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In matrix form
,
ñv /¥)d→ñK7ᵗ( ' Id = a- V71-1,11 .

So if ✓ = V
'

,
i. e. if all Ckm elements are

,
CP is conserved

.i.
⇔

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

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

-

the quark fields with phase rotations that leave the mass matrix

invariant, but determinants
are basis - independent :

det [ Yu
,
Ya ] =

-

(ne - ne) (mt-mnllmc
-~) (nb -7) ( no- nd)(nine)J

,

where J is the Jwlskoginvaiat )
= Singsin 0-2,5^0,

,

cos 0-wcoso-n.cosQ[sins

J vanishes if and only if the CP
-violating phase 0=0 .

CP violation and KÑ mixing

LettÉaconsequences of
CP violation

.

The lightest mesons containing strange quarks are te neutral

kaons K° = Jd and Fi = d-S
.

P is conserved in the strong interactions
,

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

PIK ° > = - Iko>
,
PIE > = - 1kt >. C exchanges particles and antiparticles,

so CIK 's =/KD and CLE> =/ Ko>

⇒ the CP eigenstates are linear combinations :

K
,
= talk ◦

+ E)
,

K
,
= ¥(k° -E)

CP = - I CP = -11

The pions TV
,
IT
± have P = -1 . So a neutral state with the pions

(to -110
,
or Titti) has CP = + 1

,

and a state with three pions ( xoxo a-
◦

or -11° # E) has CP = - I . II ( P were conserved in the standard

Model
,
K

,
should refer decay to Titi

.

Since me . = 998 MeV

and 3Mt,
≈ 405 MeV, there is a strong phase space suppression for

the

31T decay , as
well as facto-5 of ¥ from the additional %¥p .



Therefore
,
K
-
has a much smaller decay width, and a longer lifetime ! 6L

Experimentally, there
are two mass eigenstates

, Kinard Ks (
"
'
on,
"
and

"short"}

with Tg = 0.895×10
- "

s
,
TL = 9-116×10-85

.

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 notiEt to generate he

observed asymmetry ! There must be additional sources of CP violation

beyond the standard Model
.



The weak interaction at low energies 7L
-

The weak force is responsible for many of the First subatomic

particle decays ever observed
'

.

IT
+
→ et Je , µ

-

→ e- Term
,

n → p
e- Je

,
etc .

With hindsight, we can understand all of these

processes as being mediated by a W boson :

et

" Ike - y :-&
} •

Titm€ , -1h
a- %

d

Fayette
However

,
these decays were well - understood long before the W

boson was ever
discovered ! At sufficiently low energies F-⇐ mw,

there is a consistent framework for understanding
the weak

interaction where the
W never appears.

Let's look at the W propagator :

my
= ¥+1-y" + )

For the pion decay example, he = putPa = Pa , and k~=m_i=(Homev5

¥ñ= 10-6
,
so we can approximate the propagator by taking K→o :

-
= i1÷

For the It decay diagram, this gives

I •d- Trl
' In

i

?÷ñr-1¥)v=%÷irT¥)uñrnl¥)r
Where &¥n=_fsIµ=fn÷= ¥ (all the is andris are annoying

historical conventions)

we can pretend that this amplitude come directly from a different

Lagrangian
'

. L = &nÑV( 'II)uérn( ' ve
,
with Fen-a rule



u 8L

☒
+

"

=

" &irT 1k¥)
9

scare quotes because we still need to insert some spinors
Ve

Gf is known as
the Fermi constant and this interaction is known as he

-

ttfernitheoy because if fermions are being multiplied together.

This is our first example
of an effective field theory

.

The term
-

in the Lagrangian
with four fermions has dimension 6

,
and thus Gf

has dimension -2.
Numerically

,
GF = 1-166×10-5 Get? In general,

effective field theories with tens like ¥ ItIt break down at

a scale ~n .

This theory therefore predicts its own demise at

F. = 293 GeV. This (roughly speaking ) sets an upper
bound on the W mass

.

Let's use the 4- Fermi theory to calculate the minor decay width .

nilp ) untied

= &if ñck ,)V(
'¥) ulplu-ck.lk/'-E)vCk} )

in :-#
e-(ki

Jelks)

Since mm →me
,
we can ignore me but

not mm
.

We have evaluated

these traces many times
before

,
but let's do them again to be explicit:

← a-rst

4mi > = I T-kptmnvk.ru/2-2rs))TrCk,rnkIucz-zrs))

= 166 ,
:[ pnkitpvki- y

-

p
- k

,
+ it
""

Paki,][ kmkwtksukm-ymkikztic-pnrvki.hr]

( squared matrix elect
must be red, so cross - terms vanish (also true be>met,))

= 326,5 [ ( p -killkik} ) + (p
-kick, - kz)

-EE
""

Epnou Paki, KIKI]
-

= c-
" "

Eu,o= -2050?
- For;)

= 326,
-

ftp.#-kz)t(p'kNlkikDtlp-kz)lkikj-(pk/kik3D--6&Ge4p'kz)(
Kiku)

pick a Frane : p = (mm, 0,0, ol, le
>
= ( E,Ñ, ) , so p

- k}=~E -



From p=k ,
+ krtk }

,
(p -k ,
F- (kitted

- 9L
my -2mnF- = 2k

,

-Kr =3 kik Elmi-2mnE)

⇒ 41Mt> = 326,5 (mi- 2mn E) (nmE)
← not a constant : nontrivial energydistribution for outgoing Je !

