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Abstract

The dissertation is based upon the theoretical study. The Standard Model is the most
compact theory in Particle Physics to explain the interaction of particles at fundamental
level. The Standard Model is a well testified theory via different experimentation, but still
there are some open issues in the theory. To address such issues, researchers explore the
theory beyond Standard Model. We study various channels of Higgs decay and computed
their decay rate such as H — ff, AA, gg and vv. Further we study the radiative rare
B decay b — sy within Standard Model and the calculation of Wilson coefficient C7, is
performed explicitly. The new Physics usually appears in loop level. The literature explains
various types of extensions to Standard Model. In this thesis "Adding Vector-like particles"
one of the extensions generally R @ R to the Standard Model is used. These Vector-like
particles have no contribution in Higgs decays at loop level, Higgs H is substituted by gauge
singlet .S in the di-photon resonance, by grasping the idea of di-photon resonance we apply it
to C7, Wilson coefficient in b — s7 to calculate penguin diagrams, in which Standard Model

particles is substituted by Vector-like particles and gauge singlet S to probe new Physics.
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Chapter

Introduction

Since the beginning of mankind, man has always being curios to understand the basic na-
ture of matter and everything that encompasses the universe. With the passage of time our
understanding continuously developed. According to Greek philosopher earth, water, wind
and fire were considered to be the four basic elements. In nineteenth century the major
concept came into being by Dimitri Mendeleev who constructed periodic table of elements.
Mendeleev’s periodic table arguably gave birth to Particle Physics, as many scientists at-
tempted to have a profound understanding of it. Atom was considered as the fundamental
and smallest unit of matter, however with the discovery of electrons(1897), proton and neu-
tron(1932) by J.J Thomson, Earnest Rutherford and James Chadwick debunked this idea.
Therefore proton, neutron and electron were accounted as fundamental particles. Further-
more positron, muons, pions, kaons and neutrinos were discovered in the same year neutron
were discovered. Later on quarks(fundamental particles) were found to be the constituents
of protons and neutrons. In twentieth century experimental results of Particle Physics in-
spired the physicists to explore the nature of these particles and build a model that explained
the interactions between them. They constructed a model known as Standard Model (SM)

of Particle Physics. Quantum field theory is a theoretical frame work to explain the SM.



The SM particle contents are categorized into four genre; quarks, leptons, gauge bosons
and scalar Higgs. The matter content within SM consists of fermions, these fermions are
further categorized into three families of quarks and leptons. Leptons behave differently
from quarks because they do not contribute to strong interactions. The force mediated
particle are gauge bosons within the SM. Bosons are mediated particles in the interactions
between fermions. Bosons, associated with three fundamental forces i-e electromagnetic,
strong and weak boson(W=, Z%). The scalar particle discovered in 2013 at Large Hadron
Collider (LHC) known as Higgs, which satisfied all the characteristics of SM Higgs. The
Higgs within SM is responsible to give mass to SM particle content and those gauge bosons,
who obey electro-weak (EW) symmetry breaking. The SM is based upon the gauge group
SU(3). ® SU(2), ® U(1)y. One of its properties is chirality, that quarks and leptons are
divided into left and right handed fields. As theoretical approach the SM is a renormalizable
and anomaly free theory.

In this dissertation we will come across two parts.

1. Calculating Higgs decays

2. Radiative B decays

In first part we analyzed and calculated Higgs decay channel i.e. Higgs decay to fermion
anti-fermion and bosons at tree level Feynman diagram and to gluons and photons at loop
level Feynman diagram. While calculating loop level Feynman diagrams we come across
divergences and by implying certain constructed rules to remove these divergences such as
Feynman Parametrization technique is used. In Feynman parametrization, it is calculated
orderly to use variable shift, Wick’s rotation and Regularization method. Furthermore the
plot of Higgs branching ratio for various decay mode as a function of its mass has been
analyzed. The coupling between Higgs boson and fundamental particles are defined by their
masses. These types of interaction couplings are weak for particle such as up and down

quarks and electrons and stronger for heavy particles such as W and Z bosons and top
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quark. Moreover, the coupling between SM Higgs and fermions are linearly proportional to
the mass of fermion, while coupling between SM Higgs and bosons are proportional to the
square of the mass of bosons. The coupling of Higgs boson to gluons is at leading order
having one-loop Feynman diagram, in which Higgs boson couple to a virtual top quark tf
pair. In case of photons, the one-loop Feynman diagram is due to virtual ¢¢ pair and also
WHW ™ pair.

In second part of this dissertation Radiative B decays are used as a tool to test models
of New Physics. In particular we are focused on the rare decay b — svy. These decay
processes contribute at loop level electroweak penguin diagrams, in which the dominant
particle is the top quark. Effective field theory(EFT) is used as a framework for radiative
rare decays. We reproduce calculation of C7, Wilson coefficient within SM. Wilson coefficient
is solved by choosing an appropriate operator Oy i.e. electromagnetic dipole operator. The
Wilson coefficient C7 is calculated explicitly by the matching condition of full and effective
field theory, which then will be implemented to physics Beyond Standard Model (BSM). In
theories BSM, there are various types of extensions to SM. We are specifically focused on
adding Vector-Like particle to the SM. The motivation behind this theory is the anomaly
cancellation by itself. These Vector-like particle are called Standard Vector-Like particle
because they transform like SM fermions. Furthermore these Standard Vector-Like particle
and Gauge singlet can replace the SM particle to calculate C7, Wilson coefficient in b — s

can probe new physics beyond SM.



Chapter

Standard Model

The SM [2]| consists of electroweak and strong interactions. It is a successful model since
the rise of 1960’s and 1970’s. One of the famous characteristics of the SM is the interaction
of weak neutral current discovered in the "Gargamelle Neutrino experiment" in 1973 that is
considered to be the first big achievement of the theory. The processes used in the experiment
was v, /v,- + N — v, /v,- + hadrons (neutral current) and v, /v,- + N — p~ /pt + hadrons
(charged current). In concert with the data collected from these low energy experiments
and similar processes in the 1970’s, the SM was capable to predict the Vector-boson W+
and Z masses. The first experiment in 1983 at CERN 3] directly produced the W and Z
bosons. The measured mass was analyzed and it was in agreement with the SM predictions.
A few years latter LEP measured the Z mass much more accurately. These experiments also
probed the theory at loop level. One success story is of the top quark of SM, this quark was
compulsory as the weak isospin partner of bottom quark. In 1995 the collider detector at
Fermilab (CDF) was directly observed.

Despite the Successful theory of SM, it has some problems and deficiencies:

e Gravity is missing from SM.



Hierarchy problem: why electroweak scale is so small?

The problem of strong CP violation.

There is lack of explanation for the quark masses according to their ranges i.e. few

MeV to 100 GeV and lepton masses i.e. 0.5 MeV to 1.8 GeV.

The SM shows the neutrinos are massless, in fact experiment shows that neutrinos

have mass.

2.1 Gauge Theory

SM corresponds to a non-abelian gauge principle [4], it is a quantum field theory based
upon local gauge invariance. Gauge principle provides a tool to transform Lagrangian that
is invariant w.r.t global symmetry transformation of non-abelian symmetric SU(N) group
into a Lagrangian that consists of a local symmetry invariance. Suppose L((z), 0, (z)) is

a Lagrangian, invariant under SU(N) global transformation
V(x) — Ui(w), Ut =ut. (2.1)
But our desire to develop a theory i.e. invariant with respect to local SU(N) transformation
U(x) = Ux)(zx), U = el @1 (2.2)

The Lagrangian is now no more invariant under this local transformation. To preserve the

local invariance, we introduce the covariant derivative D,

D, =8, — igAT* (2.3)
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transform as

Dyp(x) = (Duip(x))" = U(x) (D) ()

Where g is the arbitrary constant defined as coupling constant, Aj defined as a vector
fields/gauge fields and T are the corresponding generators that follow the commutation

algebra
[Ta’ Tb] — Z'fabcTc

[ define as the structure constant. To restore gauge invariance, A, vector field transforms

as
a a’ a 4
Al — AL =U(x)(A] + gaﬂ)UT(x).

Finally, by adding the kinetic term for gauge field and introducing locally invariant term

that depends on A, and its derivative, the field strength tensor F*¥ looks like
e — e Ava _ g¥ AHa 4 gfabcAu,bAu,c.

The product of F**F}] satisfies the structure of gauge theory and appears into the La-
grangian.

The new locally invariant Lagrangian takes the following form

£ = L(6(x), Dut(x) — 1 Fy. (2.4

The Gauge theory principle extended a global to local symmetry and it gives an information
about gauge field interaction with itself via kinetic term and with matter fields via covariant

derivative. As a conclusion it not only determines the symmetry but also gives an information

11



about dynamics.

