5/8xm™—4«mh™4 + m -2xmh™2 + 2+n )

+ D1M=14D2"=1+D3"2 % ( — 1/2xm™-4 )

+ D1I™M-1+D3"-1 + ( 2 + 5/8xm™—4+mh™4 + m™—2+mh™2 + 2%n )
+ D1"=1#D2"2+D3"=1 % ( — 1/2xm™-4 )

+ D2"=1+D3"-1 % ( — 4 + 1/1l6xm™—6+mh™6 — 3/8xm™—4xmh™4 + 2xm™—2+mh”2
- m"=2+«mh"2+n + 6*n — 2+n"2 )

+ A0 x ( — 1/4xm™—6xmh™4 + 2xm™—4+mh”2 )

1/4*xm™—6+mh™2 + m™—4 — m*—4+n;

0.12 sec out of 0.13 sec
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C.1.2 Calculation of ¢* M .p”

* Calculation of H—>2xphotons via W boson loop
* Result using the algebraic manipulation program FORM

*

* Declarations
Symbol m, d, D1, D2, D3, mh, n, A0;

Symbol P2, P3, P12, P13, P23, P123;

Vector p g k;

Index mu=n nu=n, al=n, a2=n, a3=n, bl=n, b2=n, b3=n;

T propl, prop2, prop3, V3muy, V3nu, V4munu, VH;

*

Off statistics;

%k xAmplitudexx*
Local diagl=d_(mu,nu) * (prop2(al,bl) *V3mu (bl, a2, mu) *propl (a2,b2) *V3nu (b2, a3, nu)
*P

rop3(a3,b3)*VH(3,al)) ;

Local diag2= d_ (mu,nu) * (prop2(al,bl) *Vdmunu (bl, a2, mu, nu) xprop3(a2,b2) *VH (b2,al
))

Local Tot=2+diagl-diag2;

**xxFeynman Rulesxxx

**xPropagatorsk

id propl (mu?,nu?) = (d_(mu,nu)- (k (mu) *k (hu) /m*2)) /D1;

id prop2 (mu?,nu?) = (d_(muy,nu)- (k mu)+p (mu) ) * (k (nu) +p (nu) ) /m*2) /D2;
id prop3 mu?,nu?) =(d_(mu,nu)- (k (mu)—q(mu) ) * (k (nu) —q (nu) ) /m*2) /D3;
**xVertices*x

id V3mu(al?,a2?,mu?)=(d_(al,a2)* (2+k (mu) +p (mu) )+ d_(a2,mu) * (p (al) -k (al))-d_(mu

ra
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1)x (2xp(a2) +k(a2)));

id V3nu(al?,a2?,mu?)=(d_(al,a2)* (2xk (mu)—qg@mu) )+ d_(a2,mu)* (2xq(al) -k (al))—-d_(
mu

ral)x(q(a2)+k(az)));

id Vdmunu(al?,a2?,mu?,nu?)=(2+xd_(al,a2) *d_(mu,nu)—d_(al,mu) xd_(a2,nu)—d_(al,nu
) *
d_(az2,mu));

id VH(al?,a2?)=d_(al,a2);

*+%0On shell momentaxx*
id p.p=0;
id g.9=0;

*+Express the momenta as a function of the denominators*x
id k.p= (D2-D1)/2;

id k.g= - (D3-D1)/2;

id p.g= (mh"2)/2;

id k.k= D1+m"2;

**Rewriting of factorsxx

xPlaceholder for D1"-1+D2"-1+D3"-1%
id D1"=1+D2"-1+D3"-1=P123;

**xPlaceholder for the D22 and D32 termsxx*
id D2"2+D1"-1+D3"-1=P2;

id D3"24D1"-1+D2"-1=P3;

*x*simplify D3, D2 and D1 factorsxx

id D1xD2"-1+D3"-1 = A0 — mh*2/2 * D2"-1«D3"-1;

id D2+D17-14D3"~1= AQ0 + mh"2/2 % D1"-1«D3"-1;
id D3xD17-1#D2%-1= AQ + mh"2/2 % D1"-1«D2"-1;
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*x Placeholder =*x

id D17-1«D2"-1 = P12;
id D1"-1+D3"-1 = P13;
id D27-1«D3"-1 P23;

