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Chapter 1

Introduction

Standard Model has been proved experimentally to be a good model

for explaining the behavior of subatomic particles. The gauge group of

the Standard Model is SUp3qC ˆ SUp2qL ˆ Up1qY . The Standard Model

describes three of the four fundamental forces of nature: the strong force,

the weak force, and the electromagnetic force. The fundamental particles

in the Standard Model are divided into two groups: fermions and bosons.

Fermions include quarks and leptons, which make up all matter. Bosons

include force carriers such as photons, W and Z bosons, and gluons. In

the scalar sector, Standard Model have Higgs Doublet. But there are some

phenomena which cannot be explained on the basis of Standard Model.

There are many theories and models trying to explain these phenomena.

One of these is the Z 1 model which is an extension of the Standard Model

of particle physics. Here, I have worked on a minimal Z 1 model[1]. The

gauge group for Z 1 model is SUp3qC ˆ SUp2qL ˆ Up1qY ˆ Up1qX . There

is an extra gauge boson in Z 1 model in addition to the ones in Standard

Model. In the scalar sector, Z 1 Model (used here) have Higgs Doublet and

an additional Higgs scalar. This also adds an extra Higgs particle apart

from that of the Standard Model. The model can be implemented us-

ing FeynRules which is a powerful tool for generating Feynman rules and

amplitudes for particle physics models. Feynrules requires model file and

Lagrangian written in the Wolfram language. Model file contains various

classes like particle class, parameter class, Gauge group class etc. We can
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have a single model file or different files separately like parameter file and

particle file. The Lagrangian is written during the mathematica session.

The output of FeynRules is input to MadGraph which is a software package

to generate simulated events. Events generated at colliders can be simu-

lated with the help of Monte Carlo generators. Madgraph can be used to

obtain cross-section and various histogram plots. By selecting a suitable

process involving Z 1 particle, we can obtain the cross-section results. If

mass of the Z 1 particle is changed, the cross-section also changes. We can

draw graph of cross-section versus mass of the Z 1 particle. This graph from

simulation can be compared with the graph obtained from experiments[2].

1.1 Implementation Flow

The implementation flow of the procedure used here can be under-

stood from the following diagram :-

Figure 1.1: Flow Chart

FeynRules is a Mathematica-based package which addresses the im-

plementation of particle physics models. For implementing a new model

in FeynRules, we need two things : Model File and Lagrangian. In Feyn-
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Rules, a model file is a text file that contains the information needed to

define a particular model, including its particle content, interactions, and

symmetry properties. The Lagrangian is a mathematical function that de-

scribes the dynamics of a system. It includes the interaction terms which

define a particular theory. The model file have various classes. The classes

have information of fields, parameters and gauge group of model which. All

the fields including scalar, Dirac and vector fields are defined in a particle

class. After running the FeynRules, a FeynRule file is created. It is written

in the Universal FeynRules Output (UFO) format ( interface ), which is a

standardized format used by various software tools to generate Feynman

diagrams and perform other calculations related to the model. The Feyn-

Rules file typically includes information about the particle content of the

model, including the masses, quantum numbers, and interactions of each

particle. It also includes information about the vertices and couplings be-

tween particles, as well as any additional parameters that are relevant for

the model. A Feynrule can be now used for anyone of the Monte Carlo gen-

erators. We don’t have to write different codes for different Monte Carlo

generators.

3



Chapter 2

Z 1 Model

In Beyond Standard Model physics, Z 1 Models are the most common.

Here , we will discuss minimal Z 1 model. We have to add one more symme-

try group (U(1)) which is the simplest thing we can do. The gauge group is

SUp3qC ˆSUp2qL ˆUp1qY ˆUp1qX . The consequence is that we get a new

vector boson Z 1 in addition to three vector bosons of the standard model.

2.1 Gauge Sector

Since we have an extra symmetry group in Z 1 Model, there are four

gauge bosons in the theory. The Lagrangian[3] is given by :-

LGauge “ ´
1

4
W µν

a W a
µν ´

1

4
BµνBµν ´

1

4
XµνXµν ´

sinχ

2
BµνXµν (2.1)

Here, W µν
a is for SU(2) group ( a goes from 1 to 3 for three W gauge

bosons), Bµν for Up1qY and Xµν for Up1qX symmetry group. The last term

in Lagrangian depicts that we have a gauge kinetic mixing term for two U(1)

group gauge bosons and it can be controlled through the χ parameter. This

gauge kinetic mixing term is the only possible gauge invariant term for the

Lagrangian. So, all the other possible combinations are not allowed. But,

we want our kinetic terms in the Lagrangian to be canonically diagonal.