2.2 Renormalizability

The SM is a renormalizable QFT. Renormalizable QFT are theories in which divergences
appearing from loop calculations can be discarded by hiding them into redefinition or a
renormalization into physical parameters. The renormalized theory has some limitations to
the Lagrangian of the theory. Roughly saying, the renormalizable theory can be determined
by physical parameter known as mass dimension of the Lagrangian. If it is renormalizable,

the constant ¢ defined as coupling constant in the lagrangian
L x cO

¢ posses a positive mass dimension, where O is an operator.

The mass dimension of Lagrangian is defined by space time dimension d i.e. four, so only
the possible operator products will remain having dimension d < 4 in the Lagrangian.
Operators consisting of higher mass dimension are equal to the coupling constant with —ve
mass dimension, in such condition the theory is non-renormalizable. For a long time it was
considered that only renormalizable theory can explain nature due to their high predictive
analysis. Effective field theory (EFT) give rise to new understanding to renormalization. In
EFT the non-renormalizability is not discarded, operator with mass > 4 has contribution.
Simply their effect are suppressed by powers of the theory at fundamental scale, which are
larger then the energies i.e. experimentally achievable. We can respect a renormalizability

of the theory such as SM theory, as an EFT that discards all the non-renormalizable terms.
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2.3 The Standard Model Lagrangian

The SM Lagrangian [5] consists of the following main pieces
L= ﬁgauge + Efermions + £higgs + ‘Cyukawa (25)

Lgange Leermionss Lhiges ad Lyukawa terms correspond to the gauge group SU(3). ® SU(2), ®
U(1)y, the matter contents of fermions, the Higgs sector and the coupling of Higgs with

fermion of SM respectively.

2.3.1 Gauge Symmetry Group

The SM Lagrangian [6,7] is based on gauge symmetry group SU(3).® SU(2), @ U(1)y. The
SU(3). color symmetry group explains the strong interaction between quarks corresponding
to quantum chromodynamic (QCD) part. The SU(2), ® U(1)y gauge group explains the
Glashow-Weinberg-Salam electroweak interaction theory. The gauge terms Lagrangian is as

follows

1 v 1 ) NNz 1 a a,uv
Egauge - _ZBMVBM - ZWMVW Hy — ZG“VG K (26)
The field strength tensor defined as
B, = 0,B,-0,B,
Wi, = W, —0,W, + g "*WIW}
G, = G, —0,G,+ ggf“bCGZGﬁ

13



Where Wji(i = 1,2,3) and G%(a = 1, ...,8), and the corresponding covariant derivatives are

D, = 0,—1in(Y)B,;

D, = 0, —ig(=W);

9 Tk
U
D, = aﬂ_lg3<7Gu);

Table 2.1: Boson of the standard model
| Boson | Tensor | Coupling constant | Physical sate | SU(3). ® SU(2), @ U(1)y |

B, B, g =e photon, Z (1,1,0)
w W, 92 W+, W™, photon (1,3,0)
G Ge, g3 gluons (8,1,0)

2.3.2 Fermionic Field in SM

Fermions are categorized in three generations. A charged lepton, neutrino and up and
down type quarks belong to each generation. Furthermore, they are split into left and right
handed fermions. Left handed fermions are doublet under SU(2), while right handed are
singlet under SU(2),, as shown in Table [2.2]

The fermionic field of SM explained by Dirac Lagrangian

L = Uiy, "V — mu ¥

as

14



where as ¢, and 1y are left and right handed Spinors respectively.

The Gell-Mann-Nishijima formula is defined as

The @, I3 and Y denotes the charge, isospin and hypercharge respectively

The fermionic field Lagrangian is written as

L fermion = ilp Pl + iqrDoqr + ierleer + iugPup + idrlDadr
Where ) = "D,

D' = 9, —igYiB" — igac' W"H
Dt = 0,—1ig1Yy, B" — igoo WHH — gst®G@H
D¥ = 9, —igY,B"

Df o = 0, —igY,B" —igst"G** qr = UR,dr

(2.7)

Here o = % belongs to Pauli matrices are generator of SU(2), t* = ’\—; belongs to Gell-Mann

matrices are generator of SU(3).

So

)

- , 1 . 0T
Lfermion = ZZL'.Y“ <8u + Zng,u<_§) + ZQ2W _)ZL
- 1 A?
+iqry" (8 + ig1 B, ( 6 )+ ZQQW + ig3G, )
2
—H’éRy“(a# + lng 2))63

2 ¢
+itgy* (0, + i1 B 3 ) + 193G, )
- 1 )\“
+idpy" (9, +ig1 B —g) + 193G, )d

15



Table 2.2: Fermion of the standard model
| Notation | Iy [ Y | Q | Contents |SU3).®SU2),@U1)y |

RIEAIRINGRIGRIRIED (1,2 5)
e | Gip) | s |G| GE)GE) (3:2,5)
€ERrR 0 —2 -1 €r MR TR (]_,]_,1)
UR 0 % % ur Cr tg (37 L, _?2)
dR O %2 %1 dR SR bR (3, y %)

Charged Current

According to weak interaction theory, the weak interactions only exist on left quark’s and

lepton’s doublet.

- 1
Efermions = Z.([LL’ dL)’y,u<8u - —Z'QI/V;LT?;) UL
2 dr,

. = 1 B 1 -
= ity 0Muyg, + idyy,0"dy, — éguL’yNW Fdy — §gdL”yMW+"uL

The pauli matrices (i = 1,2) are used. W+ gauge boson are responsible for flavor changing
from up to down and down to up as well. These kind of interactions are called charge

current [8].

1 1 -
Lo = —égﬂL’}/uWﬂLdL - §gdL’yMW+“uL (28)

Figure([2.1)) shows an example of Feynman diagram of muon decay mediated by the W boson.

Figure 2.1: Muon decay
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2.3.3 Higgs Lagrangian

The Higgs sector be explained in more detail in sec. by introducing a new complex scalar

doublet ¢.

o
bo

it transform as

SUB). SU2) U(ly

1 2 %
The scalar doublet embedded in the Lagrangian as
: 1T m? A
,CHiggs = |(au + Zngu(i) + ZgZWM5)¢|2 — 7|¢|2 — Z|¢|4 (29)

2.3.4 Higgs and Yukawa Terms

The dynamic of a spin-0 scalar field can be explained through Higgs part.

»Chiggs - (Dﬂ(b)TD#gb - V(¢)

The potential is

V(g) =m?¢l¢ + A¢'¢)®

17



Where ¢ is a field defined as an isospin doublet

b= (f;) (2.10)

This field ¢ couples the Higgs boson with the fermion fields using Yukawa coupling. We can
further expand the lagrangian by the coupling between the fermion doublets and field ¢ to
introduce mass terms for the fermions. This gives rise to the new terms, known as Yukawa

interactions, preserved by symmetries. The Yukawa terms Lagrangian is given as

Eyukawa = 'l/_}LY(ZﬁwR‘i‘hC

Lyukawa = YuGroug + Yadrddr + Yilpder + h.c (2.11)

@ and Ly, are defined as left handed quarks and leptons respectively.

Ve u
lL:PL< )7 QL:PL()
e d

ug,dg and eg are right handed up-type, down-type quarks and lepton respectively.
UR:PRU, dR:PRd, €R:PR€

where

(1—) Py — (1+15)

P =
L 9 9

Y., Yg,and Yy are Yukawa couplings for up-type, down-type quarks and lepton respectively.
The Yukawa coupling Y, where(q = u, d, () are 3 x 3 matrices. Local symmetry breaking can

be achieved by substituting various value for ¢ field in Eq({2.10]).

0= () = v ) 21

18



The vacuum expectation value (VEV) will be explain in more detail in sec. is not zero

and expected at \%, where h(x) is a perturbation around new VEV represented as the Higgs

boson. The Yukawa terms in £(2.11)) will be

1% vV - V
Loukawa = —=urYyup+ —=drYgdr + —=€rYrer + h.c 2.13
yuk ﬁL R ﬁLdR \/§LLR (2.13)

2.4 Spontaneous Symmetry Breaking

2.4.1 The ¢* Theory

Symmetries play an important role in Physics, Noether theorem states that differential sym-
metry conforms to a conserved quantity. When a symmetric system having a symmetry
group goes into vacuum state and if it does not remain symmetric and the vacuum expecta-
tion value is not zero any more than the symmetry is spontaneously broken.

