c | . x'!*D.J
L--..w;lj._

Particle Physics I1
Lecture 6: The CKM Matrix and CP Violation

Lesya Shchutska
March 28, 2024



CP Violation in the Early Universe

o very early in the universe might expect equal numbers of baryons and anti-baryons
@ however, today the universe is matter dominated (no evidence for anti-galaxies, etc.)

o from “Big Bang Nucleosynthesis” obtain the matter/antimatter asymmetry
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i.e. for every baryon in the universe today there are 10° photons

How did this happen?
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CP Violation in the Early Universe

Early in the universe need to create a very small asymmetry between baryons and
antibaryons:

e e.g. for every 10” antibaryons there were 10° + 1 baryons
@ baryons/antibaryons annihiliate —

@ 1 baryon + ~ 10” photons + no antibaryons
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CP Violation in the Early Universe

To generate this initial asymmetry, three conditions must be met (Sakharov, 1967):

@ “Baryon number violation”, i.e. ng — ng is not constant

@ “C and CP violation”, if CP is conserved for a reaction which generates a net number
of baryons over antibaryons there would be a CP conjugate reaction generating a net
number of antibaryons

® “Departure from thermal equilibrium”, in thermal equilibrium any baryon number
violating process will be balanced by the inverse reaction
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CP Violation in the Early Universe

CP violation (CPV) is an essential aspect of our understanding of the universe
a natural question is whether the SM can provide the necessary CPV
there are two places in the SM where CP violation enters:
o the PMNS matrix (neutrino sector) and
o the CKM matrix (quark sector)
first, CP violation has been observed in the quark sector

since we are dealing with quarks, which are only observed as bound states, this is a
fairly complicated subject. Here we will approach it in two steps:

@ consider particle — antiparticle oscillations without CP violation
@ then discuss the effects of CP violation

many features in common with neutrino oscillations — except that we will be
considering the oscillations of decaying particles (i.e. mesons)
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Weak interaction of quarks

® slightly different values of G measured in 1 decay and nuclear 3 decay:

G = (1.16632£0.00002) x 105GeV~2  GP = (1.136£0.003) x 10~5GeV 2
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Weak interaction of quarks

@ in addition, certain decay modes are observed to be suppressed:
o e.g.compare K~ — pu vyand = — pu v,

o K decay rate is suppressed x 20 compared to the expectation assuming a
universal weak interaction of quarks

Ci ‘7ﬁl A ‘/Ll
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Weak interaction of quarks

Both observations explained by Cabbibo hypothesis (1963):

o weak eigenstates are different from mass eigenstates, i.e. weak interactions of quarks
have same strength as for leptons but a u-quark couples to a linear combination of s

and d quarks:
d\ [ cosbc sinfc) (d
s") 7 \—sinfo cosbo )\ s
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GIM mechanism

o in the weak interaction, have couplings between both ud and us which implies that
neutral mesons can decay via box diagrams, e.g.:

cos6. W~
d —_>— N\ N\ \N—>— U

S —< —
sinf, w+

_|_
U
My x gﬁ cos ¢ sin O

historically, the (not!) observed branching was much smaller than predicted
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GIM mechanism

o led Glashow, Illiopoulos and Maiani to postulate existence of an extra quark
o before the discovery of charm quark in 1974!

o weak interaction couplings become in this case with u, d, s, and ¢ quarks:

ol

c

0059687‘% d sin@c‘% s —sinec% d coch% s
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GIM mechanism

@ given another box diagram for KV — ptpu~—:

—sinf., W~

S

—

cos 6,

@ i.e. weak interaction couples different generation of quarks between each other:

N\A\N\N\
v

/

—> U My x —g{‘jv cos O sin O

\ Vi same final state, so sum amplitudes:

AVAYAVAY,

W+

IM|? = |M; 4+ Msy|* ~ 0
cancellation not exact: m, # m.