So, we perform a linear transformation as following :-

4



¨

˝

B
1

µ

X
1

µ

˛

‚“

¨

˝

1 sinχ

0 cosχ

˛

‚

¨

˝

Bµ

Xµ

˛

‚ (2.2)

Such a transformation leads to a U(1) charge shift[4]. The inverse

transformation can be written as follows :-

Bµ “ B
1

µ ´ tanχX
1

µ (2.3)

Xµ “ secχX
1

µ (2.4)

The definitions for covariant derivatives are as :-

DµΦ “ pBµ ´ ig
τa
2
W a

µ ´ i
gY
2
Bµ ´ igx

xϕ

2
XµqΦ (2.5)

DµS “ pBµ ´ i
gx
2
XµqS (2.6)

After the linear transformation, the expressions for covariant derivatives

are changed which are as following :-

DµΦ “ pBµ ´ i
g

2
pτaW

a
µ ´ tan θwB

1
µ ´ tan θxx

1
ϕX

1
µqqΦ (2.7)

DµS “ pBµ ´ ig tan θx
xϕ

2
X 1

µqS (2.8)

Where we have defined,

tan θw “
gY
g

(2.9)

tan θx “
g1
x

g
(2.10)

g1
x “ gx secχ (2.11)

5



x1
ϕ “ xϕ ´

gY
gx

sinχ (2.12)

After spontaneous symmetry breaking, the scalar fields in the unitary

gauge can be written as following:-

Φ “

¨

˝

0

v`ϕ0?
2

˛

‚ (2.13)

S “
vs ` s

?
2

(2.14)

where v and vs are vacuum expectation values of Φ and S respectively.

The mass terms for the gauge bosons can be found out as following :-

L “ pDµΦq
:
pDµΦq ` pDµSq

:
pDµSq (2.15)

We can write the neutral gauge boson mass matrix in the basis where

the gauge kinetic terms are diagonal (means selectingW 3
µ ,B1

µ andX 1
µ). The

next step is to make this matrix diagonal. Here, unphysical gauge bosons

W 3
µ , B

1

µ and X
1

µ furthur mix to give the required physical gauge bosons Aµ,

Zµ and Z
1

µ. Since there are three fields to be changed, we need two rotation

angles here (namely Weinberg angle(θw) and Z-Z 1 mixing angle(αz)).

LMass “
1

2
pW 3

µ B1
µ X 1

µqM2

¨

˚

˚

˚

˝

W 3
µ

B1
µ

X 1
µ

˛

‹

‹

‹

‚

(2.16)

where M2 is given by :-

M2
“

g2v2

4

¨

˚

˚

˚

˝

1 ´ tanpθwq ´x1
ϕ tanpθxq

´ tanpθwq tan2pθwq x1
ϕ tanpθxq tanpθwq

´x1
ϕ tanpθxq x1

ϕ tanpθxq tanpθwq tan2pθxqpr2 ` x
12
ϕ q

˛

‹

‹

‹

‚

(2.17)

The diagonalization can be done as following :-
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M2
“ OT

g M
2
DOg (2.18)

Where M2
D is the squared diagonal gauge boson mass matrix. The diago-

nalization is a two step process here with rotation angles namely Weinberg

angle(θw) and Z-Z 1 mixing angle(αz). Here, M
2
D and Og are given by :-

M2
D “

¨

˚

˚

˚

˝

M2
A 0 0

0 M2
Z 0

0 0 M2
Z1

˛

‹

‹

‹

‚

(2.19)

Og “

¨

˚

˚

˚

˝

cos θw sin θw 0

´ sin θw sinαz cos θw cosαz sinαz

sin θw sinαz ´ cos θw sinαz cosαz

˛

‹

‹

‹

‚

(2.20)

Photon mass ( MA ) is zero in the equation 2.19. The expression for

the transformed fields are given by :-

B
1

µ “ cos θwAµ ´ sin θw cosαzZµ ` sin θw sinαzZ
1

µ (2.21)

W 3
µ “ sin θwAµ ` cos θw cosαzZµ ´ cos θw sinαzZ

1

µ (2.22)

X
1

µ “ sinαzZµ ` cosαzZ
1

µ (2.23)

2.2 Scalar Sector

In the standard model, we have a scalar doublet (Higgs Doublet).

