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Emeraleinternations L

At long last, we are ready to conside the Full SM Lagrangian
-

Last time we studied the gauge sector, and we can now look

at fermion interactions and Yukana terms-

d

> -Y !He-YiQ!Hd-Yi , Furthe

As we did last time, we will first set h = 0
,

the put it back

in with r-Vth ·

Lynnama C - eyee - [dydr + x up) +h . c
-

where ye
,
Yd

,
yu are 3x3 matrices

.
To Find the mass engestates

(which will represent progating particles)
,

we need to diagonalize

these matrices
. Focus on quarles First .

Math fact :

an arbitrary complex matrix may be diagonalized
S

with two witary matrices .

Ya = UdMrkat
3 4

,

K witary; M diagonal and real

Yu = UnMukut

(This works because YYt is Hermitian,
so it has real eigenvalues

,

and

yy + = UM Ut
,

but be extra matrix K is needed to "take the square roof")

L
quar C

- (dYUnMeknd + YUnMnKnTuR] the
Yukawa

Now
,
rotate the quarte fields det Kodia ,

da-Unde
,

Up - KnYR
,

Un - Ram .
The mass terms are now diagonal :

Square) - m, did - u u tra

Yukamn

where " are the diagonal elements of Mid



However
,
the fermion linetic terms change under this field ⑧

-
-

redefinition .
Let's look at right-handed fields (which don't transform

under Succe first :

dr
U 2

2) ut" (io - 2 + 1 QO-z + Few-A) un + d"Cio Ez
- ewA)d

COSOw 2

R
de

where Q= - sin Ew
,

&
z

= I SinEr are tre 2-changes of the RH quarks.2

The covariant deivative is diagonal in Flavo-space (since I contains on th);
rotations do nt change the fermion interactions with neutral

gange bosons
:

the SM has no Flavor-changing neutral currents

at tree level (though processes like 6-SU do arise at loop level
,

they are highly suppressed, so searching for trese processes is a good

way
to look for physics bed the SM)

.
Thus the matrices

K completely drop out .

On the othe hand
,
the left-handed terms are

G IWI
<C (n di)"(i +cm/1mz

+ZeAC LOS Aw I M M

·
z -=ex)()"L I W

- Fow②L
E - 2 e

The off-diagonal terms involving tre WI mix up and down,
so

under the Field redefinitions un -Un , & Unde ,
these become

dr) (Win!
"

~(Vid +WIdVisn!
*

entrics of the matrix It
where V = UIUd= Und Uns Uno

is the Labibbo-Kobayashi-MaskawaI Vad Vas Vo I (CKm) Matrix
Vid Ves Uto

Experimentally, all of these entries are nonzero ! This means

that the weak interaction mixes generations, but only for

left-handed fermion fields
.



9Let's count the number of parameters in the CKM Matrix V. L
It's unitary ,

since VTV = UntUnUntUn=1
,
and 3x3 so it has

I real parametes. However, there is still some redundancy ,
since

the transformations di-e"did? - ei; n line. de eind"

dr- eicid u ~eiu and use is s

in 4-component rotation)

leave the mass terms invariant .

There is one phase angle For

each Flavor, so this is a UCI" symmetry, which is a subgroup

of the UC3)" quarte Flavor symmetry
when the Yukara couplings are

abject . By performing trese 6 transformations
,

we can eliminate
-

Sarbitrary phases in V : there is one phase remaining,
since taking

-

i = Bi = 0 (a .
K

.
a

. bayo number) leaves / invariant. So V

contains 3 real angles Fir , Fi. Ers,

and one complex phase eit

What about the leptons
? The only Yukawa term is eiyeer , so we

can diagonalize ye as ye= UeMeket · Taking epe keen and

e + Veer
,

we get charged lepton mass terms mee
,te thre

,
where

us are the diagonal elements of Me .

The analogue of Mr
,

the neatio

mass matrix,
is not in the Standard Model Lagrangian but May be

parameterized by a matrix called the PMNS matrix . However, since

neutrinos (unlike quarks) can only be defeated vin their interaction
-

with the W
,
it is offer more convenient to leave the Lagrangian

diagonal in Flavor space and conside te mixing as partor
the pagation of neutrinos (more on this next lectural

.

(there is also centrino neutral current scattering through te I
,

but W is much easier

rived the Fields in terms of physical massNow that we have der

eigenstates, we can write down the electroweak (sucxu(I) tems in

the Lagrangion .

Since the Land R fields have the same electric changes

after SUC2) XUCI
,

-> UCKEm :
it is conventional to combine Land R

L

Chiral fermion fields into a single Dirac spiror, as we did for

the electron in RED.
But because the WI only couple to L Fields,



10
we need the left-and right-handed projectors : L

L

Pr(F) = (fu)
,
Pe(IR)= (o .

Recall from our with relicity studies

Pr = It = (01)
wher S = )

-*

#) ,
which satisfies

P = E = (* 0) (UP=Haxm and SUS
,
V = 0

.

-

In practice, this just wears we can use 5- instead ofo and or

We write Pr= PY
,
and F

,
= (F) = (P24)+VO = 4

+

P
:
WO

The electromeal
interaction terms in the mass basis can be

compactly
written

Lew=Em + eAndEm -er (W Urgrijd: Wit: ]

- - [enNe+IWin+E, Uz] th. < -

E Sinen

I
where Vi ; are CKM matrix entries and

note
: neutrinos are as
le-handed so Pe is implicit

JEm= ? Q : (FUrti-Frrt)

- 3

S = ~( Fur (r) -sinem)EmI
- 3

To use his
,
just set 4 =

your Favorite
Fernion and L =

It for

Upper/lower components
of the original SUCP doublet. For example,

d -
i = - 1- an = -

-=Ecor)-IV,
+ sinErU)

n
Gote that we only need one

Facto-of PL because it's a projector :

PE Pr, so FUNt= PRVOUMPT= NVOU=FURT)
un

anticommute

This way
,

we can use the usual Dirac spirors for external states, etc .

(If you're interested in 2-component language
,

see a Xiv : 0812 . 1994)
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For tre W boson couplings, only need P

.
Since I only couples

to left-handed fields
.

Ex . ei W -
in-

- I
- -

ver &SinQu

Next week we will see a memonic for remembering Vvs .
V in the

quarte compliess to the W. )

Finally
,

we put back
in the Higgs boson

.
The terms proportional

to v were just the femion mass tems, so this is easy :

↑
-W

- ... -
-

: It fo- Y = e
, M

,
I

,

n
,

d
,

c
,

5
,

7
,

6

X
-

h

V

4

Combined with the garge boson self-interaction terms (Schwartz (29. 91)
,

we now have the tools to calculate all amplitudes in the

Standard Model ! We will apply these tools to some specific

physical processes
next tim e.