—<—ut

e
\/—

2

u

dl

u u
+ %<
cos ;;Z\;;< d sin O, g—\}"i s

(the same is true for leptons, e.g. e~ vy, e~ vy, e v3 couplings connect different

generations)
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GIM mechanism

@ helps to explain the observations on the previous pages with o = 13.1°

o K decay suppressed by a factor of tan? ¢ = 0.05 relative to 7 decay

d Vu S kin6] Vu
T >\NW< K~ vaw<
u u u u-
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CKM matrix

o extend ideas to three quark flavors (as in three flavor neutrmo treatment)

d’ Vid Vus Vb d i By convention CKM matrix
o=Vt | (5] gmesameena
v Via Vis Vo ) \b) 1 O A

Weak eigenstates | CKM Matrix | Mass Eigenstates

r N . Y
( Cabibbo, Kobayashi, Maskawa )

o e.g. weak eigenstate d is produced in weak decay of an up quark:
8w Vv 8w V8w V8w

y \/i , _ m[ V2 , us \/" ~ ub V2 ,

o the CKM matrix elements V;; are complex constants

o the CKM matrix is unitary

o the V;; are not predicted by the SM — have to be determined from the experiment
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Feynman rules

o depending on the order of the interaction, v — d or d — u, the CKM matrix
elements enter as either V,,4 or V.,

o writing the interaction in terms of weak eigenstates:

2 . _ gw 1 5 /

/ w =0 | —1=—=y"=(1 — d
d Jaru = U [ vl 5(1—7 )}

W note: u is the adjoint spinor, not the antiup quark

w1
o giving the d — u weak current: jg, = u {—7%” 2(1 — )] Vyad
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Feynman rules

o for u — d’ the weak current is:

d/

SIE

W+

o for mass eigenstates: d' = d'17? = (Viqd)'7° = V3,d"y° = V*,d

gw 1 r
@ giving the u — d weak current: =dV*, | =i A= (1 —~%) | u
giving Jud = AV}, [ N 5= )}

@ hence when the charge —1/3 quark enters as the adjoint spinor, the complex
conjugate of the CKM matrix is used
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Feynman rules

o the vertex factor for the following diagrams:

A

is —lTVud“/#Q(l - )

@ whereas, the vertex factor for:
*—q; —hq: ‘ e e
) vv\/\< )

is — L—Vu*dﬁ/“ (1—7)

V2 iy
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Feynman rules

o experimentally determine:

Vadl Vsl Vs 0.974 0.226 0.004
Veal  |Ves| V| | = | 023 096 0.04
Vil [Vis| Vil ? ? ?

o currently, little direct experimental information on V4, Vi, Vi

o assuming unitarity of CKM matrix, e.g. |Vi|* + |Vip |2 4 [Vis|? = 1:

Cabibbo matrix

Via| [Vis| Vi | 0.974 0.2260.004

Near diagonal - very

|Vcd| |VCS| |Vcb’ ~ 50'23 0.96 0.04 different from PMNS

Vial [Vis| [Vl 0.01 0.04 0.999
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Feynman rules

o Note: within the SM, the charged current W, weak interaction:
@ provides the only way to change flavor
@ only way to change from one generation of quarks or leptons to another
o the off-diagonal elements of the CKM matrix are relatively small:
o weak interaction is largest between quarks of the same generation

o coupling between first and third generation quarks is very small

@ as for PMNS matrix — CKM matrix allows CP violation in the SM
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The neutral kaon system

e neutral kaons are produced copiously in strong interactions, e.g.:

7~ (du) + p(uud) = A(uds) + K°(d3)

7 (ud) + pluud) — K+ (us) + K (sd) + p(uud)
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The neutral kaon system

neutral kaons decay via the weak interaction

the weak interaction also allows mixing of neutral kaons via “box diagrams”

w— u,c,t
d S d s
KO u,c,ty N cit | %0 K° §W+ §W 7
s d s d
wt u,c,t

. .. . —0
this allows transitions between the strong eigenstates states K°, K

consequently, the neutral kaons propagate as eigenstates of the overall strong+weak
interaction; i.e. as linear combinations of KV, K

these neutral kaon states are called “K-short” Kg and “K-long” K,
they have approximately same mass m(Kg) ~ m(Kp) ~ 498 MeV
but very different lifetimes: 7(Kg) = 0.9 x 107105, 7(K7) = 0.5 x 107" s
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CP eigenstates

o the Kg and K, are closely related to CP-eigenstates

o the strong eigenstates K°(d5) and FO(SJ) have J¥ = 07, i.e. are pseudoscalars with
PIK") = - k%), P|R") = - [K)
o the charge conjugation operator changes particle into antiparticle and vice versa:
o C|K®) =C|ds) = + |sd) = ‘FO>
. C|R") =

o here the “+” sign is purely conventional, could have used a
physical consequences;