Here in the Z 1 Model, we have an additional singlet scalar. The Up1qX

group is broken by this singlet scalar. The scalars are defined as following

:-

ϕ “ p1, 2, 1{2,
xϕ

2
q (2.24)

S “ p1, 1, 0, 1{2q (2.25)

7



The quantities inside the parentheses characterize the transformation

properties under the gauge group of the Z 1 Model. The first two numbers

tell that whether the multiplet is a singlet or a doublet under SUp3qC

and SUp2qL groups. The last two numbers are hypercharges of Up1qY and

Up1qX groups respectively. The Lagrangian for the scalar sector is given

by :-

LScalar “ pDµΦq
:
pDµΦq ` pDµSq

:
pDµSq ´ V pΦ, Sq (2.26)

Where V(Φ,S) , Φ and S are given by :-

V pΦ, Sq “ ´µ2
ϕpΦ:Φq ´ µ2

spS
:Sq ` λϕpΦ:Φq

2
` λspS

:Sq
2

` λϕspΦ
:ΦqpS:Sq

(2.27)

Φ “

¨

˝

´iGW

v`ϕ0`iGZ?
2

˛

‚ (2.28)

S “
vs ` s ` iGZ1

?
2

(2.29)

Here, Gθ, GP and GZ1 are the Goldstone bosons corresponding to Z,

W and Z 1 bosons respectively. In the Unitary Gauge and after spontaneous

symmetry breaking, Φ and S become as following :-

Φ “

¨

˝

0

v`ϕ0?
2

˛

‚ (2.30)

S “
vs ` s

?
2

(2.31)

When the equations 2.30 and 2.31 are put in equation 2.27, the mass

terms have mixing term for fields ϕ0 and s. So, we need to diagonalize

the mass matrix to get the physical Higgs Scalars. The mass terms in the

Lagrangian are as following :-

VScalar “ λϕv
2

ˆ ϕ2
0 ` λϕsv ˆ vs ˆ s ˆ ϕ0 `

λsv
2
s ˆ s2

2
(2.32)

8



The diagonalization involves rotation through one angle only (namely

θs) which is done as following :-

¨

˝

2 ˆ λϕv
2 λϕsv ˆ vs

λϕsv ˆ vs 2 ˆ λsv
2
s

˛

‚“ OT
s

¨

˝

M2
H 0

0 M2
H 1

˛

‚Os (2.33)

Here, MH and MH 1 are the masses of physical Higgs masses. Os is

the rotation matrix with Higgs mixing angle (θs) defined as following :-

Os “

¨

˝

cos θs sin θs

´ sin θs cos θs

˛

‚ (2.34)

From the equations 2.33 and 2.34, we get

¨

˝

2 ˆ λϕv
2 λϕsv ˆ vs

λϕsv ˆ vs 2 ˆ λsv
2
s

˛

‚“

¨

˝

M2
H cos2 θs ` M2

H 1 sin2 θs sin θs cos θspM
2
H ´ M2

H 1q

sin θs cos θspM
2
H ´ M2

H 1q M2
H sin2 θs ` M2

H 1 cos2 θs

˛

‚

(2.35)

The coefficients of fields in the scalar potential ( in equation 2.32)

are related to the physical Higgs masses. The relations are as following :-

2 ˆ λϕv
2

“ M2
H cos2 θs ` M2

H 1 sin2 θs (2.36)

2 ˆ λsv
2
s “ M2

H sin2 θs ` M2
H 1 cos2 θs (2.37)

λϕsv ˆ vs “ sin θs cos θspM
2
H ´ M2

H 1q (2.38)

The Spontaneous Symmetric Breaking occur as following :-

SUp2qL ˆ Up1qY ˆ Up1qX Ñ Up1qEM (2.39)

Here we can see that only the electromagnetic symmetry group is left un-

broken. This is evident from the selection of electric charge expression as

9



following :-

Q “ T3L ` Y (2.40)

, where T3L and Y are the third generator of SUp2qL and the hypercharge

related to Up1qY respectively.

10



Chapter 3

FeynRules

FeynRules is a Mathematica-based package which addresses the im-

plementation of particle physics models and provides a set of functions for

defining particle content, interactions, and parameters of a new model. We

have used the Wolfram Mathematica 12.0 version here. It calculates

the underlying Feynman rules and outputs them to a form appropriate

for various programs such as CalcHep, FeynArts, MadGraph5, Sherpa and

Whizard. Since Feynman rules produced can be output to various event

generators, an interface is required (e.g. UFO Interface). Here, I have

implemented Z 1 Model. We need FeynRules for the following reasons:

1. Each event generator uses its own syntax for a new model. Learning

one syntax did not transfer to another generator.