To find Tn
,
need to integrate over 3- body phase space :

F- ¥, ¥1 1¥, %É÷%¥
4mi> rip - is - is- ien

since Clint> only depends on F- IKI
, perform K

,
ad kz integrals Frrst:

fd¥÷dI÷ Flp - Ki -k -ki -- fI÷
,
d¥÷Nnn - E ,

-Er - E)of- ki -ki - ie})

=/ I¥÷zµ÷,Nm - KIKI - F- a- E)

Write ☒Ted? Tei + kit 211511151 cos 0
,

treat Q as the polar
angle in the Ku integral ( i. e - o-int Te

, along z-axis )
•

= %afdcoso-fdt-a-EE-j.EE#..orCmn-F--i----F---EIso-
- E
,

- E)
- I

0

Change variables From ✗ Eco, ⇐ to u = EÉE+EE×
du = EFd×

= ¥ [DE- [
+

du u- Nnn - u - Eu- E) where

u
-

U±=fÉÉ±EEu . For the f- function argument to be zero,

we must have u
-

E mm - E- - E Ent , which sets limits on

F-
, integral : EE = ME , F-a- = E - E

=> IE f DE
,
= In ( so simple after all that no- K . - . )

Ei

Note that the f-function also enforces limits on F- integral :

F-520 => F- a- In



Putting all the pieces back together 10L

I = ¥1s EI ¥4" f
"

"dEÉ÷ 32 E)

9 9 o

k
,
and Kz K

}

phase space angles

<

= 65m€
1921T

"

Measuring the muon lifeline thus gives a precise determination of Gf !

(Lots of important corrections from finite electron mass
, photon emission

from final state, etc. , but these are at the % - level )

Pion decay and helicity suppression
-

Consider two possible decay modes of the charged pion :

T,
-

→ µ
-

Jin and Ti
-

→ e- Je . The W couples equally to electrons

and muons
,

and since meant, but Mn ( 106 MeV) is pretty close

to me, 1140 men, we
would expect the decay to muons to suffer

a phase space suppressionÉ,
and thus B- it →nun)< Brca

- eves
.

However
,
the opposite is true ! Br(T-→e

= 1.23×10
- &

,

Let's see why .

B-( T1
-

→m
-

in

a- (pi )
e- (ki

Tilp
lied

dlpul

If the ñ and d quarks were free particles, this amplitude
would

4°F
Jlp

, )V(¥) ugh ñlkprnl
' riled .

But the pion is a bound
be Vna
Jr

state with nonperturbative QCD dynamics . We will parametrize our ignorance

( the shaded blob) as follows (setting Vua =L From now on ) :

Col Turm ( 1-F) halt
-

(p )> = i p^F, , where Fa is the some Fa we

saw in the chiral Lagrangian ( see Schwartz 28.2 Fo- more
details if you're anions !)



IThus Ma - → e- ie-GF-gzfapmulleprr.lt -r
')v( led

since the pion has spin 0
,

there are no initial spins to average over.

Let's try setting the electron
mass to Zero in the spin sun :

( 1Mt> = GF pmpu Tr [HIKING -2N)]

As before
,
since Pnp

"

is symmetric , the V9 trace with the c- tens.-

vanishes
.

However
,
the other trace is

P^Ñ ( kinkzutkwkzn - Monk , - led
= Up - 4) (p -ki - p

'

Kiku

But p= kitten , so pt=m+F, kik, = p
-ki p

- ka =
,
and

zlp-kplp.kz) -p
'

Kiki II- = 0 ! If the electron were

massless
,
this decay would be forbidden !

To understand this
,
consider the helicities of the decay products :

_h="- .s
Te
← IT

-

←

e-

The 4- Fermi interaction only couples left
- handed spinors and right-handed

anti spinors . So one helicity must be positive and the other
must be

negative , but this
violates momentum conservation since the pion is spin -0.

On the other hand, fermion messes couple left - and right-handed
-

spinors , so
we can think of an insertion of me in the amplitude

as a helicity flip :

← •F-
Te
←

IT
- ← →

e-

Therefore
,
B- ta

-

→ e-It is suppressed compared to a- in 6
> II. = to-5,

a little bit less than that when phase space suppression is included
.

Let's now see the Fermion mass appear in two ways .



First
,
let's use explicit Spiros . Work in the pion rest Frane p :-(ma , 8). 12L

M = ° Fap
"

ñlk
,
) rnltrs) riled

= G=F lutdkiutrck.pro ro¥1 : :X
"""

Vrlkz) )
= 2G=F utdkivi.lk

Recall from Schwartz ch.li?udk1--F----kz {s, Ville ) = JÉKL 7,
where { = (f) For spin - up but y = (f) For spin

- down
.

Since neutrino is massless
,
E = 1kt . Define 2-axis along electron

direction
,
so

kz= - E ad {
s
= 7s = (f) , giving HICK ,

) riled = The SEE where he
,
= (E) 0,0, K )

.

From p
= kitten

,
we have (p

- k ,T= ki, so mtitme-2km,
= 0

⇒ F- = YÉ , k=JÉni=m=??
1Mt ✗ KCE - K) = ^t me

'

no spin sun, 2mg IT,

←
as predicted !

since spins are
chosen

That was similar to our w decay calculation last week . Let's now see how the

same answer arises in the spin
- summed calculation when we restore me

.

Lint> = 6,5 F-ipmpvtrflktmernkzruli.rs) ]
Interestingly, as we found from top quark decay,

the me piece in the

trace does not contribute . Instead, we have to put me back in the

dot products :

( 1Mt> = 46,51=-5 ( Hp .ie, )(p - ki - p
-

Kiki

with masses
, pie , = ^ti, p

-ki-
^

= Kiku

⇒ 4m15: 49=4--5 ( Elm-51mi) (mi-mi) - tzmilmei
-ni))

= 261=2Fri (mi-mi) me
-
← same factor as before

From F- 8¥
,

-
4m15

,

we find Brt
= II. ( I-I.FI#J~- 1.28×10

"

,
as observed !

Brca →mvj)