*Simplify remaining factorsx

id D2xD1"~1=D1+D2"-1;
id D1xD27-1=0;

id D3xD1"~1= D1«D3"-1;
id D1«D3"~-1=0;

id D3xD2"-1=D2+D3"-1;
id D2xD3"~1=mh"2xD1"-1;

id D17-1=A0;
id D2"-1=A0;
id D3*-1=A0;

*Revert all the Placeholders=*

id P2=D2"2+D1"-1+D3"-1;
id P3=D3"2+D1"-1+D2"-1;

id P123 = D17-1+D2"-14D3"-1;
id P12 = D1~-14D2-1;
id P13 = D17-1+D3"-1;
id P23 = D2*-14D3"-1;

b D1 D2 D3 AQ;

Print Tot;

.end

Tot =
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+ D1™=1+D2"-1+D3"=1 + ( — 1/4xm™—4+mh”6 + 1/2+m"-2+mh™4 + 13+xmh"2 — 9«
mh"2+n — 8+xm™2 + 8«xm™2*n )

+ D1"-1+D2"-1 * ( — 2 + 5/8xm™—4+mh™4 + m™-2+mh"2 + 2x*n )

+ D1"-1#D2"-1+D3"2 +« ( — 1/2+m"™-4 )

+ D17=14D3"~1 * (

2 4+ 5/8xsm™-4+mh™4 + m™—-2+mh™2 + 2*n )

+ D1"-1+D272+D3"-1 + ( — 1/2xm"-4 )

+ D27-1+D3"~1 * ( — 4 + 1/1l6xm™—6+xmh"6 — 3/8xm"—4+mh™4 + 2+m —2+mh"2
— m"-2+mh"2+n + 6*xn — 2*n"2 )

+ A0 x ( — 1/4xm™—6+mh™4 + 2+m™—4+mh”2 )

— 1/4+m™—6+mh”™2 + m™—4 — m"—4xn;

0.12 sec out of 0.13 sec
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C.1.3 Dimensional Regularization

* Calculation of H—>2+photons via W boson loop
* Result using the algebraic manipulation program FORM

*

* Declarations
Symbol m, D1, D2, D3, mh, n;
Symbol [BO(1,2)] [BO(1,3)] [BO(2,3)]1;
Symbol CO, BO, A0;

Symbol epsi;

Symbol pi;

Vector p g k;

Index mu=n nu=n, al=n, a2=n, a3=n, bl=n, b2=n, b3=n;

*

Off statistics;

**Ampi are the Mi including the factor and polarizations**
g Amptrace= + D1"-1+D2"-14D3"~1 * ( — 1/4xm"—4xmh"6 + 1/2xm"-2+mh™4 + 13xmh"2

Ox
mh"2+n — 8+xm™2 + 8+xm™2+*n )

+ D1"-1+D2"-1 * ( - 2 + 5/8xm"—4+mh™4 + m™-2+mh"2 + 2xn )

+ DIMN-14D27=1+D3"2 * ( — 1/2xm"-4 )

+ D1M-1+D3"~1 * ( 2 + 5/8xm™—4+mh™4 + m™—2*mh™2 + 2*n )
+ D1"=1+D272+D3"-1 + ( — 1/2+m"-4 )

+ D2"-1+D3"-1 * ( — 4 + 1/l6xm™—6+xmh™6 — 3/8xm™—4+mh™4 + 2xm™—2+mh”2
— m™-2+mh™2*n + 6*xn — 2+«n"2 )