The ¢* theory is the wide-eyed example of SSB [9,[10]. The Lagrangian looks like

1 1 1
L= 5(8;@)2 - §m2¢2 - Z)\¢4 (2.14)

The potential V(¢) = 3m?¢* + TA¢*, where ¢ is a real scalar field. taking minima of the

potential

OZM:>¢(m2+A¢2)=0

dg

Two conditions for the Vacuum expectation value(VEV) arise

< ¢ >o= 0 for m? > 0 which is trivial and < ¢ >o= £ _;”2 = +V. For m? < 0, we have

two minima for this case as shown in figure(2.2). Redefining the field having fluctuation

19



described by ¢(x). n(z) =V 4+ n(z). The new Lagrangian looks like

L= S0+ VIP = S(-AVA @+ V) = A0+ V)

LN

1 1 1
9V =0—L = [=(0.n)°— 5(—27712)772 - Z)wf‘] — AV + 4_1/\774 (2.15)

(]

The first term looks same as the original Lagrangian with a new mass m = v/ —2m?2. The last
term is constant which is not relevant and the second last term that contains n? is the strong

candidate for SSB since V() is not symmetric any more for a transformation n — —1.

m?>0,1>0 m2<0, >0

V(o)
V(o)

— i

Figure 2.2: Potential of ¢*
theory when m? > 0 and m? < 0.

2.4.2 Goldstone’s Boson(Theorem)

According to SSB, one observes the phenomena of massless scalar bosons known as Gold-

stone’s boson theorem. To analyse this phenomena we take two fields ¢ and 7 within

Lagrangian ([2.14])
L= 31(0u0)? + @)? — w0 + )] = A0 + 7 (2.16)

The potential is V(o,7) = sm?(6? + 7%) + 3A(0? + 7%)%. Now the Lagrangian has dis-

20



Figure 2.3: Potential of o, 7
field when m? > 0 and m? < 0 [11].

crete symmetry (o,7) — (—o,7) and continuous symmetry (o,7) — R(—o,7) as R =

cos7y —sinvy
€ SO(2) Now let’s check ‘fi—‘; =0 and ‘fl—‘; =0 as a result
siny  cos?y

7lm? + A% + 7)) = 0 and o[m? + A% + 72)] =0

as shown in Fig. there are two solutions m? > 0 and m? < 0 for m? > 0 is trivial

2

. . m2y L
< 0 >p=0and < 7 >o= 0 for m? < 0 is non trivial< 02 + 72 >¢= ( +~)2. The transfor-

mation is T — 7 and ¢ — n — V the new Lagrangian looks like.

1 1 1 1 1
L= 5@7})2 + 5(@%)2 — §m27]2 — /\[1(772 + 72+ Vr? + Vil + ZAV‘* (2.17)

This looks like ¢* theory in which 7 field gets mass m, = v/—2m?2. 7 field has no mass
term. In this model the continous symmetry is broken spontaneosly. The most important

consequence is 7 field gives a massless scalar boson known as Goldstone-boson.

2.4.3 Higgs Mechanism

Higgs mechanism is an interesting phenomena that explains how to give masses to gauge
bosons and fermions in the Standard Model(SM). Higgs mechanism is utilized to get rid of

the Goldstone theorem. The condition holds that the Lagrangian will be invariant under
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local transformation.
d(x) — ¢/(z) = € Vg(@),  Gx () — @1 x (z) = e ()
The Lagrangian is
£ = (D,6)!(D0) + m?616 — A(@'9)? — | Fu ™ (2.18)

where F),, = 0,A, — 0,A,, ¢ is a complex scalar field and A, is defined as massless gauge
boson field, m and A\ > 0 are real parameters obtained using the same method of L({2.14])

which is already discussed in detailed. Replacing 9, by Covariant derivative

9,0 — D,¢, 09" — (Do)t

where,
D, =0, +1igA,
and
A, — A, —0,a.
Considering «a(z) = @, the gauge transform as

¢ — =€V

A, — A, —0un
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Appling these transformation the Lagrangian (2.18]) is invariant. By substituting ¢(z) =

V+Th2($) in Eq(2.18]), we obtain

L - %[(au —igA )V + B)(D" + igAF)(V + )] + %mQ(V +h)?— i)\(V +h)

1 v
_ZFWFAL (2.19)

The interaction terms in the Lagrangian(2.19) are h® h' hAA and h?AA. The quadratic

terms in the Lagrangian correspond to the mass terms i-e (92;/ : A, A") and (—AVA?) that
refer to the gauge boson and scalar boson mass respectively. The gauge boson A, eats up
the Goldstone boson and gives it a mass. The complex scalar field ¢ and massless gauge
boson is converted to a real scalar field and massive gauge boson respectively. The massive

gauge boson(physical boson) is called a Higgs boson and the phenomena through which it

gives mass to the gauge boson is known as Higgs mechanism.

2.5 CKM matrix and Fermion masses

The masses of gauge boson W* and Z gets through the SSB of the gauge group SU(2); ®
U(l)y. How can one generate the missing masses of fermions? we desperately required
a term that couple the fermions with Higgs doublet. They must be gauge invariant and
renormalizable. These terms are called Yukawa terms in the Lagrangian. The Lagrangian

for the charge lepton corresponding to first generation is

Lieptons — _y gl gt ‘ + h.c (2.20)
Yukawa,1 — e s .

Ve
L
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For the three generations, the Lagrangian is written in the generalized form as

(&
¢T
Ve
F
cleons — @ iy AVl ot | " +h.e. (2.21)
Yy
/L
.
¢T
VT
L

According to Eq. 1) after giving VEV the £ plits into two parts. One part explains

Yukawa

the interaction of leptons with physical Higgs and other part is explained by

Ly =—(eg iy DM | p (2.22)

where,

v
M, = E l
In principle M, is an arbitrary 3 complex matrix and cannot be named as mass matrix.
However the charge lepton fields are possible to transform in such fashion that M; is defined
as diagonal matrix with positive real or zero number elements. The Lagrangian derived by
applying this type of transformation to all of its term will latter be expressed as the mass
eigenstate of the leptons. The new Lagrangian of charge current carries flavor mixing term.
All lepton fields now taking place are mass eigenstate, for distiction we use without prime

notation.

To analyze the quarks masses d, s and b are the down-type quark masses, the Yukawa
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Lagrangian is same as the one in Eq. || with qu Yukawa matrix. The up-type quark is a

bit different, we replace ¢ with io9¢* as the SU(2), doublet. Where o5 is the pauli matrix

u
’i02¢*
d
F
U —quarks —/ —/ Inj u . * ¢
Lykawa = —(Ur Cr TR)Y,S| i020 + h.c. (2.23)
S
]L
t
(leplon
b
L

The Yukawa matrices are diagonalized by using the unitary transformation of the quark

fields explicity it is given as below

U u u u
c =Vul ¢ ; c =U,| ¢
t t t t

L L R R

! /
d d d d
S =V S , S =U, s . (2.24)
b b b b

L L R R

Where V,,, Uy, V4, Uy belong to U(3). In the lepton sector only one set exists like these ma-
trices, which diagonalizes the yukawa matrices and that is the reason behind the Lagrangian
having different mass eigenstates from the weak eigenstate. The quarks generation mix with

each other defined by the CKM matrix known as Cabibbo-Kobayashi-Maskawa matrix.

Voru = ViVa.
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We can introduce these quarks coupling terms with W* bosons

Quarks _ € W+t W Jht
ke Zein gy W)
where,
d
JWT=(u ¢ ) Vorm | s
b
L
In £(22.8) for the Charge current will become
Loc = —guuy,Wrdy — gdyn, W
cc 29UL% L 29 LY ur,

1 . - 1 - .,
= —§gﬂLVLTVLd%W r, — 5gdng”vL N W,

(2.25)

(2.26)

(2.27)

The V' TVLd mattrix product consisting of off-diagonal terms causes the transition of coupling

of quarks from one doublet to the other doublets involving weak transition and charged

current. This phenomena is called quark mixing and d’; defined for down type quarks consists

of mixed quark mass states.

d, Vud Vus Vub
dy=| s [=VEVidL=| Viy Vi Vi
v Via Vis Vo

(2.28)

For instance the first element d’ is the superposition mass state of d, s and b that depends on

Vuds Vus and V. The V! TVL‘l matrix product is called Cabibbo-Kobayashi-Maskawa (CKM)
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matrix [13]. The components are calculated by experimental analysis [14].

Vil & 0.974  |Vi| 2 0.25  |Vis| ~ 0.003
Vig| & 0.225 |V & 0973 |Vi| ~ 0.04 (2.29)
Vgl 2 0.009 [Vis| ~ 0.040 [Vy| & 0.999

2.5.1 Standard Parametrization

The CKM matrix describe in the standard parametrization [14]

vud Vus Vub
Vorkm = Vea Ves Ve (2.30)
Viae Vis Vi
—id
C12C13 512513 513€
- & &
- —512C23 — C12523513€" C12523 — S12523513€" 523C13 (2'31)
0 0
512C23 — C12523513€ —523C12 — 512€23513€ C23C13

Where ¢, = o8Oy, Sym = sinby,  (I,m = 1,2,3) and ¢ is the phase with the range 0 < § <
27. The four independent parameter are s19 = |Vis|, s13 = |Vis|, S23 = |Vip| and 0. s19, s13
and so3 are obtained by tree level decays mediated through transitions s — u, b — u and
b — c respectively. The phase is obtained from loop level sensitive to |V4| through CP

violating transition. The standard parametrization is suitable for numerical calculations.
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Chapter

Higgs Decay Modes

To analyze the Higgs decay, first of all we have to know the complete information about
its coupling at tree level with the massive particles of SM. In this chapter Higgs decay at
tree level has been calculated that means to calculate fermion anti-fermion and weak boson

channels and at loop level massless final state arises bosons such as gluons and photons [1].

