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Abstract:

In this thesis we calculated the total Tree level two body width of the Higgs as function of its
mass from m, = 100 GeVall the way to m;, = 400 GeV. In particular we calculate the Higgs
decay rates into W and Z gauge bosons and ffermions in the Standard Model of Particle Physics.
We find that in order for the Higgs to decay to any particle in the Standard Model its mass must
be m, = 2my, 5 GeV. Also we found that, the total Higgs decay rate increase with Higgs mass
increases. Moreover, We calculated the Higgs decay to gluons up to one-loop level, and found

that its decay rate significantly large and must be added to the total Higgs decay rate.
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Chapter |

(1-1) Introduction

In this chapter, we shall discuss and explore the importance of studying the Higgs boson
decays in the Standard Model. The Higgs is not just a new particle in the particle physics, but
really forms one of the foundations of the electroweak sector of the standard model; it is
responsible of giving masses to both fermions and gauge bosons in a local gauge invariance
theory. There are several reasons to believe that the standard model is just the low energy limit of
more fundamental theory. The standard model has been successfully tested to high level of
accuracy and provides at present our best fundamental understanding phenomenology of particle

physics ™.
(1-2)The importance of higgs decay rates:

The decay rate is the way to probe the properties of the higgs. All higgs decay rates are modified
by electroweak (EW) and Quantum chromodynamics (QCD) corrections. QCD corrections are
important for higgs decay intoH — ¥ . The next process is a one-loop process. We could
naively think that it's decay rate must be very small compared to the tree-level ones, but that is
not the case. Because top quark mass is heavy, this diagram produces a high enough decay rate
that necessarily must be taken into account. We shall see at the end of our computation that for a
massless quark this diagram does not contribute.

(1-3)The main objectives of the research:

The main object ective of this thesis is to explain what is higgs boson ,and what is standard
model. It is also show how the higgs field interacts with particels and gives them mass and
calculate the decay rates of the Higgs in the Standard Model up to one-loop level.

(1-4)The outline of the research:

This reserach project is structured as follow: In chapter one we give brief introduction and
chapter two introduce the standard model, in chapter three we calculate the Higgs decay rates
into gluons, we present in chapter four our numerical results, discussion and conclussion our

results.



Chapter |1

(2-1)The Standard Model
The Standard Model (SM) of particle physics is a theoretical framework that describes

fundamental particles and their interactions. The SM is currently accepted theory and its
prediction has been confirmed experimentally. A single Lagrangian equation is the common
representation of the Standard Model. The fundamental particles are divided according to their

spin into fermions (spin%), the matter forming particles that have half integer spin, and bosons

(spin 1), the force mediators that have integer spins. Fermions are further divided into quarks,
which experience the strong force, and leptons that do not. Both quarks and leptons come with
three generations. The family of quarks consists of the up (u), down (d), charm (c), strange (s),
top (t) and bottom (b). The properties of these six quarks are summarized in Table 2.1. The
family of leptons consists of the electron (e), muon (u), tau (t ) and a corresponding neutrino (v )
for each. The properties of these six leptons are summarized in Table 2.2. Each of the fermions
has an anti-particle partner with the same properties apart from having equal and opposite charge
and internal quantum numbers. The first generation of quarks and leptons are the matter that

makes up the majority of our universe [1,2].

Table 2.1: Properties of the six quarks in the Standard Model. Charge is expressed as a fraction

of the electron charge e.

Quark Generation Mass EM Charge
Up 1 2.370- L MeV +2/3
Down 1 4.8793 MeV -1/3
Charm 2 1.275 £+ 0.025 GeV +2/3
Strange 2 95 £ 5 MeV -1/3
Top 3 173.1 £ 1.3 GeV +2/3
Bottom 3 4.18 £ 0.03 GeV -1/3




Table 2.2: Properties of the six leptons in the Standard Model. Charge is expressed as a fraction

of the electron charge e.