2. Implementing a new model often required the modification of the

event generator code itself. These implementations did not transfer

well between theorists or to experimentalists.

FeynRules Specifications

Version: 2.3.49

Authors: A. Alloul, N. Christensen, C. Degrande, C. Duhr, B. Fuks

Website: http://feynrules.phys.ucl.ac.be

11



3.1 Model Description

To use FeynRules [5], the user must start by entering the details of

the new model in a valid mathematica syntax (Wolfram Language). Model

file contains all of the information needed for a model or a theory. These

definitions can be placed in a pure text file with .fr extension. The different

type of information is included in various classes. All classes can be in a

single file or we can make separate files for classes (e.g. for parameters,

fields(particles), etc.). The main model file ZPrime.fr is shown in figure

3.1 and 3.2 .

12



Figure 3.1: Model file describing general model information, vacuum ex-
pectation values and Gauge groups ( Screenshot 1 )

13



Figure 3.2: Model file describing indices , interaction order hierarchy and
calling of parameter and particle files ( Screenshot 2 )

1. Model Information

Just like any programming language, the model information is stored

in some variables. The variables in Wolfram language are defined

with M$Variablename This contains general information about the

model. It includes model name. The model information have options

such as authors, institute, date and email IDs etc. The variable

M$Information acts as an electronic signature of the model. Lorentz

and Spin indices are defined by default in FeynRules. Indices are

defined by Index[].

2. Gauge Group

The structure of the interactions of a model is in general dictated by

gauge symmetries. In Z 1 model, Gauge group is

SU(3)ˆSU(2)ˆU(1)ˆU(1). The options used in this class are Abelian,

Coupling Constant, Charge etc. Since, we have doublets for SU(2)

group, generators are used in the two-dimensional representation ( τa
2
).

These are defined in line number 51.

14



3. Model Parameters

Lagrangian is in terms of parameters and fields. So, for listing all the

parameters, we need a parameter class. Parameters can be internal

or external. The parameters directly taken from the experiments are

external and the parameters derived from the external or/and inter-

nal parameters are internal parameters. There are various options for

a particular parameter like value, parameter type, complex parame-

ter type, interaction order etc. There are total 46 parameters in Z 1

model. The external parameters are defined from line numbers 7 to

150. Apart from the Standard Model model file, we have four new

external parameters in Z 1 model namely saz, rs, sts and tx. Here,

the details are included in parameterszp.fr file which is given by :-

15



Figure 3.3: Parameter file describing parameters aEWM1, Gf, aS, ymdo,
ymup, yms and ymc ( Screenshot 1 )
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Figure 3.4: Parameter file describing ymb, ymt, yme, ymm, ymtau, cabi
and saz ( Screenshot 2 )
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Here, gs, αEW and ee are strong coupling constant in natural units,

fine structure constant in natural units and electric coupling constant

respectively. 1ee1 defined here is equivalent to electric charge(e). 1α1
s

is the strong coupling constant at the Z pole ( an experimental or

external parameter ). At the line numbers 154, 163 and 170, gs,

αEW and ee are defined respectively as :-

gs “
?
4π ˆ αs (3.1)

αEW “
1

aEWM1
(3.2)

ee “
?
4π ˆ αEW (3.3)

18



Figure 3.5: Parameter file describing rs, st, gs, aEW and ee ( Screenshot 3
)

Fermi constant ( Gf ) is related to vacuum expectation value ( vev )

of scalar doublet and vev is expressed in terms of Gf at line number

180.

Gf “
1

?
2 ˆ vev2

(3.4)

We know, Weinberg angle(θw) is related to mass of W and Z bosons

as :

cos θw “
MW

MZ

(3.5)

19



MW “
gw ˆ vev

2
(3.6)

1g1
w is weak coupling constant of SUp2qL group ( At the line number

47 in ZPrime.fr ). From equations 3.5 and 3.6, Ge2 is defined at line

number 188 as :-

Ge2 “
gw

2 ˆ cos gw
“

MZ

vev
(3.7)

We know,

ee “ gw ˆ sin θw (3.8)

Using equations 3.5, 3.7 and 3.8, we get

sin 2θw “
ee

Ge2
(3.9)

From equation 3.9, Weinberg angle (θw) is defined at line number 196

( th ) as :-

θw “
arcsin ee

Ge2

2
(3.10)

