
The Standard Model of ParticlePhysics

We have come to the point where we an castrat

the Standard Model
,
which is an 50(3)

,
XSOCI1

,
XUCAly

gange theory describing cletroneale and strong faces
It is largely based on who has been already discussed,
with some modifications. To begin , he's sindy add the

quarks to the Electroncate Model of leftars , and conside

the strong gluan physics afterward .

Electroneale Model of Quals & Leptons
Recall that the Imbrota) SU(I) ,XUy they of

letters is

Zeo-tWW- -BruB-
+ Ta * ↳ + tiRADRa this

+ (DPI (D-4) +124 +4 -1(4
+4)"

- GICECOLA) + (I, 4)Ra]



To add quarks, we mut specify how they transform

under SO(z) xUCAly ·

Field SUCZI2 UAly T Ts ↑ Q =Ty + Y

+ 213= (i), i s - 113

UA =

uae 1413 O G + 4/3 +2/3

Da = dar 1 g 8 - 2/3 - 13
-
-213

The covariat drivative is the same as before

165 nie Quatin numbers)
.
We the add the following

attra terrs to the

2
Evans* Q DQ + LiEPUa + tiTDD + h . c

- G[Ca(4+Q) + (G14)Da]

-GSE(* (1) + (140a)
Nate !

d =(4) , 4) =(4)
> appearance maintains SU(7@U(11y



The terrs shown are most grow , upto possible

Ynhown mixings (see soan) .
No mass tens for

the quarks (to preserve SUCII) & no Cross

Ynhave interations between lefters and quarks

2.3,
Fra (PGA) - No possible under Sock, Uly !

Y : + z - 1 + t = 0

We previously hadI practis , g , g ,M , 1, GE,

Now have added 6 more : Gi , G.

Masses for quarls come from SSD
,
as before

D
G tw : Zuul~ Str(or) (4)

+ (i, )(q)dm]
=- de

D
=> a



For GE
,

need o in Chitary gaye

4 (5)
So
, Zie*G[ (,

0 (a) +]
=- Gra

= muGa

For the quarks & Leas, we close non-mixing Ynhawa

interations
.

What of they are not diagonal ?
i
.
2,

& innome=
- Gab [F(

+

2) + ([p41RA]

- Gi[(q*Q) + (844Ua]

- Gp[Ca(4+(b) + (GBP)4a]

Wer
,

At B gives mixing.



After SSt
, get nontrivia mass matrices

Zmass = Gi a tralu + h . c .

- is a Truth.

- G a Tradi this

Physical mass operators can be found by diagonalizing
as usual . Need 3x3 mitary matrix for each corpant
of the field > 3 gartial

Dude mass egades wr hit

Define 7 3x3 notices to achieve thos,

l = (vi) abs uz = (UI)AD Yes
le = (u)ales Ura

= (ve)anurt

V
= (wi)a da = (vi)Adu

de = (vi) des



Notice that there are nopossible mass tens for

the netrios in this theory .
Therefore

,
we car

choose my (UCAB

It's choose LUCAD = (UPAD
,

S to La = (e) = (Wile
= (UIlar [B

However
,
for the quark double Q, we have

Q = (4) = ((vi)Bu(ui)ady)
= (wilan()

When

= [(U(
+

(02)]
a us

= Var Al

> Cabibbo-Kobayashi-Mashana (2KM) marix



The CKM morix is a 3x3 motix

(d) : (e )

Suppressing A
,
B garain indices

,
we have

L = v? [ R = Um R

Q =u U =u
D =u

substitute this o Twen to express it in tans of

mass egustates ,

Zer" - ABruer-Wer
+ (d)

+
(D-4) +14

+

d -- (4
+4)2

+ Ex + ED + h . c

+ +
E* E +E* B + h . c

- TE(netG'Vile +he
R

+ Elu
!
"Gui)

*& + h . c .

- (uG rid+ + 1 .]



In the mass basis
,
see that propagating sties are

&, not Q .

Let's see who this does

For the Yahava torrs
,

chose Wire , Vio , Ohr
to diagonadine the Yukawa condys !

E= (UEG'Uplay =SaAB
(u:Gvi)

Ab Say
~ DCuGP WYlAr = Sat GA

Still have only 9 Yukawa prenders .