Lepton | Generation Mass EM Charge
e 1 0.511 MeV -1
v, 1 <2eV 0
T 2 105.66 MeV -1
Yy 2 < 2eV 0
T 3 1.78 GeV -1
vy 3 < 2eV 0

The bosons act as mediators for the fundamental forces of nature, allowing the interactions
between quarks, leptons and other bosons to occur. The photon carries the electromagnetic force,
the 8-fold family of gluons carries the strong force and the W* and Z carry the weak force. All
charged particles can experience electromagnetic interactions, fermions experience the weak
force and particles carrying color charge (quarks and gluons) experience the strong force. The

properties of the bosons are summarized in Table 2.3.

Table 2.3: Properties of the Bosons in the Standard Model. Charge is expressed as

a fraction of the electron charge e.

Force Boson Mass EM Charge
Electromagnetic ¥ 0 0
Weak Z 91.2 GeV 0
Weak W 80.4 GeV +1
Strong g 0 0

10




(2-2) Standard Model described by a Lagrangian
The Standard Model is described by a Lagrangian that is the sum of the gauge, matter, Higgs,
and Yukawa interactions:
Lsyyxu) = Lgauge T Lniggs T Lrermion + Lyukawa 2-1)
This Lagrangian is not written initially in terms of the (very) low energy degrees of freedom we
observe in our ground state, but in terms of

e massless states

e fundamental symmetries

Louge =57 tr[GuG] + 55 tr[AwA®] + =5 tr[B,,B] (2-2)

2
N

EYukawa = _FEELF@*U’R - rgafL@d"R - rgﬂ_gbe,{? + H.c.

(2-3)
I'y, Ty, e are 3 x 3 complex matrices
Liiiges = (Dud)'D"¢ + 1267 — A(¢')? o4
where D), = (0, + i§0'A}, + i% B,) 9
Lrvae = 1Qu PQUHi(u)y P(uYy-+i(de), DAY+l PLHi(E) PV,

(2-3)The Higgs Boson

On the 4th of July 2012, the two LHC experiments ATLAS and CMS reported the
discovery of a new particle in searches for the SM Higgs boson. Until now the measurements of
its couplings and its properties have strengthened the assumption that the observed particle with
a mass around 125 GeV is indeed the SM Higgs boson. However, in order to verify the SM
hypothesis, all possible production and decay rates need to be measured and compared to the SM
prediction [3]
(2-3-1) The Higgs mechanism
We can now consider the spontaneous symmetry breaking of a “local gauge

symmetry”. The simplest case is the U(1) gauge symmetry
B (x) — ¢ @@ (x) with ¢g= % (91 £10y) (2-7)

We introduce in the lagrangian

11



L=(0,8) (3" 0)-p20"0 — A(9*0)> (2-8)

the covariant derivative

d, > D, =0,-ieA, (2-9)
with the gauge field A transforming according to

AM > AR 4 = 0H a(x) (2-10)
The Lagrangian takes then the form

L =0, +ieA)d (3" — ieAW) @ -u2 §°9- A(@'9)? — F FW  (2-12)

If u? > 0, then this is just the QED Lagrangian for a charged scalar particle of mass

m, with the addition of a @* self-interaction term.

But we take p® < 0, since we want to generate mass terms through the spontaneous

symmetry breaking mechanism. In this case we have to translate the field @ (x) to

the ground state. With the same substitution as before
B(x) = % [v+ n(x + i§x)] (2-13)
the Lagrangian becomes

mass term mass term strange off-diagonal term

2
I = %[au g] + %[6%]2 —vZAn?+ %ezvauA“ - eVAHG”Z—% F,wF* + interaction

(2-14)
The particle spectrum in L’ contains
e amassless Goldstone boson & (x) mg =0
e amassive scalar field n(x) m, = \/ —2u2 = V2av2
e amassive vector field Ap Mma= ev

Let us consider the following simple Lagrangian describing the self interaction of a scalar

particle associated to the field @ (x)

L=T_V (2-15)
The Higgs potential is given by
V) = -2 120°0- 2 (9°9)? (2-16)

12



Which involve two new real parameters u and A we demand A> 0 for potential to be bounded,;
otherwise the potential is unbounded from below and there will be no stable vacuum state.
M is takes the following two value:
- W% > 0 then the vacuum corresponding to @ = 0, the potential has a minimum at the
origin (see figure 2.2).
- p?< 0then the potential develops a non-zero vacuum expectation value and the minimum

v_

is along a circle of radius oA % (see figure 2.1).