From th ( θw ), internal parameters cw, sw and tw are defined at line

numbers 204, 212 and 220 respectively. Parameter MW is defined

at the line number 229 as :-

MW “ MZ ˆ cw (3.11)
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Figure 3.6: Parameter file describing vev, Ge2, th, cw, sw, tw and MW (
Screenshot 4 )
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We know, mass of W boson is given by :-

MW “
gw ˆ vev

2
(3.12)

From equations 3.11 and 3.12, gw is defined at the line number 237

as:-

gw “
2 ˆ MW

vev
(3.13)

Up1qY coupling constant ( g1 ) is the coupling constant of Up1qY group

( At the line number 34 in ZPrime.fr ). Up1qY coupling constant ( g1

) and scalar singlet vacuum expectation value ( vevs ) are defined at

line numbers 247 and 256 respectively as :-

g1 “ gw ˆ tw (3.14)

vevs “ rs ˆ vev (3.15)

From the diagonalization procedure of gauge boson mass matrix (

here rs is the ratio of Higgs singlet to doublet vacuum expectation

values ), the following relations are obtained :-

M2
Z cos2 αz ` M2

Z1 sin2 αz “
M2

W

cos2 θz
(3.16)

M2
Z1 cos2 αz ` M2

Z sin2 αz “ M2
W tan2 θx ˆ pr2s ` x12

ϕ q (3.17)

pM2
Z1 ´ M2

Zq sin 2αz “
2x1

ϕ tan θxM
2
W

cos θw
(3.18)

From equations 3.16, 3.17 and 3.18, internal parameters dm1, dm2 ,

xpp2 and xpp are defined at the line numbers 264, 273, 283 and 292

respectively. These are given by :-
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dm1 “ 2pM2
Z1 ´ M2

Zq ˆ saz ˆ
a

1 ´ sa2z (3.19)

dm2 “ M2
Z1 cos2 αz ` M2

Z sin2 αz (3.20)

xpp2 “
r2s cos

2 θw ˆ dm2
1

4M2
W ˆ dm2 ´ cos2 θw ˆ dm2

1

(3.21)

xpp “
?
xpp2 (3.22)
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Figure 3.7: Parameter file describing gw, g1, vevs, dm1, dm2, xpp2 and
xpp ( Screenshot 5 )
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Figure 3.8: Parameter file describing tx, gxp, chi, sc, tc and gx ( Screenshot
6 )

We know , the relation between modified coupling constant of Up1qX

group ( g1
x ) and weak coupling constant ( gw) as :

tan θx “
g1
x

gw
(3.23)

So, g1
x is defined in parameter file by gxp at line number 302 using

equation 60 as :
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gxp “ gw ˆ tx (3.24)

We know,

g1
x “

gx
cosχ

(3.25)

x1
ϕ “ xϕ ´

g1 ˆ tanχ

g1
x

(3.26)

Using 3.26 and 3.27, χ is expressed as :

χ “ arctan
px1

ϕ ´ xϕqg1
x

g1
(3.27)

It is defined at the line number 312. The internal parameters sc, tc

and gx are defined at the line numbers 321, 330 and 340 respectively

as :-

sc “ sinχ (3.28)

tc “ tanχ (3.29)

gx “ g1
x ˆ

?
1 ´ sc2 (3.30)

1g1
x is the coupling constant of Up1qX group ( At the line number 41

in ZPrime.fr ). Using the equations 2.36, 2.37 and 2.38, ls, µS, lHS,

lh, µH are defined at the line numbers 351, 361, 370, 381 and 390

respectively. 1µ1
S and 1µ1

H are the coefficients of quadratic piece of the

scalar singlet potential and scalar doublet potential ( scalar sector

) respectively. 1ls1 and 1lh1 are the coefficients of quartic piece of

the scalar singlet potential and scalar doublet potential respectively.

1l1HS is the coefficient of mixing term between scalar singlet and scalar
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doublet fields in the scalar potential part of the Lagrangian. These

are given by :-

ls “
st2s ˆ M2

H ` p1 ´ st2sq ˆ M2
H 1

2 ˆ vevs ˆ vev
(3.31)

µS “

c

vevs2 ˆ ls `
lHS ˆ vevs2

2
(3.32)

lHS “

a

1 ´ st2s ˆ sts ˆ M2
H ˆ M2

H 1

vev ˆ vevs
(3.33)

lh “
p1 ´ st2sqM

2
H ` st2s ˆ M2

H 1

2 ˆ vev2
(3.34)

µH “

c

vev2 ˆ lh `
lHS ˆ vev2

2
(3.35)
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Figure 3.9: Parameter file describing ls, muS, lHS, lh, muH and yl ( Screen-
shot 7 )
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The internal parameters yl, yu, yd and VCKM are defined at the line

numbers 399, 410, 421 and 434 respectively. The parameters yl,

yu, yd are the lepton, up-type quark and down-type quark Yukawa

couplings respectively. 1V 1
CKM is the CKM matrix parameter in our

model.