+ A0 * ( — 1/4*m™—6+mh™4 + 2xm"—4*mh”™2 );
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g Ampmomenta= + D1M~1+D27-1+D3"~1 x ( — 1/8*m"~4*mh"8 + 1/4*m"-2+mh"6 — 7/2%
mh
~o—- 1/
2+xmh™4+*n )
+ D1™-1+D2"-1 * ( 5/16xm™—4»mh"6 + 1/2+m™-2+mh~4 — mh*2 + mh"2+n )
+ D1"-1#D2"-1+D3"2 * ( — 1/4xm™—4+mh"2 )
+ D1"-1+D3"~1 * ( 5/16xm™—4+mh"6 + 1/2+m™-2+mh~4 — mh*2 + mh"2+n )

+ D1"-1#D272+D3"-1 * ( — 1/4xm™—4+mh"2 )

+ D27=1+D3"-1 * ( 1/32+m™—-6+mh"8 — 3/16+xm™—4+mh"6 — m*—2+mh™4 + 2+mh"2
— 2+xmh"™2+*n )

+ A0 * ( — 1/8+xm™—6*mh™6 + m"—4xmh™4 );

g Sum = (Amptrace-2/mh"2 xAmpmomenta) ;

g Total= (l+epsitepsi”2)/mh"2 *Sum;

b D1, D2, D3;

Print Sumy

.sort

Sum
+ D1IM=1+D27"=1+D3"=1 * ( 20*mh"2 — 8*mh"2xn — 8xm"2 + 8xm"2+n )

+ D2"~1+D3"~1 * ( — 8 + 4*xm"-2+mh"2 — m"-2+mh"2+n + 10*n — 2*n"2 );

*x*Dimensional Regularization*

*x*xScalar Integralsxx*x

**CO% %

id D17-14D2"-1D3"-1=C0;
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*% D272+D1"~1+D3"~1 integralxx*
*x1d D272+D1"=1+D3"~1= 2+amh"24A0+1i_»xmh"2/ (48+pi"2) +epsi-1;

**%D372+D1"-1+D2"~1 integralx*
*x1d D3"24D1"-1+D2"-1= 2+mh"2+A0+1i_*mh"2/ (48xpi”2) xepsit-1;

**B0 (1, 2) **
id D1"-14D2"-1=[B0(1,2)];

*%BO (1, 3) *x*
id D1™-1+D3~1=[B0(1, 3)];

**B0 (2, 3) **
id D2"-1+D3"-1=[B0(2,3)];

** Kinematic relationsx*
id p.p=0;

id g.g=0;
id p.g=mh*2) /2;

x+Dimensional regularizationxx

id n=4-2+epsi;

*%C0 is finitex=*

id epsixC0=0;
**B0 have a first order polexx*
id epsix [BO(1,2)]1=i_/ (16%pi"2);

id epsix [BO(1, 3)]=1_/ (16%pi™2);
id epsix [BO(2,3)]1=1i_/ (16%pi"2);

**xset epsilon to O*x

id epsi=0;

b C0, D2, D3, DI;
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Print +s Total;

Total =

+ CO * (
- 12
+ 24xm*2+mh"-2
)

+ 1/8xi_xm"=2*pi”-2
+ 3/4%1i_xmh™-2+pit-2

14

.end

0.00 sec out of 0.00 sec
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C.2. Monte Carlo integration: qg — ttH

#include <iostream>
#include <cstdlib>
#include <ctime>
#include <vector>

#include <math.h>
using namespace std;

//Define energy of the CM squared
long double shat=14000x14000;

//Define parameters for this process
long double mt=173;

long double mh=125;

long double alphas=0.118;

long double v=246;

long double GF=1.16639%0.00001;
long double ml=mt;

long double m2=mt;

long double m3=mh;

long double modk2o0ld;

long double modk3o0ld;

//Define auxilliary variables to compute the uncertainty
long double var;

long double varl=0;

long double varz=0;

//Define external momenta as global variables
vector<long double> k1 (4);
vector<long double> k2 (4);
vector<long double> k3 (4);

vector<long double> pl (4);
vector<long double> p2 (4);

// Lambda function
long double lambda (long double x, long double y, long double z )
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return xX*xX+y*xy+zxz—2 . *X*y=2 . xX*xZ=2 . ¥Y*Z;