3.1 Coupling of Higgs Boson

The coupling of Higgs is associated with the masses of fermions and bosons. The Higgs
boson will preferably decay into heaviest particle allowed by phase space. The Higgs boson
couples with gauge boson are A = W, Z and the heavy fermions are f = 7, u,t,c,b. Their

masses |1] values are

mw = 80.42GeV, myz =91.18GeV, m, = 1.7T77GeV,
m, = 0.106 GeV, m; =178 +4.3GeV, (3.1)

my = 4.88 £ 0.07GeV, m,=1.64=£0.07GeV.
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The Higgs boson interaction with gauge boson HAA calculated from Lagrangian(2.19) by

considering quadratic term

m2

JHAA = 51171} (3.2)

where 9, = 2 for W and 4, = 1 for Z boson

The Higgs boson couple to fermion is given by [15]

\/§mf

v

9uff = (3-3)

where v = (V2Gp) 2 ~ 246 GeV

3.2 Higgs Decay to fermion antifermion

f(p.5)

H(p)
f(p.p)

Figure 3.1: Higgs decay to fermion and anti-fermion

Higgs H particle coupling is directly proportional to particle of fermion mass and also the
branching ratio is directly proportional to m?. The partial decay width for H — ff at tree

level computation is as below

H(p,) — f(p2>f(];3)

The Transition Amplitude is
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_iMH—>ff = T 2 Vi3
, (—i)my -
iMy ;= Vel
2
m _ _
Z ‘Mif—ﬁf’ = Z MMT = ( J;) ‘/;“3Ur2Ur2‘/r3
r2,r3 2,13 v r2,r3
After some algebraic steps we come across to the result
2 2
S Ml = Mgy
H—ffl V2 D) M2
2,13 H

Zm? M3 (1 — 4 m
v2 T H M%

The decay width is defined by the formula

_ 1
Z 2
p is computed and plugged in(3.6) gives the final form
_ 2m> m2 1 M 4m?
T'(H — = I -4-—-1L LG —
( 19 o2 Ml Mg)stg, 3 M}{)
_ Mu m_?‘( _ 4m?‘)%
8r V2 M%
Defining the velocity of the final fermions
B 4mfc 1
— _ 2
My m}
I'H =— — B
(H—1h=%" T B

30

o=

(3.4)

(3.6)

(3.7)

(3.8)



3.3 Higgs decay to Weak Boson

Alp.y)
H(p)

—_ —_- — — =

Alpp)

Figure 3.2: Higgs decay to vector bosons A

The Higgs decay to weak boson is defined in a general notation A, where A = W, Z. After
calculation we plug in A with W and Z, where ZZ decay width has extra % factor due to
identical particles

The transition amplitude looks like

. e 2M2 v = =
—ZM — E/J(pQ,TQ)( VA>g# €y<p37r3>
. * (= = 2M3 Wox (2
iMt = e“/(pg,m)( VA)g“ €,/ (D3, T3)
2 4Mj uv '’ S oo\ x (o o > o\ k(o =
Z|MHHAA’ RTE 99 Z%(pzﬂ’z)%/(pm’f’z)Z@(%W:&)%l(psﬂ”z’)) (3.9)
ri pol pol

After few steps we get

M? 4M?  12M3%
> IMpoaal® = %< H)(1— A 4 A) (3.10)

vz \4My Mg My

i

For Decay as we know that

T(H— AA) =) |MH_,AA|287T‘T42 : (3.11)
H
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Where p is computed from relativistic relation E% = p? + M3

N M} 2
My [ 4MZ\:
= 1-— 3.12
n = 5 (1-58) (3.12)

Putting (3.10)) and (3.12))into (3.11]) as a Consequence

M AM?2  12MAN 1 [ My AM?
[(H— AA) = —H(1-=—4 A 1— ——4)3
(H = A4) V2< My M 8w M2 7 | M%)Z
M3, 1_4M§1 2 1_4Mj+12Mﬁ
16712 M2, M2 M
_ M3
M 2
I(H — AA) = T VQ(\/1—4:E)(1—4$+12$) (3.13)
T

3.4 Higgs Decay to Gluons

g(g,g.a)

9(p,,b)
Figure 3.3: Higgs decay to gluons First diagram
H(p1) = 9(p2)9(ps)
Higgs decay to gluons is a loop process. The decay rate is considered to be low as compared

to tree level but it is not true exactly because due to heavy top quark mass this process

generates high decay rate, therefore it must be taken into account.
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The transition amplitude is

e (197 )(k ) =
xet b (3.14)

HsT2 TV,T3

iM =

img [ d% () +m)
/ @

"
27)% " (k + p2)? — m? (ig7"t")

v

Trace calculation

Tr((k+ k) +m)y" (k4 m)y”"(k — g5 +m)] (3.15)

using property of trace

Triy"y"+y°] = 4(g"g" — """ + g"7g"")
Triyty'] = 49"
Trloddy] = 0

Result of Trace

= Am[Ak"K" + 2ph kY — 2p5 k" + phph — php + g™ (m® — py - ps — k)]

1
Trit"t’] = 50

Calculating the Denominator by using Feynman parameterization

1 ! 5z, — 1)(n —1)!
= | daydas...dr, 3.16
A Ay Ay /O PO T A o A (3-16)
1 ! Sz +y+z—1)2
= | dedyd 1
ABC /0 raya [tA+yB + zCJ? (3:17)

Denominator = [((k + p2)* — m?*)(k* — m?)((k — ps)* — m?)]
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Defining

A = (k+p2)2—m
B = (/{:—pg)Q—m2

C = kK-—m?

by pluging these value in (3.17)) as a result

= apy + 2kpox + yp3 — 2kpyy + k* —m? (3.18)

To get rid of these linear terms we shift momentum variables.

{ =k + pox — p3y =k =1 —pox + p3y
Replacing k as a result
D = 0?4 2popszy —m? =02 —A
where
A = —2pypszy + m’
The Equation looks like

—szg d*¢ 1-e 4m 2N
M = / / / — AT RN ERI roCors (3.19)

Evaluating the N* by applying the shift of momentum variables

=k + pox — p3y =k ={—pyx + p3y

34



The new N* looks like

N = 407 — g" (% + phply (—2x + 42%) + phps(—2y + 4y°) + phps(—day + 2y — 1 + 27)

+p5ph (1 — dyx) + g* (m® — pops + 2papsay) (3.20)

The condition for "onshell gluons " is ¢,p* = 0

: a b
Applying €}, .., €, ., to (3.20)

sV = A6l Ol = 6 06 €L DS 2T ) 2 AP)
€y € PP (—4 =1+ 2z) + €€, poph (1 — dyx)

+€Z,7‘2 Gg,rggul/(mz — P2p3 + 2p2p3xy)

Plugging in ((3.19)

—img? d*¢ - 4m 2N
Mo Zimy / / da:/ N (3.21)

Now

= o

Integral solving into two parts

I = /dx/ (I + I) (3.22)

A A — g
I, = 2
1 /(27T)4 [€2 —A]S (3 3)

put C' = pyph (1 — 4yx) + g" (m?* — paps + 2papsry)

_ [ dt
= [ G 324
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(3.25)

/ d'e A0 — g
(2m)t (2 = AP

1
R
d g

_ / dU ALK

(27)* d
d*¢ 4 o
- [ ota s

In numerator we have two terms 4/** — g"v¢? having divergence. these terms can be sim-

plified by dimensional regularization methods.

ME-AF mf 2 T

die 12 (-1 idT((n—9)—1) 1 n—4-1
/(27r 2

a0 4 L o (D4 dT(n=9) = 1) 1
| eta e =

ford=4—2¢, andn =3

(3.26)

As we know that T(n) = (n — 1)!
T(3) =2

P(z) =21 -7+ 0()

[(e) =t —7+0(e)

€
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plugging in ((3.26))

o= e (R) 56—+ 00)

(4m)2? 2¢  (@mz A

e —0

9
1672 2
ig"
3272

Now let’s compute I

From Peskin Appendix |10]

/ d/ (=1)"iL(n—9) (l)nf%
CrIE =AD" (4 () A

Asd=4 n=3

—iC
32m2A
igh iC
L+l = 595~ 30A
ig" A —iC
32m2A

put C' = pyph (1 — dyx) + g™ (m? — paps + 2papsry)

and A = —2popszy + m?