We set A=0.129, m;=125GeV and |—u?| = (88.0GeV)?
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Figure (2.1): the Higgs potential V(@) with the case p?> 0 ; as a function of |@| = V@@
We set A=0.129, m,=125GeV and |—u?| = (88.0GeV)?
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Figure (2.1): the Higgs potential V(@) with the case p°< 0 ; as a function of |@| = V@@
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(2-4) The problem of standard model:
Despite the success of standard model. Below we list some of unsolved problem in standard
model.

1. Cosmologic consideration: the observed matter density of galaxies falls short of the
measured matter as measured by the rotation curves. It is theorized that the baryon matter
density is ~ 4% . the rest of the universe is made up ~24% dark matter and ~ 72% dark
energy. In the last decade , the direct observation of gravitational lensing and
observations in galactic collision event have provided hard evidence for the existence of
Dark Matter . the WMAP probe has measured the dark matter density to be between
(0.087< DMh2 <0.138) at 30 range . SM neither provides any explanation for dark
energy nor dose it have a suitable dark matter condition.

2. Gauge Hierarchy problem: the Gauge Hierarchy problem is the question of why there is
such a huge difference between the electroweak scale Mgyw = O(100)GeV and plank scale
Mp. = O(10'®) GeV. This is also known as the naturalness problem.

3. Gravity is not included: Gravity is not put on the same footing as other interaction in the
SM.

4. Fermion mass: in particle physics one of the major issues is to explain the fermion mass
hierarchy and their mixings. The practical feature of fermion mass spectrum gives us
M, KM, KMy , Mg K Mg K My, , M, K M, K M,

14



Chapter 111

This section is devoted to the main calculation of our result. We are now in position to calculate
the rates of some simple decay processes. The decay width, Z, is a measure of the probability of
a specific decay process under some given set of initial and final conditions, such as momenta

and spin polarization. The calculation involves the following steps:

3-1-1 Calculation of the amplitude M

Firstly, We calculate the so called the matrix element, and denoted by Mj;, to indicate that in a
matrix representation of the transformation process, with the initial and final states as bases, this
is the element that connects a particular final state f to a given initial state i. A process can be a
combination of sub processes, in which case, the total amplitude is the sum of the sub process
amplitudes. Each simple (sub) process is represented by a unique Feynman diagram. Its
amplitude is a point function in the phase space of all the particles involved, including any
intermediate propagator, and depends on the nature of the coupling at each vertex (of the
diagram). For a given diagram, the amplitude can be obtained by using the Feynman rules for
combining the elements a factor for each external line (representing a free particle in the initial or
final state), one for each internal line (representing a virtual propagator particle),

and one for each vertex point where the lines do meet (A.D.Martin, 1984).
3-1-2 Integrating the amplitude

Secondly, we should integrate the amplitude over the allowed phase space to get I';. The integral
can be constructed, easily in principle, by utilizing Fermis golden rule. This section will describe
the above rules and use them to calculate the decay rates (L.F.Li, 1991).

3-1-3 Physical meaning of decay width

One of the most important characteristics of a particle is the lifetime. It depends, of course, on

the available decay modes or channels, which are subject to conservation laws for appropriate

15



guantum numbers, coupling strength of the decay process, and kinematic constraints. The decay
rate is the probability per unit time that a given particle will decay. The probability that a single

unstable entity will cease to exist as such after an interval is proportional to that interval.
The time after which the ensemble is expected to reduce to é of its original size is called the

lifetime:

If multiple decay modes are available, as is often the case, then one can associate a decay rate for
each mode, and the total rate, will be the sum of the rates of the individual modes (Weinberg,
1996).