//Function that returns a random number between 0 and 1
long double random number ()

{
return ((long double) rand() / ((long double)RAND_MAX)) ;

//Define a dot product function
long double dot (vector<long double> a, vector<long double> b)

{
return al[0]+«b[0]-al[ll+b[1l]-a[2]*b[2]-a[3]1+*b[3];

//Define denominator of top propagator
long double top denominator (vector<long double> a, vector<long double> b, int sign

) {
long double x;

if(sign==1)
x= dot (a, a) +dot (b, b) +2. xdot (a, b) -mt*mt;

else if (sign==-1)
x= dot (a, a) +dot (b, b)-2. *dot (a, b) -mt*mt;

else cout<<"Error in the code"<<endl;

return 1./x;

long double gluon denominator (vector<long double> a, vector<long double> b)
{

long double x= dot (a,a)+dot (b,b) +2.*dot (a,b);

return 1./x;

//qa—>tt~h amplitude squared
long double incoming_quark amp_sdquared(vector<long double> gl, vector<long double>
g2, vector<long double> k )
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long double mlsquared;
long double mZsquared;
long double mlm2;

long double ampsquared;

mlsquared= mtxmtrmhxmhxshat
+ 4. xmtsmtrmt+mtxrshat

— 2.xdot (pl,gl) »dot (p2, g2) *mh*mh
8.xdot (pl,gl) xdot (p2, g2) *mt*xmt
2 .xdot (pl,g2) »dot (p2, gql) *mh*mh
8.*dot (pl,g2) xdot (p2,gl) xmt+mt

4. +dot (pl,g2) xdot (p2, k) xdot (g1, k)
8 ( ) ( *mt+mt

4. xdot (pl, k) xdot (p2,g2) xdot (g1, k)
8.*dot (pl, k) xdot (p2, g2) »mt+mt

4. +dot (gl, k) *mt+xmtxshat;

)
.*xdot (pl,g2) »dot (p2, k)
)
)

+ + 4+ o+ 4+ o+

m2squared= mtrmtxmhxmh*shat

+ 4. *mt*mt*mt+mtrshat
2. *dot (pl, gql) »dot (p2, g2) *mh*mh
8.xdot (pl,gl) xdot (p2, g2) *mt*mt
4 . xdot (pl,gl) »dot (p2, k) xdot (g2, k)
8.xdot (pl,gl) xdot (p2, k) xmt+mt

— 2.%dot (pl,g2) »dot (p2, gql) *mh*mh
8
4
8
4

_I_

+

.*dot (pl, g2) xdot (p2,gl) *mt*mt
.*xdot (pl, k) »dot (p2,gl) xdot (g2, k)
.*dot (pl, k) xdot (p2,gl) *mt+rmt
.xdot (g2, k) *mt+mtxshat;

+ + 4+ o+

mlm2= + 4.xmt+mtrmtxrmtxshat

— 2.%dot (pl,gql) »dot (p2, g2) *»mh+mh
.xdot (pl,gl) »dot (p2, g2) *mt+mt
.*dot (pl, gl) xdot (p2, k) xdot (g2, k)

(
+ (
(
.xdot (pl,gl) »dot (p2, k) *mt+mt
(
(
(
(

+

(

(

(

(
.*dot (pl, g2) xdot (p2, gl) *mhxmh
.*xdot (pl, g2) »dot (p2,gl) *mt+mt
.*dot (pl, g2) xdot (p2, k) xdot (g1, k)
.*xdot (pl, g2) *dot (p2, k) *mt*mt
.*dot (pl, k) xdot (p2,gl) xdot (g2, k)
.*xdot (pl, k) xdot (p2, gl) *mt*mt

( )

.*xdot (pl, k) xdot (p2,g2) *dot (g1, k)

N DD N o N B DN

+ + 4+ o+ 4+ o+
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+

4. xdot (p1, k) »dot (p2, g2) *mt+mt

4 . xdot (pl, k) »dot (p2, k) xdot (g1, g2)
4. xdot (pl, k) xdot (p2, k) *mt+mt

dot (g1, g2) »mhxmh*shat

2 .xdot (g1, k) »mtxmtxshat

2. *dot (g2, k) »mtrmtxshat;