Figure 3.10: Parameter file describing yu, yd and CKM ( Screenshot 8 )

4. Particle Classes

The fields used in the Lagrangian are described in model file by par-

ticle classes. The particle classes are labeled according to the spins

of the particles.( E.g. S-Scalar Field ,F-Dirac Field,V-Vector Field).

The options used in particle class are like Class Name, SelfConjugate,

Mass, PDG, Width etc. This all information is included in file par-

ticleszp.fr which is as following :-
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The physical vector fields ( Gauge Bosons ) A, Z, W, G and Zp are

defined at the line numbers 7, 19, 31, 45 and 61 respectively.

Figure 3.11: Particle file describing physical vector fields A, Z, W and G (
Screenshot 1 )
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Using equations 2.2, 2.21 , 2.22 and 2.23, unphysical vector fields B,

Bp, X, Xp and Wi ( W1, W2 and W3 ) are defined at the line numbers

85, 94, 103, 112 and 123 respectively. Fields W1 and W2 combine

to give physical fields W` and W´ ( As in the Standard Model )

Figure 3.12: Particle file describing fields Zp, B, Bp, X and Xp ( Screenshot
2 )
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Fields vl and l are defined at the line numbers 132 and 149 respec-

tively. Physical fields ’vl’ and ’l’ are the neutrino and lepton fields (

for three generations ) respectively.

Figure 3.13: Particle file describing fields Wi, vl and l ( Screenshot 3 )
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Fields uq, dq, LL and lR are defined at the line numbers 166, 183,

285 and 215 respectively. ’LL’ fields are lepton doublets defined

for all the three generations. Fields in ’LL’ field are operated with

ProjM[,] to get the left handed part of the field. ’uq’ and ’dq’

are the physical fields corresponding to up-type quarks and down-

type quarks respectively. ’lR’ are the right handed lepton fields ( for

electron, muon and tau ). The right handed neutrino is not included

in our Z 1 model. These are given by :-

LL “

¨

˝

vl

l

˛

‚

L

(3.36)

Where L stands for left handed part. Fields QL, uR, dR, H and

Hp are defined at the line numbers 224, 235, 244, 260 and 275

respectively. QL fields are quark doublets defined for all the three

generations. ’uq’ and ’dq’ in ’QL’ field are operated with ProjM[,]

operator to get the left handed part of the field. For getting the right

handed part of the field, we need ProjP[,] operator. ’uR’ and ’dR’

are right handed part of the fields ’uq’ and ’dq’ respectively ( for

three generations ). These are given by :-

QL “

¨

˝

uq

CKM ˆ dq

˛

‚

L

(3.37)

Where L stands for left handed part of the field.

33



Figure 3.14: Particle file describing fields uq, dq, LL and lR ( Screenshot
4 )
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Fields H and Hp are the physical scalar fields of Z 1 Model.

Figure 3.15: Particle file describing fields QL, uR, dR, H and Hp ( Screen-
shot 5 )
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Fields hd, G0, GP and GZp are defined at the line numbers 298,

303, 317 and 336 respectively. G0, GP and GZp are the Goldstone

bosons corresponding to Z, W and Z 1 bosons respectively. We know

that,

¨

˝

hd

ss

˛

‚“

¨

˝

cos θs ´ sin θs

sin θs cos θs

˛

‚

¨

˝

H

Hp

˛

‚ (3.38)

Figure 3.16: Particle file describing fields hd, G0, GP and GZp ( Screenshot
6 )
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Fields ss, Phi and Su are defined at the line numbers 359, 372 and

383 respectively. ’hd’ and ’ss’ are the unphysical scalar fields and are

defined using the equations 3.38. Fields Phi and Su are the scalar

doublet and scalar singlet fields respectively. They are defined using

the equations 2.28 and 2.29.