Notice this the mass ters are the same as before,

C.y,
&> (0,)(

+ (,)(q)an)
-

=-
=

=> Ma= , as
be



the linetic terrs are

-

=
with

Dr =
2 + is +Yig'Br +Eig+

( + Lightw -Ligh + tigB &
For En & turs

,
no effect as VTV = 1

.

Therefore
,
there is no flavor changingnnnic currents (FCNC)

So, Nation / Z-boss is as before
,

= - in
_Ar-n2

with E : EQUf

b= Fur(p-avj)f

Qf Nf af

V O ty 114
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Off-diagona terms , however , Change Flavor via WI

exchange .

Za = a igW
+

Vanda + h . c
.

= UP, Varda th

> Flavor changing !

So
, mass egetates = propagating Does are not

the flavor easites . The CKM morix contains

more parantes (ileited from the gener Yahara

notrices)
. How many more independent paranceswe there ?

A bxb metary Matrix has a real prances

If the tries are not connex => Withy -> arthogan.

↑os, bx3 othogad notices have 3 real parameters .
=> expect 6 places for CKM .

Horro
,
not all phases are obsurablee · Each quark

field can absorb a phase (6) , but there renals

on overall global phase .
=> CRM has 4 real parates (3 agnitude , 1 phase)



This phase can be shown to be CP working .

It is useful to paracize the ChM using

the 1 magnitudes & A phase Lived of a compat,

o VAD ,
A= 4

,
4 t; B = d,s, b) .

the standard Partization : O
i2 , Oy , Des , S

Ven=) &I
O

Whoe Sju = cosOju , Sin:SiDin

8, 2 = 13 . 04" (5 %

&
,3
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:
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the unitarity of the ChM afers investiny insgt
No qual physics .

vtV = 1 = (V+
en (V)nj = Sei

or, Va Vuj = Sie 9 conditions !

Each case jfl is an equation or b complex numbers

adding to zerr ·

Can thus represent as a triangle in

Complex place .

Pick jed , lib ,
l = n

,
c
,
t

=> Vua Va + Ved Vas
*
+ Ver Vis

*
= o

M
~

> complex numbers ( triangle
=>retor in K-plane

To getcareint noundzaten, divide by Vad Vas
*

=> 1 + VedVe = - Vadun = j + in
VarV VadVis

(Wolfusten parantes)



I Vud Un I I
(5)

/
VadVis

U S C
10,0 (1,0)

With 3 guratios of guards , 3x3 V is unitry.

If there are 4 (o movel gartius, then 3x3 No withy .

=> Checking closure of triangle is a check on

the 6 qual model of the SM .



Minimal Standard Model

To get minimal SM, musadd Q .

=> Make each quard a triet under SU(3)c,

& add SU(3), glurs G ,
a=, ..., 8

vis covariat drinatives & Linde ter

Gr =G-DrG-gsfGi
> New couping

=> D -DC) + ig , Ge(Talin
> SU(J)

the Correcte MSM
,
before SSD

,
in Flavor basis

,
is

Zase-EBB-WerGG
+ ti ELA + LiFDRA +hiC

+ tiGADQA + tiFDUa + tiBa* Da + hic .

- (Al
+

(D-d) +1 d
+

q -1(4
+4)

- Gas [F(4(a) + (TAP)Ra]

-G((d*Q) + (En44UA]

-G [C(d
+

Qx) + (Gg4)4+]



Representation catet : Su(31, SU(z), U1ly

> 50(3)c

(m , u)y
Socks,

> wech hypechage

westers

(2 , 1)o (1, 3)o (z - 1)

G w Br

Ferrians

(2 ,2) (2
, 1) the (2

,
1) -2

Quarts

Qu UR Dr

(1 , z)- 1 (E , E)2
Leftas

L R

Scalars

(1 , 2)1

&



There are 18 paranous of the MSM which not

be constrained from exerived.

3
garge coupings 9 , 9 , 95

9 masses - Lefers me
, nu,

- guards Ma
, ed

,
Ms, We , my , ne

4 <KM parates - > agles 02 ,0, 3 , Oz

- 1 phase S

2 Higgs parameters - Mass MH

-selfcouping a

There is an additional parante , Op , which cares from

a addition torn in the Lagrage desity which

ca volde up is Strong Deactions.
&as field

-

2
sorry a

=OGe
2

This is a topological Computativel effect, I has no

contributions to petubatin they . Howev
,

all curet

experimet results give Op= O (strang Problem