— \'N
l—‘total_ i=1Fi1

The particles lifetime is given by

1

TZ =
r‘total’

In such cases, we are often interested in the branching fractions, i.e. the probabilities of the decay

by individual modes. The branching fraction of mode i is:

T;
Bri = L ,
Ttotal

Since the dimension of Tis the inverse of time, in our system of natural units, it has the same
dimension as mass (or energy). When the mass of an elementary particle is measured, the total
rate shows up as the irreducible width of the shape of the distribution. Hence the name decay
width

16



3-2 Calculation of decay widths

The matrix element between the initial state | >and the final state |f > is called

the S matrix:

Sei = (2m)*6*(py — pi) My
where p;is the total initial momentum, p,the total final momentum, and§
the 4-dimensional function expresses the conservation of 4-momentum(E, p).
The quantity M;, called the (reduced) matrix element or amplitude of the
process, contains the non-trivial physics of the problem, including spins and

couplings. It is usually calculated by perturbative approximation (L.F.Li, 1991).

3-3 Feynman rules for calculating the amplitude

In the previous sections, the formula for decay rates and scattering cross sections

are given in terms of the amplitude M;;. Here we give the recipe to calculate iMg;for a given
Feynman diagram for tree-level processes:

3-1-4 External lines

(@ For an incoming fermion, anti-fermion, or gauge boson, associate a factor u, v or &,
respectively.

(b) For an outgoing fermion, anti-fermion, or gauge boson, associate a factor U, v, or &;
respectively.

3-1-5 Vertices

For each vertex, include a factor of igy*for an fermion or igy*or a anti-fermion.

3.4 Internal lines

(a) For an gauge boson connecting two vertices, include a term

iguv“lu‘?v/m%
q?-mj

(b) Integrate over all undetermined internal momenta.

17



In this chapter we shall calculate the Higgs decay rates to Fermions and Bosons in the Standard

Model of particle physics as well as the branching ratio of the Higgs decay in the SM.
First the Higgs decay into two gauge bosons

(3-5) Higgs decay to gauge boson

1-H->W'W-

The decay rate is given by the following equation

d3k d3k
(2m)3 (2m)3 2EE

[ == [@D28*(p -k —K) Topin M2 (3-1-1)

Where M is the matrix element and in this case is equal to

M =—igM,,e,&;
D IMJ? = g2M2 (616,
spin

We shall consider two cases for €, €,

Firstly longitudinal polarization case:

k|

e, (k) = (—,0,0,25)

E,(k) - , O , 0
W, ,IIW’

el (et (0) = ()

My,

In the center of mass frame, we have

mZ = ("*"') =k +k"” + 2kk' = 2M2, + 2kk' = 2M2+2kk
m

k.k = 1/2 (m# — 2m2)

18



1/, (mE —2md)
&1& =

Thus
SapnlMI? = g2 (Lo i-2mid)’

g2

4m?

w

(mp — 2mi)?

_ 9

4m?

w

2 mZ mZ
=4‘fn2 mﬁ<1—4—‘:+4—w>

2
w h my

G m2 m2
=Z|M|2 =2- Tfimg<1—4m—§+4—j>

h mj

(mp — 4mim2, + 4m?)

Now let’s evaluate phase space p:

4ed d*k d*k
1(2”) 6*(p —k k) (2n)°2E  (2n)32E

1 . P ,
- o J 53(p — k — k)d3k - 6" (mp — E — E)d%k

— j §°( E-E) dk
~mz) ¢ U 2E - 2F
But we know that d3k = k?dk(4m) = kE - dE 4n
Then
1 E dE
P= f 8 (mn = EE

19



So
1 2 2
K= Z (mh —4my,)
5 1
mg, \2
K== 4"
Therefore

1

1 m2,\2
=—my(1-4—%
P 8n“”‘< mﬁ)

Substitute the above equation into the equation of the decay rate we get

Secondly Transverse case:

In this case we have

1
& = ﬁ (0,1,1,0)

20



1

7 (0,1,—i,0)