Figure 3.17: Particle file describing fields ss, Phi and Su ( Screenshot 7 )

3.2 Lagrangian

The Lagrangian in the Wolfram Language ( in mathematica ) for Z 1 is

shown in the figure 3.18. The Lagrangian has four parts namely LYukawa,

LFermions, LGauge and LScalar. LYukawa and LFermions are the same as

that of the Standard Model. The part of the Lagrangian including ghost

fields is not included in the model.
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Figure 3.18: Lagrangian

3.3 Running The FeynRules

The first thing that must be done when using FeynRules is to load

the package into a Mathematica session. This should be done before any of

the model file is loaded in the kernel. In order to load FeynRules, the user

must first specify the directory where it is stored and then load it. After

the FeynRules package has been loaded, the model can be loaded using the

command LoadModel[].

The Lagrangian is given during the mathematica session. Some points for

Lagrangian are :-

1. FeynRules provides functions that can be used while constructing La-

grangians like DCrϕ, µs for covariant derivative, Garµs for Gamma(

Dirac ) matrix etc.

2. Once the Lagrangian is implemented, several checks are performed

by means of the functions like CheckHermiticity[L], GetInteraction-

Terms[L], GetMassTerms[L] etc.

After the model description is created and the Lagrangian constructed,
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it can be loaded into FeynRules and the Feynman rules are obtained. The

command used is FeynmanRules[L].

UFO Interface

After issuing this command, UFO files needed for MadGraph5 are created

using command WriteUFO[L]. These files are basically python files(.py)

files which contain everything about model like parameters, vertices, par-

ticles etc. With the UFO files, there is a logfile for our model where we

can check if there are errors in our model like electric charges are defined

correctly or not, lepton number conservation etc.
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Chapter 4

MadGraph

MadGraph[6] is a software package which allows physicists to study

the properties of particles and their interactions in a simulated environment

that can be used to make predictions for experimental results. MadGraph

uses Monte Carlo techniques to generate events, which means that it uses

random numbers to simulate the behavior of particles in a collision. The

simulated events can be compared to experimental data to test theoretical

models and make predictions for future experiments. It can be used for

finding scattering cross-section and generating events.

4.1 Installation

Here , I have used MadGraph5aMC@NLO. MadGraph5aMC@NLO

is the new version of both MadGraph5 and aMC@NLO that unifies the LO

and NLO lines of development of automated tools within the MadGraph

family. The installation procedure is shown in the figure 4.1

Website: https://launchpad.net/mg5amcnlo

Software Requirements

Python 3.9, gfortran compiler

Others

MadAnalysis5, lhapdf6 ( These can be installed in MadGraph by Install

command )

The various steps required for generating the events using MadGraph
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Figure 4.1: Installation

are shown in the figure 4.6. These are explained as follows :-

1. Importing model The UFO Files folder created in the model folder

must be copied to the directory of MadGraph (models folder of bin).

Then, it can be imported by issuing command : import model

modelname.

2. Generating a Process A process can be generated by generate

p1 p2 ą p3 p4. There must be a space between different symbols of

particles used in MadGraph. We can add different processes together.

We want a process where somehow Z 1 boson is involved. There are

different ways by which Z 1 particle can be produced and decayed. It

can be produced by pp collision or electron-positron collision. Simi-

larly, it can decay to dilepton pair or to W` and W` particles. But

we have chosen the process in equation 76. I have used the experi-

mental data of Large Hadron Collider with the ATLAS detector[2].

LHC is a hadron collider and so have used pp collision to produce

Z 1. The decay width of Z 1 to dilepton state is maximum or is the

dominant channel in Z 1 decay.

pp ą zp ą e ` e´ (4.1)

When we upload the UFO files of a particular model, the particle def-
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initions and symbols are defined. Here p means proton, zp means Z 1

boson and e+ e- means positron and electron respectively. In terms

of MadGraph, two new particles are included in Z 1 model apart from

the particles in the Standard model ( namely zp and hp ).

3. Feynman Diagrams .

The diagrams can be displayed by issuing the command : display

diagrams. The Feynman diagrams for our selected process are as

shown below :-

Figure 4.2: Feynman Diagram ( Screenshot 1 )
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Figure 4.3: Feynman Diagram ( Screenshot 2 )

Figure 4.4: Feynman Diagram ( Screenshot 3 )
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Figure 4.5: Feynman Diagram ( Screenshot 4 )

4. Launching the Process For event generation, our whole event data

must be stored in a folder. This is done by output foldername( here

output zp1). Then we have to launch process by Launch command

(launch foldername). There are various sub folders in this folder

like Cards, Events, bin etc.

