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Abstract
We describe the implementation of the 4th_Generation_Complex_CKM model using the FeynRules package.

Contents
1 Introduction 2
2 Gauge Symmetries 2
3 Fields 3
3.1 Vector Fields . . . . . . . e 3
3.2 Fermion Fields . . . . . . e 3
3.3 Scalar Fields . . . . . . e 3
3.4 Ghost Fields . . . . . . e 3
4 Lagrangian 6
4.1 Ly .. s 6
4.2 Lo . . e 6
0 S 6
4.4 Ly . . e 6
4.5 Ly o o 6
5 Parameters 7
5.1 External Parameters . . . . . . . . . e e 7
5.2 Internal Parameters . . . . . . . . . e 10
6 Vertices 12
6.1 Ve 12
List of Tables
1 Gauge GroupPS . . . . . o v v vt i e e e 2
2 Indices . . . . . L s 2
3 Physical Vector Fields . . . . . . . . . 0 o e 3
4 Unphysical Vector Fields . . . . . . . . . . 0 e 3
5 Physical Fermion Fields . . . . . . . . . . e 4
6 Physical Scalar Fields . . . . . . . . . o 4
7 Physical Ghost Fields . . . . . . . . . 0 0 e 4
8 Unphysical Ghost Fields . . . . . . . . 0 . e e 5
9 External Parameters . . . . . . . . L e e s 8
10  External Parameters . . . . . . . . . . e 9
11  Internal Parameters . . . . . . . . . . e 10
12 Internal Parameters . . . . . . . . . . e 11

*email: claude.duhr@durham.ac.uk



1 Introduction

We describe the implementation of the 4th_Generation_Complex CKM model using the FeynRules [1] package.

2 Gauge Symmetries

The gauge group of this model is

UlY x SU2L x SU3C.

Details of these gauge groups can be found in Table 1.

G Abeli Gauge | Coupling Ch Structure | Symmetric R Def
roup ehan Boson | Constant arge Constant Tensor ps o
Uly T B gl Y
SU2L F Wi gw Eps FSU2Ly, | FSU2L[a$_, b$_, c$_] — -I Eps[a$, b$,
SU3C F G gs f dSUN T FSU3CJa$., b$_, c¢$.] — -I f[a$, b3, ¢
FSU3C,
Table 1: Details of gauge groups.
The definitions of the indices can be found in Table 2.
Index Symbol | Range
Generation 1-3
QuarkGeneration q 1-4
Colour i 1-3
Gluon a 1-8
SU2W k 1-3

Table 2: Definition of the indices.



3 Fields

In this section, we describe the field content of our model implementation.

3.1 Vector Fields

In this subsection, we describe the vector fields of our model. The details of the physical vectors can be found in Table 3.

Class | SC | T | FI QN Mem M W PDG
A T A 0 0 22
Z T Z MZ= 91.188 WZ= 2.4414 23
W F Q=1 W | MW= Internal | WW= 2.0476 24
G T | a G 0 0 21

Table 3: Details of physical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

The details of the unphysical vectors can be found in Table 4.

Class | SC | I | FI | QN | Mem Definitions
Wi | T |k| k Wi Wi, — Wt W
. (=Wt W,
Wi, 5 — ,%
Wi, 3 — swAy +cwZy
B T B B, — cwAy — swy

Table 4: Details of unphysical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.

3.2 Fermion Fields

In this subsection, we describe the fermion fields of our model. The details of the physical fermions can be found in Table 5.

3.3 Scalar Fields

In this subsection, we describe the scalar fields of our model. The details of the physical scalars can be found in Table 6.

3.4 Ghost Fields

In this subsection, we describe the ghost fields of our model. The details of the physical ghosts can be found in Table 7. The
details of the unphysical ghosts can be found in Table 8.