& =

1
818225(1'*'1):1

Hence

8GFm3\,

V2

Z|M|2 = gzmxzzv(€132)2 = gzm\zlv=

Therefore the decay rate in this case is

Add the longitudinal and transverse cases to yield

Tpoe(H > WTW-) = Ty + 2T

1

Gr 1 m,,\2\ 2 m2 mé

Teot(H > WTW-) =\/—%%<1—4(m—w> ) (1—4—‘§+12—‘;’>
h my my,

2-H - 77

The Higgs decay into two ZZ is half of the Higgs decay into two WW because Z Z are neutral

and identical particle cannot be distinguished from each other unlike charged WW gauge boson

1
[(H > ZZ) = 5T(H > WW)

1
1Gr m? my\2 \2 my,\ 2 my\4

—__F"h 1_4(_"") 1_4(_‘”) _|_12(_W)
242 8m my, my mpy

21



(3-6) Higgs decay to fermion

Higgs decay to fermions:

Higgs can decay to fermion and anti-fermion if the it’s mass is greater the mass of the fermion

s

H - ff

The mass matrix can be written as

m="9"a0u)
2 m,

Therefore the sum over all possible spin is

g° m]% . 2
Z IM|* = T Tr[(k —mg)(k —mg)]

spin
_ %ZZ_; [Tr (k. k +mek - mek — m]%)]

_g'm 2
= 7 [4( k= m?)]

= 4g° —(k k=mz)
Utilizing our trace technology we get
kk =y, kty, kY
Tr(vun) = 49
Tr k. ke +mp(k = k) —m| =

[Tr(vuw). k¥ = Tr(y¥k,)my = Tr(Dmf]

22



= 4gwl'c“,kv — 4mg
= 4(k.k — m?)
In the center of mass we have
mZ = (k+k)" = k?+k?+2k.k
1
k.k = E(m,zl —2m})

Substitute  the  above equation into the equation of  matrix

S =525 =) )

m? (/1 2
a2 2 2 2
= 4g m—%<(§mh—mf)—mf>

Thus the decay rate can be written as

Therefore the Higgs decay rate into two fermions is given by

23
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3

N>

r 4 G f 4_ 1_4mf 2
(h=ff) = 8 \/— mp m}zl

1 for leptons

where Ne = {3 for quarks

In this section we shall calculate in details the Higgs decay rate into gauge bosons and fermions
(H->WW) and (H - ff) by using the standard model theory, then we summarized our

numerical calculations in the table below.

We use the following equations for our calculations:

1
2

) = B (- (102 22),
2 1 2 4
r -z =t (1-05) (1-aise ) @
And
3
P(H - ff) = ZLI00E (1 - g ZO)° (4-3)

As can be seen from above equations, in order for the higgs to decay to gauge bosons (W and Z)
its mass should be bigger or equal twice the mass of these particles at least and for the higgs to

decay into any fermions its mass should be also bigger or equal twice the mass of top particle.

We have also computed the Higgs decay into bottom quark H — bb with m; = 200 GeV and

we get
I'(H - bb) = 6.2 x 1073GeV

This means that the Higgs decay to bb is very small and can be neglected in our calculation only
top is the dominanet contribution becuase its mass is bigger compare to other quarks and leptons
. And we have double checked for the Higgs decay to tau lepton and found the decay is also too

small compare to top quark.

24



All higgs decay rates are modified by electroweak (EW) and Quantum Chromodynamics (QCD)

corrections. QCD corrections are important for Higgs decay intoH — i .

(3-7) Higgs decay to gluons.

The next process is a one-loop process. We could naively think that it’s decay rate must be very
low compared to the tree-level ones, but that is not exactly true. Due to the very heavy top quark
mass, this diagram generates a high enough decay rate that necessarily must be taken in
consideration. We shall see at the end of our computation that for a massless quark this diagram

does not contribute.

H(p1) — g(p2)g(ps) (3.1)

first diagram:

glpa. 12, a)

gl 1. b)

Figure 4: Higgs decay to gluons, first diagram.