L+ 1

i ((pépéf — g"paps3) (1 — 4wy))
3272 —A

37

() 55 - T () 0l

(3.27)

(3.28)



So equation ([3.22)=

7: 1 1—x (pyplt o g;wp2p3)(1 _ 4xy)
= =5/ d dy (==
3272 /0 v /0 u( A )

Now H = [} du [, " dy'=2)

=

? 4 14
a2 (P2ps — 9" Paps) (3.29)

Equation (3.19)= for first diagram

M = (—i)—g*(4m)(=6a)2€% . € I (3.30)

v 2 Hyr2 VT3

Second Diagram:

e 9(p.5a)

TOOO00" 9(B/5b)

v

Figure 3.4: Higgs decay to gluons second diagram contribution

—i)g? 1 d*k Tr —p,) +m)y(k +m)V((F+p,) +m
Mo Eetm o (_5ab)/ (K = p,) +m)y* (K +m)y (K +p,) +m)] (3.31)
v %) | [k pa)? =l — [+ ) e
The final result for the trace is
= Am[Ak"E” + 2ph K" — 2K py + g (m? — paps — k?) + pypl — phpy] (3.32)

As calculated separately the second diagram by using the Feynman parametrization giving

the same result as for the first diagram for I*”

v = [ g Jo do fy " dyiatsn
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So it means that the amplitude for both the diagrams are equivalent
M(first diagram)=M(second diagram)
The total Amplitude is

M=M(first diagram)-+M (second diagram)

M=M;+M,
= M1:M2
M=2M,
IM|2 =AM M
_ -\ 2 4 15 a b VK
M = (_ )g ( m)(§ ab)eu,rgeu,rg -2
M 1 ax * ULk
M = ’l;g2(4m)(55(15)6#7@6377,3[‘u -2
m a ax x TV TTP*
Z|MH%QQ‘2 =4 Z (;)2(2g2m>25ab§ab€u,r2€‘r,r2Elbl,rgez,rg[ “re (333>
2,73 r2,r3,a,b

The sum over spins and colors are

Z(sabéab = 8
a,b

ax _a bx b _
z :€T7T2€M7T2€P7T3ev,r3 = YruYpv
72,73

grung]Vu[Tp* = ]Vu[:u

2

D (Mg =4 494(%)m28 AT (3.34)

2,73

Now computing,
VL Tk v v v —1
11y, = (555 HPsps — 9" paps) X (55—5) H (P2upsy — Gupaps)

1

= Sigmll (P2p) (3.35)
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Plugging (3.34)) into (3.35))

Z |-/\/lHHgg’2 =

Now computing the integral H

B(n) = [y dz ;"

Plugging into (3.36))

Defining Kinematics

As a result

H =

(1— 4xy)

Y= 21021’3

Z ’MH%99|2

(Center of mass frame).

= (Mg, 0),

52 , o m?*
%940271'4]—[2(]92 'p3)2
o 94m4H2(p2'p3)2
N v27d
/ / 1—4xy)
/ / - 1—43:y)
2 Ty — M
P2D3 my " 2pops
B
2292293 (n)
— m2
= 2paps
n
n
H* = —B(n)
(P2 P3) 2 2
L
Py =(p.0), Py =(p,—D)
1
b2-p3 = §M12{
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plugging into (3.39)

- B
42 s H" "

2 4
g 2 g

= — e e

T T

402

= WM1§"2|B(TZ)|2

The formula for decay rate is

1
I'(H — gg) = Z |MH—>gg|2W|ﬂ
i

Pl = My
D(H 5 09) = M2 B
99 = Gt 12 8 Mz 2
202 M3, 9
T T2 8_7rn (n)
For identical particle decay we multiply by symmetry factor %
af My, 2
F(H — gg) - 202 8_7Tn |B(n)|
I? = n?|B(n)[”
m? 2 My _ e
sHGIP = (3B(3)) cov=Ee g =g

; 4m?2 sin?6
v = Qmwzznew s ,02 — we2 w
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MH)
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Putting these value in equation (|3.44)).

T'(H — gg) = ( My )M%I i \ZI(M—%I)I2 (3.45)

m2

8sin26,,” m2, 92

3.5 Higgs decay to Di-Photon

AVAVAVAVAL

v( g)

v(g)
Figure 3.5: Higgs decay to photons

One of the Golden Channels for Higgs decay is "Higgs decay to Di-photon" as shown in
Fig. searched at CERN(LHC). This process has been examined many year ago |16]. As
we know that photons are massless, therefore Higgs decay can not be calculated directly at
tree level, the reason Higgs decay to di-photon is calculated at loop level. In the loop the
top quark and W boson can contribute. The amplitude is calculated with the top quark
loop. All of the calculation for the amplitude is same as done for gluons in sec. [3.4, Gluons
are color charge so this factor is excluded. Only include a factor of electric charge @) with
factor N.(f), substituting e with g; in « term and sum over all charged fermions.

The final expression of decay looks like

8sin26,, ) m,, 1872

OéMH M2 Oég
Lty = ( ) i 05 g ()
f

3.6 Branching Ratio and Total Decay Width

Partial decay widths of quarks and leptons are compared. From Eq(3.8) T'(H — ff) decay
width depends upon mass term m? and I'(H — AA) in Eq depends upon mass term
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m3. As a consequence, the decay width of vector boson pairs is seen larger than fermion

anti-fermion as shown in Fig({3.6]), giving a general summary of all branching ratios.

The Fig(3.6)) shows the branching ratio for Higgs boson relies on My (Higgs mass). The

..........................

0.01

0.001

85

L
[ 2

n 1 1 1
100 130 160 200 300 500 700 1000
My, [GeV]

0.0001

Figure 3.6: Higgs Boson Branching Ratio

Higgs mass is divided into three parts as observed: a low mass, an intermediate mass and a
high mass which have range My < 130 GeV, 130 GeV < My < 200 GeV and My > 200 GeV
respectively. The decay process bb pair is the most significant process for light Higgs boson
having branching ratio of 75%. Subsequently H — 777~ and H — c¢ with branching ratio
~ 6% and?2 — 3% respectively. For a mass My ~ 120GeV the H — gg is significant with
BR~ 7%. The H — ~+ with branching ratio is only a few per mille but this channel has a
significant contribution towards the Higgs search. The di-photon decay shows a clear signal
in detector. H — Z~~, up and s§ are less than few per mille, which are somewhat relevent.
In the low mass range the decay H — WW, ZZ increases but both processes consist of
at least one virtual vector boson, therefore the energy is below threshold and maximum
energy of these decay is not attainable. The Higgs decay H — WW dominates when the

energy is approaching to the threshold energy while the W both becomes real. Specially
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in the mass range of 160 GeV < My < 180GeV the WW real bosons are produced at
this threshold energy with 100% approximate branching ratio. In the above mass range the
H — bb is the only non negligible decay process having a less contribution with BR ~ 50%
at the starting of this mass range and drop to few percent at the end. In high mass range,
My > 200GeV the decay process are almost the Higgs decay into massive gauge bosons.
The H — WW with BR~ 60% and H — ZZ with BR~ 30%. The H — tt channel opens at
the My ~ 300 MeV but it is not significant before the threshold My ~ 350 Gev(top quark
threshold) with BR~ 10% and it goes on decreasing for higher Higgs mass. Generally the
Higgs have intensions to couple with heavier particles, so it is observable that below the W W
threshold My < 160 GeV, the bb is more attractive decay and for above My > 160 GeV,
the decay process of WW and ZZ are best-liked.

The total decay width 'y is shown in Fig(3.7). When the Higgs mass increases the total

lﬂﬂﬂ T T T I
IH) [GeV

100

10

0.1fF

0.01F

1

L 1
100 130 160 200 300 500 700 1000

0.001 - - . -

My; [GeV]

Figure 3.7: Higgs Boson Total decay width

decay width also increases. It is narrow in low mass range, the I'y < 1 MeV and wide in
intermediate mass range for My > 500GeV, I'y is almost equal to its mass, that is very

uncommon. As in the case of W or Z boson in the detector we have a clear signal for Higgs
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mass particle, which is much higher than the decay width |17].
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Chapter I

Rare Radiative decay in the Standard
Model (b — s7)

4.1 Theoretical frame work of B decay

In this chapter we will further explain the concept of Wilson coefficient. We will describe
the effective field theory and basics of weak decays formalism [18]. and more about the

calculation of C7, Wilson coefficient.