Class | SC | I | FI QN Mem M W PDG

vl F f f | LeptonNumber =1

ve 12
vm 14
vt 16
1 F f f Q=-1 Ml
LeptonNumber = 1 e Me= 0.000511 11
m MM= 0.10566 13
tt MTA= 1.777 15
uq F |qil| q Q=2/3 Mu
u MU= 0.00255 0 2
c MC= 1.42 0 4
MT= 172 WT= 1.4516 6
tp MTp= 700 WTp= 14.109 8
dq F |qil| q Q=-1/3 Md
d MD= 0.00504 0 1
s MS= 0.104 0 3
b MB= 4.7 0 5
bp MBp= 500 WBp= 0.28454 7

Table 5: Details of physical fermion fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class | SC | T | FI | QN | Mem M W PDG
H T H MH= 120 WH= 0.00575309 | 25

phi T phi MZ= 91.188 Wphi 250

phi2 | F @ =1 | phi2 | MW= Internal Wphi2 251

Table 6: Details of physical scalar fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class | SC | 1T | FI QN Mem M W | PDG
ghA F GhostNumber =1 | ghA 0
ghZ F GhostNumber =1 ghZ MZ= 91.188
¢ghWp | F Q=1 ghWp | MW= Internal
GhostNumber = 1
ghWm | F Q=-1 ghWm | MW= Internal
GhostNumber = 1
ghG F |a Ghost Number =1 ghG 0

Table 7: Details of physical ghost fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.



Class | SC | I | FI | QN | Mem Definitions
eghWi | F | k| k ghWi ghWi; — gthZgth
. i(ghWm—ghW
ghWi, — — (g ﬁg p)
ghWi; — ¢,,ghZ + ghAs,,
ghB F ¢hB ghB — ¢, ghA — ghZs,,

Table 8: Details of unphysical ghost fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.



4 Lagrangian

In this section, we describe the Lagrangian of our model implementation.
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5 Parameters

In this section, we describe the parameters of our model implementation.

5.1 External Parameters

In this subsection, we describe the external parameters of our model. The details of the external parameters can be found
in Tables 9, 10.



P C I A% D PN BN OB 10 Description

aEWM1 | F 127.9 aEWM1 | SMINPUTS QED, -2 | Inverse of the electroweak
coupling constant
0.0000116639 SMINPUTS QED, 2 | Fermi constant

0.1172 aS SMINPUTS QCD, 2 | Strong coupling constant at
the Z pole.

Charm Yukawa mass

=

Gy

Qs

Fr

0. YUKAWA
4.7 YUKAWA
500. YUKAWA
174.3 YUKAWA
700. YUKAWA
1.777 YUKAWA Tau Yukawa mass
qQ, q RCKM;; — 1. RCKM Real Part of the CKM matrix

RCKM; 2 — 0.
RCKM; 3 — 0.
RCKM; 4 — 0.
RCKM;; — 0.
RCKM;3 2 — 0.99995
RCKM3y 3 — 0.
RCKM3 4 — 0.01
RCKMs3,; — 0.
RCKMj3 2 — —0.001
RCKM3,3 — 0.995
RCKM3 4 — 0.1
RCKM4,; — 0.
RCKMy 2 — —0.01

RCKMy,3 — —0.1
RCKMy,4 — 0.99495
ICKM Flqq ICKM;,; — 0. ICKM Imaginary Part of the CKM
ICKM; 2 — 0. matrix
ICKM; 3 — 0.
ICKM;,4 — 0.
ICKM3,; — 0.
ICKM32 — 0.
ICKM3 3 — 0.
ICKM3,4 — 0.
ICKM3,; — 0.
ICKM3,2 — 0.
ICKM3 3 — 0.
ICKM3 4 — 0.
ICKMy,; — 0.
ICKMy,2 — 0.

ymc
ymb Bottom Yukawa mass
ymbp Bottom-prime Yukawa mass
ymt
ymtp
ymtau

RCKM

Top Yukawa mass

o O N Ot

Top-prime Yukawa mass

eSS B eS IS B e B s IS
—
ot

Table 9: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.