The transition amplitude of the first diagram is given by:
— (2! _a b E ﬁ
My = (=D)gs o Eurz €vr3 (2 )6,]/, (2 )y5 G551 0y 506y X

f d*k  T{y*(k+pz+m)(k—p3+m)y" (k+m)} (3.2)
@m)* (k2-m2)[(k+pz)2-m2][((k—p3)2-m?)] '

Here m = m;, the top quark mass. Let’s first analyze the colour trace:

(E)S’y' (ﬁ)yts 855'0,1505y = %Tr{la)lb} - %(Sab (3.3)

2 2

25



The spinor trace is a little more complicated:
T {y#(k + p, + m)(k — ps + m)y”(k + m)}

= 4m(pspy + 4k kY — 2kVpY + 2pykY — pyp¥ + g"V(m? — pops) — g"Vk?) = 4mNW
(3.4)

Before we try to perform the integral, we shall use the Feynman parameterization to simplify the

denominator:

2

= haxfydy[jdzs +y + 2z = Do

ABC (3.5)
We have, A = k? —m?, B=(k — p3)? — m? and C= (k + p,)? — m? , so the denominator
D=Ax+By+Cz
can be written as it follows (as a first order approximation we shall consider on-shell gluons):
D = (k? —m®)x + (k? + p? — m? + 2kp,)y + (k? + p? — m? — 2kp;3)z
= (k? =m*)(x +y + 2) + 2(kp2)y — 2(kp3)z
=k?—m? + 2(kpy)y — 2(kp3)z
= (k + p2y — p32)* + 2(p2p3)yz — m? (3.6)

We define a? = m? — 2(p,p3)yz therefore, we can write D in the simplified form : D =

(k + p2y — p32)* — a*

In terms of the Feynman parameters, our integral becomes:
1-y smNHY
I f(zn)‘*f dy f dz [ (k+p2y-p3z)?—a?]? 37

Making a variable shift from k to k + p,y — p;z, [* takes the form:

o= [ Ny 7 dz (3.8)

[kz_aZ]S

Where the new numerator is:

26



N'W =4(k — pyy + ps2)*(k — poy + p32)" — 2(k — poy + p3z)*pY + 2py(k —
P2y + p3z)” +py vy — pypy + 9" (m? — pups) — g*(k — Py p3z)?
(3.9)

Knowing that all terms that are lineal in k* vanish when integrated (k" is an odd function) we can

discard them from NOpv, so what we have left is:
N'W = 4ktkY — gWk, +pipy(1 — 4yz) + pypy(—1 —4yz + 2y + 22)

+pY pY(42% — 22) + pypY (4y? — 2y) + g"V(m? — pyps + 2p, p3yz)  (3.10)

There are a couple terms that are apparently ultraviolet divergent, such as 4k*k¥ — g"k? so we
need to employ dimensional regularization to perform the four-momentum integral. We will also
use the same technique to calculate the finite integrals. The scheme used here is the MS, so we
take the identity matrix trace in D space-time dimensions to be 4 (T r{ID} = 4). Now let us
define the following integral:

aPr (k2"
] (D; a;ﬁ Jaz) = fm (k(2—¢32)3 (311)

where D is the number of space-time dimensions. We can easily show that:

2y — _ L ¢ 2\p/2(_2yx—p [(B—a=D/2)I(a+D/2)
] (Dp a’ﬁla ) (47T)D/2 (a ) ( a ) [‘(ﬁ)[‘(D/Z) (312)

All terms that do not depend on the four momentum k" in the numerator give rise to finite
integrals, thus in this case we can directly take D as 4; so J (4,0, 3, a?)) takes the simple form:

i 1
32m2 a?