4.1.1 Effective Field Theory

Effective Field Theory (EFT) |19,20] is derived from Quantum Field Theory (QFT), which is
a technique to deal with multi-scale problems. Consider that QFT consists of characteristic
energy scale K and lets assume that we are interested at some lower scale physics where
E <« K. To setup an EFT we take a cutoff 1 below K scale and integrate out the heavy
degree of freedom which means that to remove the heavier particles w.r.t the cutoff scale.

The EFT contains light degree of freedom only and consider as limited case (low energy) of
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full theory. The effective Lagrangian is

Lepp = Z Crn(t)On (4.1)

n>0

The Lagrangian is an infinite sum over the operators O,,, where C,, (1) is coupling constant
known as Wilson coefficients. So one can ask about the predictability of this theory. The
answer to above question is by substituting the coupling constant C,,(x) with dimensionless

constant ¢; . So the new form of Lagrangian is

Lp=L"+Y Y 220, (4.2)

n>0 c;,

The higher dimension of operator are suppressed with the increasing power of K. The lowest
dimensional operators is more important due to which one can truncate the series and only

the finite couplings and number of operators will remain.

4.1.2 Operator Product Expansion

We can illustrate the phenomena of operator product expansion (OPE) by simple example

of weak decay of ¢ — sud shown in Fig(4.1)) The amplitude of the decay is

c 5 C 5

.:JT 1 d t

Figure 4.1: Left shows full theory and at Right the effective theory in ¢ — sud
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pv

Mo = V2Vl - 1)) o a1 = 25 )]
Mpu = ?V*Vud[ s(Ps)Yu(l — 75)Uc(]?c)]l€27j—wnﬁu[uu(pu)7ﬂ(1 = ¥5)ua(pa)] (4.3)

Gr is Fermi constant

G g2
71; _ 8722 (4.4)
Expanding the amplitude to O( . )
Gr o K
Mpar = \/—V Vaalts (ps) v (1 = 75)te(pe)][wa(pu) (1 = v5)ualpa)] + O(—) (4.5)

Where k is the momentum transferred due to W propagator and its value is small as compared
to m,,. We can neglect the terms O(:l—z) without any hesitation from Eq || Now the full
amplitude will be approximately equal to

Gr

Mopw =5 Ve, Vual s (ps) 7, (1 = 75 )tte(pe) [T (pu) " (1 = 75 ) ua(pa)] (4.6)

The same result is obtained by the effective Hamiltonian

Gr

Hepr = /3

LV Voal579,(1 = 35)d[a7" (1 — 45)d] + higher Dim operator (4.7)

This corresponds to the low energy scale, where the heavier particles momenta is integrated
out and the higher dimension operator represented by the terms of order O(£5 ) The OPE

idea is grasped through above example.
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4.1.3 Effective Hamiltonian

The Effective Hamiltonian is the basic ingredient to discuss the weak decays

Hors = 2 3" VeruCilu)Or(n) (45)

Where O; is a complete set of six dimensional local operators. The Vg matrix elements
and C; Wilson coefficient explain the strength of the operators. Both the Wilson coefficients
and local operator are dependent on the cutoff scale u. Above the cutoff scale p we have
high energy effects while at below cutoff scale u we have low energy effect. All of the high
energy scale effects are absorbed into the Wilson coefficients and the low energy effects are
absorbed into local operators. Now the physics is separated into two regime i-e the low and

high energy regime. This is the significant property of the operator product expansion.

4.1.4 Wilson Coefficients

Wilson coefficient can be solved by choosing an appropriate operator basis that corresponds
to a set of operators. In this way the effective Hamiltonian is defined as the linear combination
of these operators. From the matching condition M ¢,;; = M. ;¢ amplitude we get the Wilson

coefficient C;(u)
Cr N
Mpi = Mepr = 71; Z Ve Ci(p) < Oi(p) > (4.9)

< O;(p) > bracket denoted matrix element to the relevant operator O;(). This is called the
matching condition of the full theory with effective theory. The full theory deals with the
particles having dynamical degree of freedom while in effective theory we integrate out the
heavy degree of freedom. For larger u scale we can use perturbation theory for matching and

Wilson coefficient depend upon the mass of the integrated out particles. From our previous
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example the effective theory matching condition is

Cr N
Mpup = Mgy = 7; Z VeruCilp) < Oip) >

where

O = [57,(1 — 75)c][ur"(1 — s)d]

We observe the Wilson coefficient C;() = 1 in the example. We did not take Quantum
Chromodynamic (QCD) effects in considerations because of the complication arising due to

a second operator, which has a complicated color structure. Therefore we would not include

QCD effect in thesis.

4.2 Flavor Changing Neutral Currents

Flavor changing neutral currents (FCNCs) are prohibited at tree level in the SM. For ex-
ample the b quarks has no direct coupling with s and d quarks. From Eq we see for
electromagnetic current the flavor changing charged currents in the SM. FCNCs at loop level
can be mediated through W bosons. Fig shows box and penguin diagrams which permit
flavor changing neutral transitions. We will focus our discussion on the penguin diagrams
throughout thesis. One of the most important characteristics of flavor physics is FCNCs.
They allow the measurement of CKM matrix and are very sensitive to Physics beyond stan-
dard model. In the SM FCNCs are suppressed. GIM mechanism is a tool to ensure the

rationale of the above discussions.
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et u,c,t

Figure 4.2: Left shows Box and at Right Penguin is located

4.3 GIM Mechanism

S.L Glashow, J.Iliopolous, L.Maiani introduced the GIM mechanism [21] in 1970. Due to
this discovery they introduced fourth quark and the charm quark, which were not known at
that time. The GIM mechanism can be studied through the diagrams in Fig(4.2)), where in

b — sy the whole amplitude is the sum of the diagram consisting of u, ¢ and t in the loop.
M = M(m) VsV, + M(m)Va Ve + M(mi) Vs Vi (4.10)

The unitarity condition of CKM matrix is
Vi Vis + Vo Ve + Vi Ve = 0 (4.11)

If the masses of the quarks are m, = m. = m; then the amplitude have to be zero and still at
loop level FCNCs will be forbidden. But the quarks have different masses and particularly
my > my, m.. Therefore the amplitude will be proportional to ln(:s—g) The top quark is
extremely massive, therefore the loop diagram is not strongly suppressed. Hence it is used

to test the SM or in search of new physics beyond SM.
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4.4 B decays Formalism

Rare B decays formalism is described in the low energy regime of effective field theory, where
the particles with heavy degree of freedom are integrated out. In this scenario we have W=
boson and the top quark ¢. We only deal with the dimension six operators and s quark mass
has been neglected due to the strong suppression by higher dimensional operators.

The effective Hamiltonian can be written at the scale p = O(my) for the decay b — sy [22].

6

G
Herp = —72‘42%[2 Cili) Oi + Cry (116) Oz + sy (115) O, (4.12)

=1

O; denotes the relevant local operators. C;(up) is defined as the Wilson coefficient, which
absorb the W and top quark mass completely. From Eq(4.11)), the unitarity condition as we

know that

VaVi = —VVy, — ViV
ViV
— V(e
tb ts( th‘/?; + )

= —VaVii+0(u?)

In the loop u, ¢ and ¢t quarks appear but due to the condition u?, VV: and V., V.5 is sup-

pressed relative to V, V%, therefore u and ¢ are neglected.

tsy

The operators are defined as:
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Current-Current Operator

O1 = (35¢8)v—a(Caba)v—a

Oz = (5pCa)v—a(Cabs)v_a

QCD Penguin Operator

O3 = (55bg)v-a Z(Q_QQQ)V—A
Oy = (58ba)v - AZ daqs)v
Os = (58b3)v—4 Z Jala)V+A

q

Os = (5gba)v-a Y _(@ads)v+a

q

where ¢ = u,d, s,c,b

Magnetic Dipole Operator

_emp

Oy = 87 w350 (1+7°)ba
g3mb7 T a, v
087 = ]2 Sao-;w(l +y ) aﬂbaG H

Where «, 8 = Color indices, e and g3 define as electromagnetic and strong coupling. F*
and G*" denote field strength tensor. (Gaqs)v+a = Gu¥"(1 + 7°)gs used as a short hand
notation.

Fig shows the penguin diagrams that follow the Feynman rule, in which the magnetic

dipole operators come into being by insertion of mass on the external line which indicate
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b quark line for QED and QCD. Where my << m,, therefore we neglect the s quark mass

(a) (b)

Figure 4.3: (a)Photon.(b)Gluon

insertion and s quark has no contribution.