K°)

w9

with no
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CP eigenstates

@ consequently:
o CP|K%) = - [K"),
o CP|K") = - |K),
o i.e. neither K or K are eigenstates of CP

@ but can form CP eigenstates from linear combinations:
1 —0 ~
o K1) = = (|K° —‘K )). CPIKy) =+ |K
| K1) 7 |K°) | K1) K1)

o 1K) = = (|K) + [R°)). CP k) = - |K)
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Decays of CP eigenstates

@ neutral kaons often decay to pions (the lightest hadrons)
@ the kaon masses are approximately 498 MeV and the pion masses are approximately 140 MeV

@ hence neutral kaons can decay to either 2 or 3 pions

23/49



Decays of CP eigenstates

Decays to Two Pions: T 5
Y K007  JPr 00 =0 40" o &

*Conservation of angular momentum = Z =0 7&. T

= P(n'n%) =—-1.-1.(-1)f =+1
The ¥ = % (uti — dd) is an eigenstate of ¢
C(n°7%) =Cn’.Cn’ =+1.+1=+1
= éCP(nono) =+1

Y K= ntn~  as before P(ntn)=+1

*Here the C and P operations have the identical effect

nt P - Hence the combined effect of CP
3 '=A> Y is to leave the system unchanged

77: + CUAA H

\. é» \.ﬂ? ;CP(ﬂ+ﬂ7)=+l

| Neutral kaon decays to two pions occur in CP even (i.e. +1) eigenstates
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Decays of CP eigenstates
Decays to Three Pions:
i‘( KO — 71'071'0750 JP : 00—0"4+0"4+0" Remember L is
' +Conservation of angular momentum: magnitude of angular

Ll @Lz 0 = L1 L2 momentum vector
P(n°n%7%) = —1. — 1. — L.(= )l (=1)l2 = —1
C(n°7n°7%) = +1.+1.+1

= CP(n’n7%) = -1

. . + ‘ : er — =Pi> 27
Hence: CP(?I T )——1( 1) , o™ || o7t

*The small amount of energy available in the decay, m(K) —3m(x) ~70MeV
means that the L>0 decays are strongly suppressed by the angular momentum
barrier effects (recall QM tunnelling in alpha decay)

Neutral kaon decays to three pions occur in CP odd (i.e. -1) eigenstates |
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Decays of CP eigenstates

o if CP were conserved in the weak decays of neutral kaons, would expect decays to
pions to occur from states of definite CP (i.e. the CP eigenstates K, K>5):

1 . ~~
o |Ky) = $<|K0> - ‘KO>), CP|K;) =+|K;), K1 — mm: CP-even
1
V2

o expect lifetimes of CP eigenstates to be very different

°o |[Ky) = <|K0> + ‘EO>), 613|K2> = —|K3), Ky — mrm: CP-odd

o for two pion decay energy available: myg — 2m, ~ 220 MeV

o for three pion decay energy available: myg — 3m, ~ 70 MeV

o expect decays to 7 to be more rapid than to w77 due to increased phase space
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Decays of CP eigenstates

o this is exactly what is observed: a short-lived state “K-short” which decays to

(mainly) to w7 and a long-lived state “K-long” which decays to 77

@ in the absence of CP violation we can identify

o |Ks) = K1)

%\

( K0> ’K >> with decays Kg — 7w

o |[K1) = [K2)

Sl

(‘KO + ‘K >> with decays K; — mnm
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Neutral kaons decays to pions

consider the decays of a beam of K
the decays to pions occur in states of definite CP
if CP is Conserved in the decay, need to express K in terms of K and K :

|KO> - \[

(IKs) + [KL))

from the point of view of decays to pions, a K beam is a linear combination of CP
eigenstates: a rapidly decaying CP-even and a long-lived CP-odd components

expect to see mm decays near start of beam and w77 decays further downstream

Log Intensity

Ks— nm

At large distance left
with pure K_ beam

K; — nnrw /

Distance from K° production
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Neutral kaons decays to pions
How this works algebraically:

\2(|KS> L IKL))

o put in the time dependence of wave-function: [Kg(t)) = |Kg) e~#mst=Tst/2

@ suppose at time ¢+ = 0 make a beam of pure K*: |1/(t = 0)) =

NOTE: the term e~ ''s*/2 ensures the K g probability density decays exponentially, i.e.
[¥s|” = (Ks(t)| Ks(1)) = e7Ist = e7t/™
@ hence the wave-function evolves as:

