
P and CP violation . I
-

The weak interaction is special for two reasons :
• the interactions of the ward 2 bosons treat left - and right -

handed fermions differently
,

which violates parity ssnetz P.
n the CKM matrix is complex instead of real , which violates

a combination of change conjugation symmetry and parity
symmetry called CP

.

We will first define how P and CP transformations act on

fields
,

and then examine the phenomenological consequences of the

violation of these symmetries by the weak interactions
.

tÉns
As we briefly discussed many weeks ago

,
P : Lt

, E) → Ct, -E) implements

spatial inversions and has a representation on 4- vectors as

p = µ - ,
, , ,J .

Note that this matrix has def = -1
,
so it is

not an element of 5013,1 )
,
but rather 04,1 ? Because of this

,

Lorentz - invariant equations of motion do not guarantee invariance under P
.

However, theories
of free bosonic fields (scalars and vectors) are

invariant under P (see Schwartz Sec . II. 5)
.

Since P'=\
,
it has eigenvalues

II. Spin-0 particles with Pitt are called scalars, and those with P= - l

are called pseudos cakes .

For example , PITY > =
- Itis, so the pion is

a pseudos Lala- . If the Lagrangian of a theory is invariant under P
,

then parity is a multiplicative quantum number : the product of the

parities of the
initial states equals the product of the parities of

the final states .

Similarly Fo- spin -1 : Plvoctpi )> = Ilvolt, -ID
,

PIV.lt/xD--T-lViCt-ED
.

The parity is determined by the eigenvalue of the spatial component :

gauge fields must transform like 2
, so Ai → - Ai and An has P= - I .



( spin - l particles with P = -11 are called pseudo vectors or axial vectors ) 8L

For fermions
,

we saw in our discussion of the Lorentz group that

P exchanges L and R spinors .

In 4-component notation,

p : → V04

Therefore
,
We can compute ( suppressing the spacetime argument) .

p : It → ttrororotr = It

¥
P : Irony → +

+

roroynro + = IF)tµ
~

Since = v0 and Cri )t= - ji
,

the time and space components of this

combination of Spino -s transforms just
like a vector with p= -1 .

Therefore
,

P : I# → FAX since spatial components are C-DC-11=+1 and
Irt An

time components are (+171+1)=+1 .

However, inserting
a r

' changes the signs :

p
'

.

I ☒ v54 → - ÑAV4 .

(for 2 couplings
,
this term was what we called Ca)

A Lagrangian that mixes V
with Vrs ( like the weak interaction !)

is not symmetric under parity .

F-xaypli.polwizationinwdecaywoetve-nn.netp,

Pw # Pr

Ignoring constants : Ma ñcprrnl '-¥) vlpptnlpwl

Say W is initially at rest : Pw :(mw , 90,0) . Then 3 line-y independent
polarization vectors are C-I :(91, 0,01, C-? -- (0,0, 1,0)

,

C-I = (o, o, o, 1) . These

satisfy É
"

-É
'
= -J"

,
c-
" 1.
pw=o .



Define z-axis as direction of outgoing neutrino. In limit of massless (
neutrinos

,
neutrino is always left -handed : spin opposite direction of

motion
,
and only top two components of 4-component Spiro- are nonzero-

For neutrino enemy F- u
, Utpal = FEIµ) (recall tree is a very bad

=

typo in Schwartz eq . ( ii. v6 ) ! See errata on Schwartz book website.)
The (9) in the upper two components specifies spin down along a axis.

Positron moves in -2 direction to conserve momentum .

Positron spinors can be

0✓"(pi = YEP
"

for Tipp = HEY ,

Recall i" represents a spin - doin positron0

-EE o

o - JEFPZE
while I

"

represents a spin -yy positron . -+2

Let's compute the squared amplitude for ←→ •→ ,
i. e. use ftp. )

et
arrows = spin direction.Compute M for each W polarization

, square, and average .
q
M×=rE loool ) r

'

II :) |¥;+ne)= E-Etzel-10110,10011µA- i
a

Cpd = uYpdr° VEIN 1¥ER -¥-pe
✓
"'CPD

= 0
.

Similarly
,
Mi -- EFE

1-1011%100114%1,1=0.
Mi -- FE

.EE 1-101103,10011/4%1, )=
Feu Fete

⇒ ↳ 11m¥+ Init+ Init ) ✗ F-
✓
( Eetpze ) .

Interpretation : positron spin is an EPR - like measurement of W spin .

Along neutrino axis
,
W Could have had spin -1,010-1 : only spin - o

has a non vanishing amplitude, consistent with angular momentum conservation .

(Recall C-
✗
± i C-

✗
have eigenvalues It under Jz

,
C-2 has eigenvalue 0)



Momentum conservation : pze
-
-
- Eu . To find Eu

,
Pw =p, the ⇒ Cpw -porkpie

,

to
so Mui - 2mwEu -- men

,
and Eu = miznw . Ee -- Mw - Eu

-

-
~i
2mW

F-deemed :( minkIII- = I Er .
Note that this vanishes in limit me → o ! IF we repealed the calculation

for the other positron spin, we
would find SIM

'T
'

> a

min × OCD .