4.5 Electromagnetic Dipole Operator

O~ is the electromagnetic dipole operator. Without QCD correction O, operator is respon-
sible for the b — sy decay. The relevant wilson coefficient for O, operator is C7,. When
we match the amplitude of full theory with the effective theory at the scale uy = O(my,),
then we are able to calculate C7,. The diagram contributing at order of one loop is shown
in Fig. We get the Wilson coefficient C7, when we solve the diagram having photon
contribution. Feynman Gauge is used, where it requires the contribution of diagrams in-
volving exchange of Goldstone bosons as shown in Fig In calculation we define masses
of the light particles as zero. Only b quark mass is included till linear order. The term
mji = p; = 0. The detailed calculation of the diagrams are discussed in sec. 4.6, The Wilson

coefficient C7, is obtained by the matching condition.

G
Mpai = Mgy = TI;V;;VZme < Ory > (4.13)
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W u, o, b

u, e, t u, o f

Figure 4.4: b — s decay at one loop

@ w, ot

u, et w, ot

Figure 4.5: b — sy decay at one loop contributing Goldstone bosons

At last we get the result for C7, in agreement with

(4.14)

4.6 Calculation of C7, in the Standard Model

For on-shell i.e. ¢*> = 0, p> = m?, p; = mj since m, << my, so s quark mass=0, b quark

mass considered only to linear order i-e mi = 0.
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A

Figure 4.6: Calculation of C7, for b — sy in SM

Defined us(ps) = s, up(pp) = b.

o V(A=) Fogtme g k+m,

y
2 2 (h—qr—md R—mE "

iM = e/dkv;;

2

2

iM = e%wvt’;vtb/dk

Denominator

For denominator we use Feynman parametrization technique.

1

[(k = q)? = mg][k* = mi][(k = pp)* — mi]

The general form up to 3 propagator are

I /1 dedydzd(z +y+ 2 — 1)2!
ABC |, [xA+yB + 2C?

Where,
A=(k—q)?—m? B=k>—m?, C=(k—py)* —m?

w

r=zy,y=1—x,z=2z(l —y).

9w (L =77), 1

V2

(574 (1 = ") (k — ¢ 4+ ma)y? (F + mu)y.(1 — ~°)b]
[(k —q)? = m{][k? — m7][(k — pp)* — m?2]

~€(q)

(4.16)

rA+yB +2C = ay((k — q)° —mi]+ (1 — 2)(k* = my)) + 2(1 = y)[(k — py)* — my,]
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After some algebraic calculation and Feynman parametrization procedure we get

/1 dxdy _ / dxdy
o 2y[(k—q)* —mi]+ (1 - 2)(k* = mf) + 2(1 — y)[(k — py)* — m3)] [2 = AP

Where k = { + qry + xpy, — zypy and A = mZ(1 — z + zy) + z(1 — y)m?2.

w

So,

, ! ! Num

Now calculating Num.

Num = (1 —")(F — ¢ +m )V’ (F + me)y (1 —~°)
= 29"(k — D k(1 =)
= 29"(day + op, — D (day + ap, — wyp, )1 =)

= 29— —ay)g+ 21 —y)p] [zyd + (1 —y)p,Jn.(1—7")  (4.18)

From eqution (4.18) we get four different terms to calculate.

Y (1 =97 = —4da’(1—7")

P Pl =77) = —4dp] (1 =5°) + 2¢mun” (14 )
VP (1 =7 = =g’ (1+9°) + 2magy” (1 +7°)
W P =" = —dmp(1+77)

In several steps we obtain a numerator by using Dirac equation p, (1 — Yo = my(1 +°)b

and €(q).¢° = 0, €(q) is a photon polarization , hence we can neglect the terms proportional
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to ¢°.

Num = 8z(1—xy)(1—y)dp) (1 —+°) — dmyz(1 — zy)(1 — )¢ (1 +7°)

+42%y(1 — y)mwﬁg(l +7°) — 82%(1 — y)2mbpf(1 + 7). (4.19)
Applying the Gordon identity

I
§<pb + pk

] ‘
5 )(1 — 79 = §mb§7“(1 +7°)b + %Ea“yqy(l — %),

and below relations in (4.19))

¢+’ = 1({% - gbz—lw,g],
¢ = (h dl+ {7, q}) ~ [’Y q).

The simplified form of numerator is
Num = [22%y(1 —y) + 220°(1 — y)*Jms[7”, d] (1 + 7). (4.20)

The Amplitude looks like

2 1 1
Y Jw Num

performing integration, the momentum integration [ Mdl = —(4ﬂ+m

—iNum

M = ZV{;th QGZ/ dy/ a:dx QZA)

22%y(1 — y) + 22°(1 — y)2])

A

1
= —W‘/}Z‘Gb%Qembhﬁag](HvS)l d?//o wdz(

~
1

(4.22)
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Calculating

1 1 2 _ 2(1 — )2
7 = /dy/ g2y y);r?w (1—-y)%
0 0

~ [ [ a0

Where A = m2(1 — z + zy) + z(1 — y)m?2.

w

1 1 3
1—
[:/dy/dxM
0 0 A

Using mathematica for solving I we get

5X3 —9X + 6XIn(X)(1 —2X)+4

I = 6mZ (X — 1)1 (4.23)
Where, X = :Z_?%
Plugging I in (4.22])
1 ver G2 5X3 —9X +6XIn(X)(1 —2X) +4 5 5
Mpar = —WVtSthgQ6< 6m2 (X — 1)} )mb[’Y (1 +77)
(4.24)
From effective theory
Gr_ .,
Meff = EVQSthCh < 07,y > (4.25)

O, = —%Ea‘“’(l +A5)bE,

o' F,, — —2ic"q, = —25[7“,7”]%
= [ 4l
emy
Ory = —gisw, dl(1+°)b.
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Gp (—emp\ ., B
Mess = (g ViVuCrish g1+ 7}
Gr _ o
V2 8m?2,
gw em
Mess = =g g ViaViCosl )1+ (4.26)

As comparison of Mp,; = M.s; demands

_5X%—9X +6XIn(X)(1—2X)+4
o 4

BT (4.27)

Cry

The other diagrams are similarly calculated by applying these steps , Eq(4.14) is the sum of
these calculated individual diagrams shown in Flg and (| .
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Chapter

Beyond Standard Model

5.1 Chiral Anomaly

Anomaly cancellation is a key characteristic of SM. It breaks the symmetry by including
quantum effects, anomaly cancellation is important for quantum consistency that is required
for any gauge theory. SM,that is based on gauge group SU(3).®SU(2),®@U(1)y ,is anomaly
free. To renormalize the theory , the conservation law must hold for vector and axial vector

currents. The chiral transformation v — eia(z)WBw holds for Dirac lagrangian

L =ity Dytp — map. (5.1)
As a consequence

Ou (79 ) = 2imapy*y (5:2)

yHy51 defined as JE axial current which is conserved for massless limit and fermions are
massless before electroweak (EW) symmetry breaking . In these massless limits the triangular

loop diagram, as shown in Fig. , having one axial and two vector currents at vertices
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leads to anomaly.
9, gt = (Ly2ep B (5.3)
I A H

where ¢ is coupling constant and F),, is field strength tensor.For an EW theory renormaliz-
ability, it is essential to be anomaly free.

Lagrangian can be written for the gauge coupling bosons and fermions.

Figure 5.1: Triangular anomaly diagram consists of one axial vector and two vector currents,
individually located at each vertex

Lint = 10" (0, + igTEW, )01 + iy (0, + igTEW, )R- (5.4)

The lagrangian 1' gives the result for current j# = a(?)—f@&b as follows

Y2+ i, (L )y (5.5

1—75
2

Jp = 1%’#(

TE and T are the hermitian matrices that obey the lie algebraic rules.
[TaL>TbL] = Z‘fabcT’cLa [Tf7TbR] = Z.fabcTcR

We define unitary transformation such that

v = Uy Where as U = e"x,

o= U Where as U* = ¢-Tr) — o7k
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Where as from above condition

Tp = —T}

(5.6)

Where T = U'TEU if U = I — real representation, U # I — pseudoreal real representa-

tion.