1 S . FiL
b)) = 5 (1K) &m0 1 () et 0]
o ertlng 05( ) =e (st+ t) and HL( ) _ e_(imL‘f'FTLt)’

[9(8) = = (05(0) [Ks) +00(0) K1)

o the decay rate to two pions for a state which was produced as K°:
DK — mm) o [(Ks[ih(t)[* oc |05 (t)]* = 7Tt = 7175,
which is anticipated, i.e. decays of the short lifetime component Kg
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o neutral kaons can also decay to leptons:

—0 __
o K —rwte v,

-0 __
K —rntum,

o KV = 1 eTve, KO —» 7 pty,

o note: the final states are not CP eigenstates which is why we express these
decays in terms of K9, K
o neutral kaons propagate as combined eigenstates of weak + strong interaction i.e. the

—0

Neutral kaons decays to leptons

Kg, K1. The main decay modes/branching fractions are:

Ky —

L A

Tt
%70
T et Ve

7r+

eV,
T utvy
Tty

BR =69.2%
BR =30.7%
BR =0.03%
BR =0.03%
BR =0.02%
BR = 0.02%

Kr

—

—

Ll

ata a0

%7070
T etv,
tte Vv,
Tty
ANTRRTN

BR = 12.6%
BR =19.6%
BR =20.2%
BR =20.2%
BR =13.5%
BR =13.5%

@ leptonic decays are more likely for the K7, because the three pion decay modes have
a lower decay rate than the two pion modes of the Kg
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Strangeness oscillations (neglecting CP violation)

o the “semileptonic” decay rate to 7~ et v, occurs from the K0 state

e to calculate the expected decay rate, need to know the K component of the
wave-function

@ for a beam which was initially K° we have:

() = \2(95(75) Ks) + 0,() | K1)
o writing Kg, Ky, in terms of KO, XO:
0(0) = 5 [ (1K) — [K)) + 000 (1K) + [K))] (1)
= (05 +00) [K0) + 5 (05— 01) [K°) @
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Strangeness oscillations (neglecting CP violation)

@ because 0g(t) # 01(t), a state that was initially a K° evolves with time into a
mixture of K? and K — “strangeness oscillations”

o the KU intensity (i.e. K" fraction):

DKL — K%)= [(KO[p(0) " = {10 + 01

o similarly

DL, - K%)= [(R[o)] = 1165 — 0P
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Strangeness oscillations (neglecting CP violation)

using the identity: |z; + z|? = |21]* + | 22| £ 2R (2123)
|OS:':9L|2 — ‘e—(irng+%l"5)tie—(in11,+%l"L)t|2

71—‘51‘ _{_e*r‘Lt izg{{efimst 7%1—‘51 +1'mLIef%rLt}
7l"gt_+_efl"Lt:b2 ‘ﬁtcﬁ{ —i(mg— mL)t}
_ _ _Tstl,
e IS 4T 426777 cos (mg — my )t
+I'y

T+l
e IS 47T £ 207 cos Amt

oscillations between neutral kaon states with frequency given by the mass splitting
Am =m(Kp) —m(Kg)

@ as in neutrino oscillations! Only this time we have decaying states
o from previous equations:

1
I(K),— K% = 1 [e_rst + e Tet 4 2e=(Ts+TL)t/2 g Amt}

1
D(KY,— FO) =1 [eTst 4 e7Tet — 26~ (s HTL)Y/2 cos Amt]
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Strangeness oscillations (neglecting CP violation)

e experimentally: 7(Kg) = 0.9 x 10710, 7(K1) = 0.5 x 1077 s, and

Am = (3.506 + 0.006) x 10~15GeV, i.e. the m(Kp) > m(Kg) by 1 part in 10'6
o the mass difference corresponds to an oscillation period of
2mh
Am
o the oscillation period is relatively long compared to the K g lifetime and consequently

do not observe very pronounced oscillations

Tose = ~1.2x 107 %

1
T T T T T (K% — K°) = [efrsl te T 4 0o (TsHTL)i/2 cosAmt]

(K%, —K") =

EN RN

[e’r"’ + e T e~ TstTL)/2 cosAmt]

Intensity

After a few K lifetimes, left with a pure K.
// beam which is half K and half K°
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Strangeness oscillations (neglecting CP violation)