] (4,0,3,a%) =

(3.13)

Due to Lorentz symmetry, we find the following property:

dPk  (k®)%kFkY  ghv (3.14)

(zﬂ)D (kz — az)ﬁ = D J (D;a + 1,[3,(12)

Using this property we are now able to integrate the terms 4k#kY — g"Vk? from N'*
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d°k 4kFKY— g"k? (4

@nP (k2 —a?F 5—1) 9" (0,130

_ (% _ v i a2)P/2 on—2 '(2-D/2)T(1+D/2)
- (D 1) g* (411:)D/2( )>E(=a®)” r3)r(p/2)

4 i 4
= (3-1) 9" =57 @212 -D/2) (3.15)

Taking D =4 + 2e with € « 1 we find:

G-1)7=-3 (3.16)
F(2—D/2) =T(=€) = —=—yp + 0(€?) (3.17)

where yg is the Euler-Mascheroni constant. Substituting this result in our integral the pole of the
Gamma function disappears therefore the ultraviolet divergence disappears. We can now take the
limit — O to obtain:

D .
f dPrk akHkvV- ngVkZ _ i gpv — a_z guv (318)
@mP  (k2-a?)? 3212 32m? a

We obtain the following expression for [*V :

_ 8im f fl v dyaz [Py DY (4y? — 2y) + p} p¥ (42 — 22) + p} py (1 — 4yz)

(3.19)
LS —a? | +py p¥(—4yz + 2y + 2z — 1) g" (4p, psyz — 4p; p3 )

Now let us remember that we have considered on-shell gluons, therefore we can apply the
transversality condition to eliminate terms from I *, thus keeping in mind that eﬁripf‘ = 0 with

i=2,3, then the only remaining tensorial structure is the following:

_ Sim (1 1y dyds [pél p;(1—4yz) + g*(4p; psyz —4p2p3)|  (3.20)

T 32n2

Rearranging terms we can write the following:
_ 8im 1 1ydyd2pp+ "Wpap3| (1 -
= B gt [ 2+ 9"P2P3| (1 - 4y2) (3.21)

32m? 0 -a?

To simplify our notation let us define the following:
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1 1-y 1-4yz _
o Jy Tdydz—3-=¢C (3.22)
Now we can write I*V in a simple compact form:

v = 8im -~ [pEpy + g*'p, p3] (3.23)

3272
Finally, we write the transition amplitude M :
M@1) = (- l)gs o 6-urzev r36ab1# (3.24)

Second diagram:

9[1”2 Tz, ﬂ:'

5'[.“51 Le E":I

Figure 4: Higgs decay to gluons, second diagram.
The transition amplitude of the first diagram is given by:

d*k  T{yF(k+m)y? (k+ps+m)(k—pa+m)}
M(l) - ( l)gS [,I,T'Z EU T'36ab f (27_[)4_ (kz—mz)[(k+p2)2—mz][((k—p3)2—m2)] (3 25)

Computing the spinor trace, and D in terms of the Feynman parameters we find:
TAv#(k + m)y”(k + p3 + m)(k — p, + m)}

= 4m (pélp}’ + 4kMkY + 2kMpY — 2ph kY — pypY + g*v(m? — pops — g“"kz)) = 4mNW
(3.26)

and also, the following integral:

TV 1-y smNHY
J f(Zn)‘*f dy f dz [ (k—p2y+p3z)?-a?]3 (3.27)
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Performing the parameter shift k — k — p,y + p3z, J*V takes the form:

_ 1-y smN'HY
]HV f(zn)4f y fO dZm (328)
with the non zero contributing terms of M"*:

MW = pipy (4y? — 2y) + pipy (42° — 2z) + pypy (1 — 4yz) + pypy (—4yz + 2y + 2z —
1) + g" (2p, psyz + m? — pyps)’ =N'W (3.29)

So we find that I"Y = J*V| therefore the amplitude of the second diagram is exactly the same as

the first one M) = M(y) ; the total squared amplitude is then given by:

2
IMI? = 4[M)| (3:30)
The sum over spins and gluon colours gives:

— — Q. a*x b bx b —
Za,b 8abOap = Xalaa = 8; Zrz,r3 €pr€ur€ors€urs = GupYov

(3.31)
We obtain the simple formula:
- m? (pap3)?|C|? (3.32)
z |MH—>gg| wi o I, = 8 4
T2,13
The squared amplitude than reads:
(3.33)
4 2
2 m* (pzp3)
Z|MH—>gg| :gg- UZ 7_[4, |C|2
2,73
Let’s compute now the integral C explicitly:
11-y 11-y 11-y
1—4y 1—-4yz 1 1—-4yz
C = jj dy dz Jf dy dz 5 = Jf dydz—————
2p2 p3yz —m*  2p, 3 __m
0 0 00 00 yz 2p
2 P3