P|C|I A% D | PN | BN | OB | IO | Description

ICKNLLg — 0.
ICKM474 — 0

Table 10: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.



5.2 Internal Parameters

In this subsection, we describe the internal parameters of our model.

P C I A% NV D PN 10 Description
agw | F Eq. 2 0.00781861 aEW QED, 2 | Electroweak coupling contant
My | F Eq. 3 79.8252 W mass
sw2 | F Eq. 4 0.23369 Squared Sin of the Weinberg
angle
e F Eq. 5 0.313451 QED, 1 | Electric coupling constant
Cw F Eq. 6 0.875391 Cos of the Weinberg angle
Sw F Eq. 7 0.483415 Sin of the Weinberg angle
Juw F Eq. 8 0.648409 QED, 1 | Weak coupling constant
g1 F Eq. 9 0.35807 QED, 1 | U(1)Y coupling constant
Js F Eq. 10 1.21358 G QCD, 1 | Strong coupling constant
v F Eq. 11 246.218 QED, -1 | Higgs VEV
A F Eq. 12 0.118766 lam QED, 2 | Higgs quartic coupling
F Eq. 13 84.8528 Coefficient of the quadratic
piece of the Higgs potential
yl F f Eq. 14 yl — 0. Yl — ye QED, 1 | Lepton Yukawa coupling
yly — 0. yly — ym
y's — 0.0102066 yls — ytau
yu F q | Eq. 15 y* — 0. y“1 — yup | QED, 1 | U-quark Yukawa coupling
y*s — 0. y's —yc
y*s — 1.00113 y's — yt
y%4 — 4.02061 y%4 — ytp
yd F q Eq. 16 y? — 0. y? — ydo | QED, 1 | D-quark Yukawa coupling
y?y — 0. Yty — s
y?3 — 0.0269956 y?s — yb
y?y — 2.87187 y?y — ybp
CKM | F | q,q | Eq. 17 CKM;; — 1.+0.1 CKM-Matrix
CKM; 2 — 0.+0.1
CKM;3—0.+0.1
CKM; 4 — 0.4+0.1
CKMsy,; — 0.+0.1
CKM3 2 — 0.99995 + 0.1
CKMg33 — 0.+0.1
CKMy,4 — 0.01 + 0.1

The details of the internal parameters can be found

Table 11: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and 10 = interaction order.

in Tables 11, 12. The values and definitions of the internal parameters will be written below.

AEW

1
 aEWM1

MZ2
My, =

2

\/ MZ4  MZ2mapw

4 \/QGf

10



NV

PN

10

Description

CKMs1 — 0.+ 0.1
CKMs5 — —0.001 + 0.1
CKMjs 3 — 0.995 + 0.1
CKMs,4 — 0.1+ 0.1
CKMy1 — 0.+ 0.1
CKMy 5 — —0.01+ 0.1
CKMy 3 — —0.1+40.]
CKMy.4 — 0.99495 + 0.1

M2
2=1-—
SW NZ2
€ = 2\/7_7'\/04EW
Cw =V1—sw2
Sw = VSwW2
e
Guw = —
Suw
e
g1 = —
Cw
gs = 2\/7_7\/ Qs
QMWsw
=
e
_ MH?2
02
= V2l
vl 0
yla = 0
yly = \/iy;ntau
y“e = 0
yu2 — \/EZIHC
yu3 _ \/igmt
Yy = ﬁ};}mtp
yh 0
yla = 0
yls = —ﬂimb
yd4 — ﬂxvmbg
CKM;; = iICKM,;;+RCKM,;

11

Table 12: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and 10 = interaction order.



6 Vertices

In this section, we describe the vertices of our model implementation.

6.1 Vi
H 1
Z ; —6iA
H 4
H 1
H 2 —61vA
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G 1
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o 3 9sfar,az,05P2" My ps — s far 02,05 03" Mo, s
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