@ strangeness oscillations can be studied with semileptonic decays

d - d
KO K + EO Ky —

Ve e

. . —0
o the charge of the observed pion (or lepton) tags the decay as from either a K pr K°
because:
K' =7 etv, & T eTV,] NOTALLOWED
—0 _ but
K —nte v, K # nte v,

@ so for an initial K'Y beam observe the decays to both charge combinations:

KZO:O - KO K;):() — EO

L zetv, L zte v,

which provides a way of measuring strangeness oscillations 35749



o used a low energy p beam

o neutral kaons produced:
pp— K 7T K°
pp — K K
@ low energy, so particles produced

almost at rest
@ observe production and decay in the

same detector
o charge of K*77 in the production

process tags the initial neutral kaon as

. —0
either K or K
L —0

o charge of decay products tags the decay as being either K" or K
o nrovides a direct nrobe of straneeness oscillations 36/49




The CPLEAR experiment

An example of a CPLEAR event K~ (Sﬁ)
K(ds)
K~ K (sd)

Production:
pp — K- mK°

Decay: /
K v,

*For each event know initial wave-function,

e.g. here: |y(r =0)) = |K)

37/49



The CPLEAR experiment

@ can measure decay rates as a function of time for all combinations: e.g.
Rt =T(K),— neti) x« (KL, — K°
o from previous equations:

—

e*l—‘sl‘ + e*rLt + 267(1—‘54»1—‘1‘)[/2 COS Amt:|

R_ = F(Kto_o — 7'C+e_Ve) = Nﬂ:eV

—

e—rsl’ + e_FLt — 2e (FS_'_FL l/2 COS Amt:|

R__F( o—TteV,) = e Ust p Tt 4 0= (s L) ’/2cosAmt}

§2
Q
<
Bl= A= B

ﬁ+ = F(E?:O — 7l'_€+ve) Nﬂ:eV

—

e Tst o Tit _ o~ (TstIL)t/2 cosAmt}

where N, is some overall normalization factor

@ express measurements as an “asymmetry’” to remove dependence on Ny, :

(Ry +R_) — (R-+Ry)

Apam = _ b
A" (R +R.)+ (R_+Ry)
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The CPLEAR experiment
@ using the above expressions for R etc obtain:

2¢~ s +L)t/2 co5 Amit
e*l‘st _I_ eert

AAm =

A. Angelopoulos et al., Eur. Phys. J. C22 (2001) 55
7

Bé %
0.6

* Points show the data

05

* The line shows the theoretical
prediction for the value of Am
most consistent with the CPLEAR
data:

|Am =3.485 x 1015 GeV|

0.4

0.3

0.2

0.1

10 15 20
Neutral—kaon decay time []

o the sign of Am is not determined here but is known from other experiments
o when the CPLEAR results are combined with experiments as Fermilab, obtain:
Am =m(Ky) —m(Kg) = (3.506 £ 0.006) x 10~ 1°GeV
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CP violation in the kaon system

@ so far we have ignored CP violation in the neutral kaon system
o identified the Kg as the CP-even state and K, as the CP-odd state
[Ks) =1K1) = J5(1K%) = [K")  with decays: Ky — 77

|KL) = |K2) = \}i(|K0) + |f0>) with decays: K; —

@ at a long distance from the production point, a beam of neutral kaons will be 100%
K7, (the Kg component will have decayed away)

@ hence, if CP is conserved, would expect to see only 37 decays
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CP violation in the kaon system

o several attempts to find violation, e.g. Phys. Rev. Lett. 6 (1961) 552 (27 citations)

VoLuME 6, NUMBER 10 PHYSICAL REVIEW LETTERS May 15, 1961

DECAY PROPERTIES OF K,° MESONS™

D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov
Joint Institute of Nuclear Research, Moscow, U.S.S.R.
(Received April 20, 1961)

@ “We have recorded so far more than 500 V" events interpreted as decays of
K9 mesons.”

o “Neither the authors of the quoted paper nor we have found any event of K3-meson
decay into two charged m mesons.”
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.6.552

CP violation in the kaon system

@ more perseverance in Phys. Rev. Lett. 13 (1964) 138 (3861 citation)

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,} V. L. Fitch,} and R. Turlay$
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

@ observed 45 K — w7~ decays in a sample of 22700 kaon decays a long distance
from the production point