1 2

= |72+ (4n 1) (“2 (7o) + (Li2 «%)) |

1
2p2 p3

D(n) =% D(n)
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were we have defined n = m?/2p, p;. Taking the limit lim,,_,, n D(n) n we observe that the

result is zero,

therefore, if we consider massless quarks as usual, except for the top quark, we only have one
contribution, as we mentioned at the beginning. Moving on, in the center of mass the four-

momenta are given by:

pt = (My,0),pY = (0,8),p5 = (p,—D)

We can easily find that:
1 1
My =2p —p*= Z]\/Eﬁ — pyp3 = 2p* = EJV[ﬁ

Therefore we can write the squared transition amplitude as:

AMS a2
Z|MH—>99|2= UzH (?S) DI’
2,73

The phase space integral is easy to compute:

Jd _11 1 p d 1
Os =3 QCn)24s M7 16m

Note that we have included the symmetry factor 1/2 in the phase space integral because this time
we are dealing with identical final state particles. Thus, the decay width of the process is given
by (n=n = m?/M3:

M 2
[H — gg) = o (=

=) n2[D()|?
T
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Chapter V
Discussion and Conclusion

Discussion:

As depicted in figure 4.1 the Higgs decay rate into W gauge boson increase with Higgs mass
increases. And the decay rate is almost zero with Higgs mass less than twice the mass of W
gauge boson and the same applies to Higgs decaying into Z boson. We observe similar behavior

for the Higgs decay to top quark.

We found numerically that the Higgs decay to tau lepton is 10 smaller than Higgs decaying to
bottom quark H = tt « 10 H — bb; such effect can be safely ignored.

In particle physics and nuclear physics, the branching fraction for decay is the fraction of
particles which decay by an individual decay mode with respect to the total number of particles
which decay and can be define as follow:

__ I'(H—any particle) _
Br(H) = T(H-ALL) (4-4)

The branching ratios of the SM Higgs boson are shown in figure 4.2. The main decay channel by
far in the Higgs mass range is H - WW with Br~ 80% followed by the decay into ZZ and tt
with Br~ 2% .

The next process is a one-loop process. We could expect that its decay rate must be very small
compared to the tree-level ones, but that is not the case. Because top quark mass is heavy, this
diagram produces a high enough decay rate that necessarily must be taken into account as
highlighted in figure 4.3.
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Higgs decay rates in Standard Model

10
!
' «H— WW
S H—ZZ
b
O 6F +~—H —
= H— bb
: ~H— iyt
S H—o11t
[ 4 —H—s Al
T |
2.
0 M o o o o 2 = o " o o o o " o o o o "
0 100 200 300 400
my(GeV)

Fig.4.1. Higgs Decay rates as function of Higgs mass in the standard model.
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Higgs Branching ratios in the SM

0.7t ik
-~ Br(H — bb) \
0.61 Br(H — t '
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0.5¢ BrH— 11
~H—-WW"
H—ZZ
~ 04¢
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@
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00, ., g " i
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my(GeV)
Fig.4.2. Higgs Branching ratio as function of Higgs mass in the standard model.
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Higgs decay to glunsin SM without includingthe tree body decay

0.15;

—
—
=

H — ga(GeV)

o
o
&

0.00L. . . . . E
0 200 400 600 800 1000
mp(GeV)

Fig.4.3. Higgs decay rate to gluons as function of Higgs mass in the standard

model.

Conclusion:

In this thesis we calculated the decay rates of the Higgs in the Standard Model of particle
physics, as well as the branching ratio of the Higgs gauge boson in details at tree level. We find
that the dominant decay channel is the Higgs decaying into WW gauge boson with Br~ 80%
this result hold for m,, > 142 GeV.

The total decays widths of the Higgs bosons and the various branching ratios in the SM are

discussed.

This work could be extended by including the effects from the loop contribution such as Higgs

decaying into photons which appear only at loop level.
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