(75,75 = i T
[—TR =Tx] = if*(=Tg)

[T, TR = i f*(TF)
abc 1 a b c
A(R)d = §TT[TR{TR> TR}]
D abc 1 a c
A(R)d™ = §TT[TR{T1%7 THH
Now taking complex conjugate of Eq([5.7)

abe 1 a* * c*
—A(R)™ = STr{-TE{-TY,~T5 )]

D\ jabc 1 a c
A(R)d™ = §TT[TR{T}%aTR}]

From Eq(5.9) and (5.10) we conclude that

(5.7)

(5.8)

(5.11)

To check the SM anomaly, we simply consider the one generation and other two generations

are considered in the similar way. The possible anomalies of SM structure by using Table(2.2))

contents are
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o SU(3). ® SU(3). ® SU(3).:

2A(3) + A(3) + A(3)

)

I
)
I

2A(3) + 2A(3) = 2[A(3) — A(3)]

o SU2). @ SU2); @ SU(2);:

3A(2) + A(2) = 4A(2)

due to real representation A(2) =0

® U(l)y (%9 U(l)y & U(l)y

The U(1) generators are just numbers, we just add the cube of hypercharge of particles

13 _23 13 _13 3
- — - —)»P+101
3 2(5) +3(5 ) +3()° +2(5)° +1(1)
-3 3
=3 170

e SU(3).®SU(3).® SU(2)y:

These are canceled out because of traceless property
1 1
ST (e M) = STrDa, WTrln] =0 Tr[r] =0

similarly SU(2), ® SU(2), ® SU(3). also discarded.

o SUB).®U1)y ®U(1l)y and SU(2); @ U(1)y ® U(1)y :

They also follow the above same condition and get cancelled i.e. Tr[\,] = 0.

o SU3).® SU(3). ® U(1)y:

The contribution of particles to this anomaly SU(3) and U(1) have to obey the following
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condition

1 1
Tr[{T*, T°YT¢] = S0abT* = 5 d v

— %[(é)(g) + (1)(%2) + (1)(%)]
_ro2 L
_2[3 3+3]_

It is observed from the above conditions that the anomaly gets cancelled out in the SM

accidently, hence we come to the conclusion that SM is anomaly free.

5.2 Extension to SM

The literature explains various types of Extensions to SM. For example Super Symmetry
that explain the symmetry between fermions and bosons, Minimal Super Symmetric Model
(MSSM),Grand Unified Theory (GUT), Extra dimensions, String theory etc. Although there
is no experimental verification for such type of theories, yet there are possibilities to build
new model by theorist. Adding Vector-like particle [24] generally R & R to the SM is also
one of the Extensions to SM. The motivation behind this theory is the anomaly cancellation

by itself followed by the following condition.

These particles can be called more specifically as Standard Vector-like Particles. We call
it standard because these Vector-like Particles transform in the same way as SM fermions.

Standard Vector-like Particles and their contents are described in Table((5. 1))
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Table 5.1: Standard Vector-like Particles
| Notation | SU(3). @ SU(2), ® U(1)y |

QoQ (3,2,:)®(3,2,%)
UeU 3. L3®(3,1,35)
Do D (3,1,5)®(3,1,3)
LoL (1,2,3)®(1,2,5)
E®FE (1,1,1) (1,1, 1)
G (8,1,0)
W (1,3,0)

Adjoint representation condition

(T;‘)bc = _ifabc

(Tf)bc = (Tf)Zc = —1fabe = (Tf)bc

Those particles having adjoint representation are not the Vector-like particles due to the
reason they have no contribution to the anomalies. Hence in the Table shows that G
and W do not demand to be Vector-like particle because they are associated to SU(3) and
SU(2) adjoint representations respectively.

We have already calculated the various Higgs decay in chap. [3| by implying the grasped idea

to di-photon resonance as shown in Fig. [5.2] The direct coupling of gauge singlet S with

g it
2 0QQ0Q00, ANV
_——— - - S —_— - -
0 L,Q
9 Y
00000004 AN

Figure 5.2: Production and di-photon decay at loop level containg gauge singlet S

SM quarks is not possible to produce S from gluon fusion. After that S can be decayed
into gg(gluons) and 7+ (photons) through loop diagrams as shown in Fig. via standard

Vector-like particles. When LHC announces the di-photon excesses, the gg — S — ~7 signal
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has been investigated and analyzed. The S production dominated by gluon fusion, can be

delineated by decay widths: S — gg and S — v

iF(S — gg)I'(S = vy) (5.12)

o(gg =S =) = P

Where C,, is the integral that describes the parton distribution functions of gluons, which
is numerically defined as [25]: Cy, = 2137 at /s = 13TeV and Cyy = 174 at /s = TTeV.
Where my and Iy are defined as mass and total decay width of S respectively. The S

decay to gluons and photons are defined [26].

N
T(S — gg) = OémﬂzyFA +ZF:£A( )2 (5.13)
99 = 1o8gs mb '
a=1 b=1
N
IS = 7) = “mS|ZyF )+ Y N lpa ) (54
TV 956 %Ta —mfh T3 3\t .

2
7; defined as 7; = 4(%)2, where 7 = a, b. A% is a loop function and defined as
F

B R GR IV(Ch)

1
2 T

Where f(z) function reads as

arcsin® \/z, for x < 0.
fw) = (5.15)

—i[logir = _ir]2, forz > 1.

8 |

1—

8 |-

We replace the Higgs H with gauge singlet S. The reason is H, S and Vector-like particles
Q. Q transform under SU(3). ® SU(2), @ U(1)y as (1,2,3), (1,1,0) and (3,2, 3), (3,2, %)
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respectively. Let’s check the consistency of the theory as shown below.
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HQQ transform under SU(3). @ SU(2), @ U(1)y

SUB) : 1x3x3=1a..

SU(2) : 2x2x2#1@ ..
1 1

SQQ transform under SU(3). ® SU(2);, ® U(1)y

SUB) : 1x3x3=1®...

SU(2) @ 1x2x2=1&...

1 1
Uil) : 0—=+4+-=0
(1) st

The following condition must hold to respect the theory to be consistent for all possibilities
of gauge singlet S, Higgs H, all Vector-like and SM particles. Whereas vector-like and SM

particles are denoted by .

e M) transform under SU(3),

1x3x3 v
I1x1x1 v
1x1x3 X
1x1x3 X
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e St) transform under SU(3),

1x3x3 v
1x1x1 v
1x1x3 X
1x1x3 X
e Hun) transform under SU(2),
2X2x%2 X
2x1x1 X
2x1x2 v
e Syn) transform under SU(2);,
1x2x2 v
1x1x1 v
1x1x2 X

e Hiyp and Syt transform under U(1)y

Svi- ‘
> Yi#0 x

As from the above discussion it is clear that H does not couple with Vector-like particles
through yukawa coupling therefore the gauge singlet S is replaced and it couples through

yukawa coupling. This may work for new physics beyond standard model.
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From Fig. [5.3| the lagrangian [27] can be written as

v, Z, WE g9
AVAVAVAVAVAVAVAY nQOQQQOQ~
5 S
—_——————— A _ —_—————— 4
L,Q Q
~, Z, WE g
AVAVAVAVAVAVAVAV QOQQQOQ~

Figure 5.3: S couples to SM gauge bosons involving a Vector-like fermions in loop

_ 2 A _
Lpsy = Lsy +YSFF + %\SF + @54 +mpFF + kinetic term. (5.16)

As F=Q,U, D, L, E Vector-like particles

The motivation given by Vector-like theory can be applied further on flavor physics sector.
The Wilson coefficient C7, in the SM is calculated in sec. that can be calculated by
applying Vector-like particle with gauge singlet instead of SM particles. Our future goal is
to calculate the diagram as shown in Fig. by using the motivation of above discussion.

In these types of penguin diagrams as shown in Fig. that are involved in calculation of

8 F

Figure 5.4: Loop diagrams consisting of gauge singlet S and Vector-like fermions F

C7,, we replace W with S and instead of SM fermion we want to use Vector-like fermions.
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Conclusion

The construction of SM Lagrangian was analyzed by using the tool i.e. gauge theory and
renormalizability. SM structure has been reviewed briefly and put forward the concept of
Higgs mechanism to realize masses in gauge theory. Despite plentiful successes of the SM,
still Higgs boson was not discoverd. For the existence of Higgs boson it is mandatory to
analyze its production and decay modes. There are theoretical and experimental constrains
on the Higgs mass range. In this dissertation we explicitly calculated the decay rate at
tree level such as H — ff, AA where A = W*, Z and at loop level such as H — gg
and vy and analyzed its branching ratio. The loop level calculation exhibits divergences
and to remove these divergences we have used the technique of dimensional regularization,
Feynman parametrization etc. Furthermore, we introduced the intuition towards effective
field theory, which is the precise tool in the description of weak decays described by effective
Hamiltonian that can be written as the summation of local operators with weight factor of
Wilson coefficients, which can be determined by using the matching condition of effective to
full theory. We also studied magnetic dipole operator which governs the decay b — sy and
computed explicitly the corresponding Wilson coefficient C7,. When LHC announced the di-
photon excesses, the gg — S — 7 signal was investigated and analyzed. The S production
dominated by gluon fusion, can be delineated by decay widths: S — gg and S — ~vv. In

which the gauge singlet S replaced the Higgs H. We applied the above motivation to flavor
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Physics. As we know that SM is verified by experimental data, but there are still some
problems with SM, to solve these problems one goes beyond SM by using various types of
extensions. We used "adding Vector-like particles", that is one of the extensions to SM. Our
future perspective is to calculate C7, Wilson coefficient penguin loop diagrams by replacing

the SM particles with Vector-like particles and gauge singlet.
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