— weak interactions violate CP

@ 22700/45 == 504: people in Dubna just didn’t get lucky to observe a possible
two-pion event!

o Fitch & Cronin received a Nobel prize in Physics in 1980 for this discovery!
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.13.138

o CP is violated in hadronic weak interactions, but only at the level of 2 parts in 1000:

K, to pion BRs:

CP violation in the kaon system

Ky

Ll

atn n°

77070

T

070

BR =12.6%
BR =19.6%
BR =0.20%
BR =0.08%

CP=-1
CP=-1
CP=+1
CP=+1
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CP violation in the kaon system

* Two possible explanations of CP violation in the kaon system:
i) The Kg and K do not correspond exactly to the CP eigenstates K, and K,

IKs) 1 1
S) = — F—
V1+ g2

(K1) +elKa)]| | IKL) = ——=[|K2) +€|K1)]
with |€] ~2x 1073

1+ |e|?
*In this case the observation of K; — 77T is accounted for by:
1
K1) = [1K2) +€]K1)]

2
R R

ii) and/or CP is violated in the decay

K) = |K2) |cP=-1
L nan |CP=-1 Parameterised by £’
nr CP=+1

* Experimentally both known to contribute to the mechanism for CP violation in the

kaon system but i) dominates: g’/g =(1.7£0.3) x 1073 { E’;\:\? ((gffn?ﬂab)
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CP violation in semileptonic decays

if observe a neutral kaon beam a long time after production (i.e. at large distances) it
will consist of a pure K7, component:

—0
Ke) = J5 A [(1+2)|Ko) + (1 - ) K|
\[ 1+‘€| | . | 7'L'_e+Ve
decays to 7~ e™ v, must come from the FO component, and decays to 7 e~ 7, must
come from the K° component:
T(K, — nte V) o< (KO|KL)[? o< |1 — €2 ~ 1 — 2R {e)}
[(Kp — et v,) o< [(KO|KL) > o< |1+ €]? ~ 14+ 2%R{e}

results in a small difference in decay rates: the decay to 7~ e™ v, is 0.7% more likely
then the decay to 77e™ 7,
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CP violation in semileptonic decays

o this difference has been observed and thus provides the first direct evidence for an
absolute difference between matter and antimatter

@ it also provides an unambiguous definition of matter which could, for example, be
transmitted to aliens in a distant galaxy:

“The electrons in our atoms have the same charge as those emitted least often in the
decays of the long-lived neutral kaon”
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CP violation and the CKM matrix

o how we can explain I'(K;_, — K°) # (K", — K") in terms of the CKM matrix?
o consider the box diagrams responsible for mixing, i.e.:

w- q
d ~_ s d S
KO g 7 | B K° §W+ § w- | &
s d 5 d
w q

where ¢ = {u, ¢, t}, ¢ = {u,c, t}
@ have to sum over all possible quark exchnages in the box. For simplicity, consider
just one diagram:

Va
d S
K | ¢ t K Mpi<AuVeaViiViaVis
® g ™ A constant related
Vi Via to integrating over

virtual momenta

47149



CP violation and the CKM matrix

o compare the equivalent box diagrams for K0 — K' and K — KO

Ved Vi Ves Vtti
e AN B s > VW —
KO . cy At 4 %’ K’ . cyY At K°
+'\/\/\/\4+ < ~
VCE Via Vcti Vis
Mfi o< AcchdV;;thV;; M},‘ o< ActVCthcsV;ins = Mj*f,'

o therefore difference in rates:
D(K° - K") ~T(K" — K% oc My; — M}, = 2T{My;}

@ hence the rates can only be different if the CKM matrix has imaginary component:
e oc Z{My;}

@ in the kaon system we can show:

(€] o< Aur- 3{VuaVisViaVis} + Act 3{VeaVisViaVis } + Au 3{ViaViiViaVis }

| Shows that CP violation is related to the imaginary parts of the CKM matrix |
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Summary

the weak interactions of quarks are described by the CKM matrix

similar structure to the lepton sector, although unlike the PMNS matrix, the CKM
matrix is nearly diagonal

CP violation enters through via a complex phase in the CKM matrix

a great deal of experimental evidence for CP violation in the weak interactions of
quarks

CP violation is needed to explain matter — antimatter asymmetry in the Universe

HOWEVER, CP violation in the SM is not sufficient to explain the matter —
antimatter asymmetry. There is probably another mechanism.
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