
Noether's theorem guarantees Jes as a consequence of the
↳

invariance of under the internal symmetry 4-el
**
↑

I -

the theoeni atwe continuous
symetry wei= ae

54; conserved .
5x

/see Schwartz 3 . 3 Fora prof
Y : can be any fields Iscalar

, fermion ... ) ,
and I runs over all

fields transformed by the symmetry .

Example
:

1 = I(iX-m)4 int-made Neel ***, I= exact

-) 54= iKa4
,
so int, similarly=-ikI

i = * E : iTVliet) + O(C doesn't have (t)

=-FWY
,

same as we found before!

lup to a factor ofg
,
since without a gauge field there is no coupling)

jo as constructed from a symmetry is called a Norther current .
--

Lan play some game for
a complex scalar field, will find for u(I

ja=-ik(EtE-(5-E)E) exactly as we saw previously .

Non-abelian requires being a little
more careful with indices,

we'll do this

later.

All our Lagrangios are also invariant under Poincare
, so :

translation invariance is caseration of energy-momentum

rotation invariance it caseration of angular moretur .

In HW you'll see how to interpret the Noether current

For a gauge Field with a translation invariant action .



The Standard Model E
-

We have classified spin-o and spin-I Fields by thir Lorentz reps and

internal (gausel symetres, trough
which we introduced spinal fields.

Here are the fields which comprise the Standard Model !

Spin-I
-

i

↓Spin-0

UR dr HL = (E) e =
r F

-
U(I) x

- I - I I ⑤ - 5 !
gause ~ ~
Field, I Sncz) I - rvi
(spin-1l (U(3)

-

Charges/representations

Terminology ! L
,
ext are left/right-handed leptons

-

F

①
,
und are left/right-handed quates
-

F= 1
,
2
,
3 are genations (F= 1 is electron

,
electron neutrino, up quarte, down quart,

-

or Flavors F = 2 is muan
,
muc ventrin

,
charm qut, strace quarte;

-

F=2 is tan
,
tan neutrino

, top quart, bottom quarte)
It is the 1 field

UCII
,
is hypschage
-

SUS2) /Sometimes SUS27) is the weal force
,
and only acts on

left-handed Fermions (and the Higgs)

SUC) (sometimes SUR7
- ) is color , or te See

Notation : Anything with a U under SUS2) is a 2-component vector of fields

which transforms with eiaht , like I we saw earlie (in frat, I1H) .

Similarly
,
he quakes are 3-corporat rectors transferring with 3x3 untory matrices

fired", "Green"
, "blue") , So Q is actually a 3x2 = 6-component field

a-= ( of component fermions (12 components to fall



The Standard Model consists of (almost) all terms we ca wite down &

up to total dimension & which are invariant under Lorentz and local

SUC3) x SUC2) x UCIy symmetry ·

Easy stuff first" SUS3), =1.... 8 SUS2)
,
a =1... 3 [UCI ,L L

Lain= IDnH - GG-r - Wwar - Berr

+ GiLrD-+iD iD
+ in -Did Did

F= 1

[Hings = +m H H - x(H
+ H )2 Gote mass term has wrows sign ! Will get to his later in te coursel

Since fermions have dimension Is a fermion-fernion-scale term (known as

a Yukama term) has dimension 4. What such terms
are allowed?

L C - Y !He-Yi!Hd +h . c .

Yukawa N
N

3x3 Matrix Hermitian conjugates' Prese are

of numbers needed for Las rangian to be real
,

Consider L*Her term first :
but are often dropped for
convenience

.

SUC3)
:

L - Li
,

Hel
, epeep (no transformations

,

so trivially invariant)

SUC2)
:

Li- LIUt
,

HeUH
,
enter for some UESUC2)

,
so

LiHeLitHer= L! Her , invaint (as expected , just like#)-

UCIy :
this group is Abelian, so as a shortcut, can just count charges

+I +1 - 1 = 0
I j
Li Her

So even Rough Li and ere transform differently
,

It compensates
, making it

invariant .

very similar stoy for second term .