Figure 4.6: Event Generation

After issuing the command open index.html, the results page will

be displayed on the browser screen.

A run for our selected process is given by :-
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Figure 4.7: Sample Run

4.2 Cards Files

Cards files are the input files to the MadGraph. They include all

the information regarding event generation and the chosen process. There

are many types of card files. The commonly needed ones are run card,

parameter card, Mad-analysis parton card, plot card etc. These files can

be changed individually or during the run time. For our selected process,

the following card files are changed :-

1. Run Card In the run card, the number of events and the energy of

colliding beams are changed. There are other things also but they

are already set by default like rapidity , minimum invariant mass of

dilepton pair etc. An example is as following :-

100000 = nevents ! Number of unweighted events requested

6500.0 = ebeam1 ! beam 1 total energy in GeV

6500.0 = ebeam2 ! beam 2 total energy in GeV

2. Parameter Card Parameter card contains information of the var-

ious parameters of the model. We can change the value of external

parameters during the actual run and don’t need to upload the model

again and again.

3. Mad-Analysis Parton Card This card includes the information
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regarding plot range and luminosity. An example is as following :-

set main.lumi = 36

plot M(e-[1] e+[1]) 40 0 500 [logY ]

4. Plot Card This card includes the information of plots and their

definitions in the MadGraph.

4.3 Plots

For every run of the process, we get a cross-section value in pico-

barns. Each run consists of a number of events which information is given

in the run card. The total scattering cross-section depends on various

factors like centre-of-mass energy of colliding particles, mass of a particular

particle etc. Here, we are changing the mass of Z 1 particle ( MZp name in

FeynRules code ). Furthur, decay width of Z 1 particle is also changed as the

mass is changed. A single run is done for a particular value of sinpαz) and

rs (ratio of singlet to doublet vacuum expectation values). As MadGraph

takes input as python files, we can make a script file written in python to

have runs queued one after other. Since mass of Z 1 particle is changed from

0.5 TeV to 5 TeV, part of script file code for 500 GeV to 700 GeV is as

shown below :-

Instead of making a scipt file, we can also give range of the particular

parameter in the parameter card file. We have changed mass of Z 1 particle

( or MZp parameter in the code with PDG code of 32 ) from 500 GeV to

5000 GeV in our runs. It is given by :-
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Figure 4.8: Script File

We will be plotting mainly two types of diagram here. The first one

is cross-section times branching ratio ( σB in pico barn ) vs mass of Z 1

boson ( MZp in TeV ) diagram. This type of graph is compared with

the experimental data of LHC( Large Hadron Collider ) ALICE detector[2]

(
?
s “ 13TeV, 36fb´1). When compared, there will be a point where both

the graph will intersect. This will give a lower limit on the mass of Z 1

particle. When sine of Z-Z 1 mixing angle (sin(αz)) is changed, we get a

different lower limit on Z 1 particle mass (MZp). So, the second type of

graph is plotted between MZp vs sinpαz).
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Figure 4.9: Parameter Card
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Chapter 5

Results

The data set for all the runs for sinpαzq=0.0001 and the corresponding

graph is shown in the figures 5.2 and 5.1 respectively. The experimental

plot[2] in red colour is shown in figure 5.3. This graph tells us that the

cross-section values have a maximum ( upper limit ) for a particular MZ1 .

Only the values of cross-section which are lower than this maximum value

are possible. So, when the model and experimental graphs are compared,

a lower limit on MZ1 is found near the intersection point. The first type of

graph between σB and MZp is shown for sinpαzq=0.0001 in the figure 5.5.

Figure 5.1: Model Data Plot
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Figure 5.2: Model Data Set
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.

Figure 5.3: Experimental Data Plot 1

Figure 5.4: Experimental Data Plot 2
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Figure 5.5: Combined Plot

The intersection point for the above graph (figure 5.5 ) is at MZp=3.50332

TeV. So, according to this, Z 1 particle cannot have a mass value lower than

3.50332 TeV. Mass limits on Z 1 are found for different values of sinpαzq

parameter. In all these runs, rs and tan θx values are fixed to 40 and 1

respectively. A graph can be plotted between MZp and sin(αz). The data

set points and the graph are shown in the figures 5.6 and 5.7 respectively.

Figure 5.6: Model Data Set 2
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Figure 5.7: Final Plot

5.1 Future

Experimental data has been updated for greater center-of-mass en-

ergy and luminosity. We can find the new lower Z 1 particle mass limits for

new experimental data of hadron collider and electron-positron collider.
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