So the relative probability of positron having spin aligned w/direction of motion is

mummer - I ! Could use this to give an unambiguous definition of "

left
.

"

The moi suppression is known as helicity suppression

( P transformations
-

and we will see it again next week.

-

Another discrete symmetry operation is charge Conjugation, denoted C .

Roughly speaking, it takes a spin -up electron to a spin -down positron :

C : y → - into
Under C

,
It → It and txt → txt (see Schaut It . 41

,
soFreeDirac Lagrangian is invariant under

charge congregation . Fo-gaugeinteractions
,

Frm y → - Tur
-

t
,

so if we define C : An → - An,
then

I to is invariant .
This is a bit wer-d since A is real

,

but note that

[= I
,
so An is still an eigenstate

of C
,
just with eigenvalue

- I
.

we can also combine Card P to see under what conditions the

SM Lagrangian is invariant under the
combined transformation

.

Can show the following transformation properties
under CP :

I ; t; It, I ) → ttjtict,
-It First; It, E) → -First; Ct, -I)

IiAlt; It, E)→ t I, Attilt,
-I) Ii Alr't; Ctx) → I,

-Ar't; Ct, -I)

where A -- A
,
W
,
2 is any recto

- field
.

Consider the part of the SM Lagrangian co- taining the W:

Lw -

- Caitiff'III.taint:X
-

I In;]
Under C

, complex fields transform to their conjugates , so C take , Wt to hi.

By the above, all the Fermions trans Fo-n by changingorder but not sign
,
so



I

Lw
w

[ Ii Vii X
-

C
'I lui tuivi.tw/tl ' Idi ] I

In matrix for
,
IV I ' Id → I tf 'In Id = it V.CHIH .

So if ✓ = V
'

,
i. e .
if all Ckm elements are read , CP is conserved

.

However, as discussed lastweek, V has one complex phase, which

is known (as you now can see ) as a CP- violate
, phase .

-

This is not a basis - independent statement since we can always redefine

the quark fields with phase rotations that leave the mass matrix

invariant, but determinants
are basis - independent :

det [ Yu
,
Ya ) =

-÷ (me - no) (me-milne -a) Cmb -micro-nd) Cns -ru) J,
where J is the J at ) -- SinGasin Ensino,

,

cos on Costa, cost; sins

) vanishes if and only if the CP
-violating phase J = o .

( P violation and KII mixing
-

Let's look at some observable consequences of
CP violation

.

The lightest mesons containing strange quarks are te neutral

kaons Ko -- Td and to = d-s
.

P is conserved in the strong interactions
,

So the parity of the kaon can be determined from its production :

P Iko> .

-

- Iko>
,

P tko > = - LEO ? C exchange, particles and antiparticles,

So 4kg -

- 1kt) and Cleo> = Iko>

⇒ the CP eigenstates are linear combinations :

K
,
= tflkotk)

,

K
,
= truck - Io)

CP = t I CP = - I

The pions to
,
ti
' have P -- - I

.
So a neutral state Wh to pions

(Toto, or Tita
- ) has Cp = t I,

and a state with three pions ( xoxo a
o

or to at a
- I ha, CP = - I . II CP were conserved in the Standard

Model
, Ku should never decay to Titi

.

Since Mr . -- 498 MeV

and 3mA - 405 her, there is a strong phase space suppression fo-
the

3h decay , as
well as Facto-s of tf fan he additional fn¥p .



Therefore
,
K
-
has a much smaller decay width, and a longer lifetime ! ¥

Experimentally, there
are two mass eigenstates

, Kinard Ks (
"
'
on,
"
and

"short"}

with Tg = 0.895×10
- "

s
,
TL = 5-116×10-85

.

To produce pure KL, just

wait long enough :

→ FEE - - - - -
-

only Ku
T
, P,

K
,
ad (all Ks here

whatever decayed)
Ks

In 1964
,
it was Found that B- ( kyats )

rt 0.2% : this

indicates CP violation ! At a Feynman diagram level
,
K<→ Tita

-

must

involve a weak interaction vertex :

I
*

✗ Vu
,
(assuming Vudñl )

w
- E) a-

However, Ku
is a superposition of sat

and di
,

and these states can mix :

d- s
a Vcsvidviavts

s

d

This product of CKM
elements contains the CP- violating phase .

For Hw you will look at mixing in the Bo Ñ system, which contains

6 quirks instead of s quarks.

One final aside ! CP violation is a necessary condition to generate

the matter - antimatter asymmetry in the universe
.
However

,
the CP violation

measured in these resin systems is notsEt to generate he

observed asymmetry ! There must be additional sources of CP violation

beyond the standard model
.