+ + o+ o+

ampsquared= 8./9. * M_PI«M PI xalphas*alphas*mt+mt*sqrt (2)*GFxgluon_denominator (
pl,p2) xgluon_denominator (pl,p2) * (

16.+top_denominator(qgl, k, 1) *top_denominator (gl, k, 1) »mlsquared +
16.*top_denominator (g2, k, 1) *top_denominator (g2, k, 1) xm2squared +
2.x16.xtop_denominator (ql, k, 1) xtop_denominator (g2, k, 1) *mlm2

)i

return ampsquared;

//Function that generates an event k1, k2 and k3
void generate_event ()

{

//Define auxilliary virtual momenta
vector<long double> Q1 (4);
vector<long double> Q2 (4);
vector<long double> Q3 (4);

//Define and initialize array of 3 random numbers for each particle
vector<long double> x1 (3);
vector<long double> x2 (3);
vector<long double> x3 (3);

for(int i=0; i<3; ++i)

{
x1[i]=random number();
x2[1]=random number();

x3[1]=random number();

//Define auxiliary mass variables
long double sl= ml+m2+m3;
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long double s2= m2+m3;
long double s3= m3;

long double mQl=sqgrt (shat) ;
long double mQ2;

long double mQ3;

//Define boost variables — from Q2 to CM frame
long double gamma;
long double beta;
long double modn;
vector<long double> n (3);

//Define auxiliary variable for boost
long double kpara;
long double k2Eold;
long double k3Eold;
vector<long double> kperp (3);

//Define the module of spatial momenta

long double modkl;
long double modk2;
long double modk3;

//Define phi and cosine theta for the three particles
long double phil=2.+«M PI*x1[0];
long double phi2=2.+«M PIxx2[0];
long double phi3=2.+«M PI*x3[0];

long double costhetal =1.- 2.xx1[1];

long double costheta2 =1.- 2.xx2[1];

long double costheta3 =1.- 2.xx3[1];
//Initialize labframe momentum Q1

Q1[0]=sqgrt (shat);

for(int i=1; i<4; ++i) Q1[1]1=0;

/*%% Start computing momenta *xx/

// Determine module of spatial vector kl
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mQ2= s2 + x1[2]* (mQl-s1);
modkl= sgrt ( lambda (mQl+mQl, ml+ml, mQ2xmQ2) )/ (2.+mQl);
//Obtain the energy of kl
k1[0]=sqgrt ( modkl+modkl + mlxml );
// Cbtain the spatial components of kil
k1[1]= modklxsqgrt (1.—costhetalxcosthetal) xcos (phil);
k1[2]= modklxsqgrt (1.—costhetalxcosthetal) xsin(phil);
k1[3]= modkl*costhetal;

//No boost necessary for this step — we are in Q1’s reference frame

//Obtain Q2 by momentum conservation

for(int i=0; i<4 ; ++i) Q2[1]1=Q01[1]-k1[1i];
//Now we obtain k2 and k3, in Q2’s reference frame

//Compute mQ2 by squaring Q2
mQ2= sqrt ( Q2[0]*xQ2[0]-(Q2[1]*Q2[1]1+02[2] *xQ2[2]+Q2[3]+Q2[3]) );

//Compute modk2 and modk3

modk2=sqgrt ( lambda (mQ2+mQ2, m2xm2, m3+m3) )/ (2.xmQ2);
modk3=modk?2;

modk2old=modk?2;
modk3old=modk3;

//Obtain energy of k2 and k3
k2[0]=sqgrt ( modk2+modk2 + m2+m2 );
k3[0]=sqgrt ( modk3*modk3 + m3+m3 );
//Obtain spatial components of k2 and k3
k2[1]= modk2xsqgrt (1 .—costheta2xcostheta?) xcos (phi2) ;