Can check Shch) and SUC2) yourself
,

- 5 + I - 5 =
0

UsIy : Q ! H dR



One final trick
and we're done ! We can make an SUCI) -invariant ↳

term without taking Hermition conjugates
.

-

You will show (BHU) that "Galo (ort**** Hs*) is invariant ande SUCI)
.

So
, defining F

=G
" Ho = (H) ,

which has = I ,
we ca wite

Lynnara C - Yet
o

That's it !

-
Lam = Lainexic+ Lynnara + [Higys

I =IDnH - GG-r - Wwar - Berr ↑+ GiLrD-4- iDr+ iDi-DidaDd
f= 1

- Y !He-Yi!Hd-Yia! Fun + h - C
-

-
-

CHH)2
I

-

The remaining 11 weeks of the course will be devoted to be physical

consequences of his Lagrangian .

For Fun ,
a taste of the Higgs mechanism note that this Lagragion

has no femion masses (it can't, since all the left- and right-handed
-

-

fermions have different UII charses). But , if we set H= (2) with

v a constant , Me

Y I Her' - y, (k+ et)))em
= ~Yester
-

↳ mass term

For the electron !

More on this, and how electromagutism eveges from hypercharge,
in the weeks to come .



The terms we didn't write down are of the form ⑩
O E Err where F = G

,
W
,

B and Ev= Ever Fro .

Trese are called theatterns . They happen to be

total derivatives :
-

GrK = F Fr "where Kn=Eras/A"Fasa_ FasA"A"Al/

Cactually doing the derivative is an index-filled mess
,
best done with

algebra of differential forms).

This means they don't contribute to the (classical) equations of
motion

. However
- ,

the QCD treta term is physical because it
can be put in the Yukana Matrix by performing a chiral
rotation &-ei

, wdreeiud with & FB. This is because
this transformation is aus :

it leaves the Lagrangion the same
but chares the measure of the path integral . (more on
this in RFT 2. ) The theta term has non-perturbative observable
effects

, including inducing an electric dipole momet for the
veutron

. We haven't measured this
, so can found & o

This is the strong-(P problem : Why is o so small ?
-

To wap up, let's practice with Norther currents
.

The

SUC) gause symmetry has a global part given by x(x)=<" (i . e .

a constant transformation parameter) , so we can try to upply
Noethe's theorem . The quark fields transform as (ai=, urd")
-

Oxi=i TQi
,
but the gange Fields also transform

, A -- Aea

0x

So the Nretre current is

Sgar = a i) A . Taking into account the nonlinear



terms in Fur"
,
we have (combining (and & quarles into a DiacspiralH

(3 liUG+gU-AT4Q - (GA-b-A+fabA Al)

--til - (6"Aro-2"Ar+gF
"

A
**

AV) =- FrI Q

So ja=- QUTG+ F6quapers--WTK+ Fab qu
"
Fare

M -
this is a matrix

,
so

using antiymety of fata and relabeling
-

order matters!
-

rUYTY--Qm
,
min=1

,
2, 3

This is certainly conserved , G
-
Ja
-

= 0
,
as guaranteed by

Nether's theorem, but it's not particularly useful because
it's not gauge invariant ! Not only does it contain Fro

,

which is
-

only covariant
,
it contains A: G

,
itslf
,
which is neither

invariant nor covariant. This means the Nether current

corresponding to a now-Abelian gange symmetry is

unphysical .
-

On the other hard
,
the Noether currents corresponding to UCI

gauge symmetres are gange-invariant and physical . As we will see
next week

,
at low energies the left- and right-handed fermions

pair up into Pecomponent Dirac spinors in the (I ,0*(0
,)

Loratz representation such that the Noethe current of UCIEm
is the electric current operator. There are also conserved charges

corresponding to global symmetries of the SM Lagrangian , which

you'll explore on the HW.