1
k2[2]= modk2xsqgrt (1.—costheta2xcostheta?) xsin(phi2);
k2[3]= modk2+costheta2;
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//In the restframe of Q2 spatial vector k3= — spatial vector k2

for (int i=1; i<4; ++i) k3[i]=%k2[1i];

//Boost k2 back to the CM frame

//Initialize boost parameters

gamma=02[0] /mQ2;

beta=sqgrt (Q2[11+02[1]+02[2]+02[2]+Q2[3]+Q2[3]) /Q2[0];

//Define unit vector in the direction of boost

long double modQ2=sqgrt (Q2[1]+Q2[1]+02[2]*Q2[2]1+02[3]+Q2[3]);
for(int i=0; i<3; ++i) n[i]=02[i+1]/modQ2;

modn=0;

for (int 1 = 0; i < 3; ++i) modnt=n[i]l*n[i];

modn=sqgrt (modn) ;

//Evaluate kparallel

kpara=0;

for (int 1 = 0; i < 3; ++i)

kparat= n[i]*k2[i+1];

//Define kperp, which will remain invariant

for(int i=0; i<3; ++i) kperpli]l=k2[it+1l]-kpara*n[i];

//Store energy of k2 in current frame
k2Eola=k2[0];

//Energy of k2 in CM frame
k2[0]=gammax (k2[0] toeta*kpara) ;

//Boost kpara
kpara=gammax (kparatbetaxk2Eold) ;

//Get k2 in the lab frame
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for(int i=0; i<3; ++i)

k2[i+1]=kpara*n[i]tkperp[i];

//Repeat the procedure for k3
//Evaluate kparallel
kpara=0;

for (int 1 = 0; 1 < 3; ++i)

kparat= n[i] *k3[i+1];

//Define kperp, which will remain invariant

for(int i=0; i<3; ++i) kperpli]=k3[it+1l]-kpara*n[i];

//Store energy of k3 in current frame
k3Eola=k3[0];

//Energy of k2 in CM frame
k3[0]=gammax* (k3[0] toetarkpara) ;

//Boost kpara
kpara=gammax (kparatbetaxk3Eold) ;

//Get k3 in the lab frame

for(int i=0; i<3; ++i)

k3[itl]=kpararn[i]+kperpli];

/+x End of the generation of eventsxx/
}
long double monte_carlo_point ()
{

long double modkl=sqrt (K1[1]*k1[1]+k1[2]*k1[2]+k1[3]*k1[3]);

long double sgrtshat= sqgrt (shat);

long double factor=1l./(16.#M PI+M PI+M PT) *modkl*modk20ldx* (sqrtshat-ml-m2-m3) /
sgrtshat;

long double contribution;

contribution= factor*incoming quark amp squared(kl,k2,k3);

varl+=contributionxcontribution;
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return contribution;

int main()

{

//time seed for random numbers
srand(time (NULL) ) ;

//Number of events to compute the integral
long double nevents=100000;
long double integral=0;

long double crosssection;

//initialize incoming momenta
pl[0]=sqgrt (shat)/2.;
pl[3]=sqgrt (shat)/2.;

p2[0]=sqgrt (shat)/2.;
p2[3]1=-sgrt (shat)/2.;

//Cycle that computes the integral
for(int i=0; i<nevents; ++i)
{

generate_event () ;

integral+=monte_carlo_point();
1f(1%1000==0) cout<<"i: "<<i<<" INTEGRAL:"<<integral<<endl;

//Estimation of the integral

integral=integral/nevents;

//Error of the Monte Carlo integration
varl=varl/nevents;
var2=integral*integral;
var=varl-var2;

var=sqrt (var/nevents) ;

129



//Conversion factor from GeV to pb
double convfactor=3.894%100000000.;

//Obtain and print value of the cross section and corresponding error
crosssection= convfactor*integral/ (2.+shat) ;
varx=convfactor/ (2. *shat) ;
cout<<"The value of the integral for "<<nevents<<" events was "<< integral<<endl
;

cout<<"The cross section is: "<<crosssectiond+FFFXKvar<<" pb"<<endl;

return 0;
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