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Basics

m CP Violation occur when the probability for one process is different from the probability of its CP conjugate.

P(A— B)+# P(A— B)

m All observations of CP Violation happen to come along with flavour violation.

m The only source of known CP Violation is the phase of the CKM matrix.

m Typically measured through ratios of branching ratios:

I'B— f)—I'(B—
I'(B— f)+I'(B—

==

Acp

—
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Alberto Saborido & Eduard Costa | July 4, 2024 Introduction to CP Violation 5/28



Flavour structure of the Standard Model

m The Yukawa couplings for v and d quarks:
Ly = y%Q_iHDj+y%Q_iﬁUj+ (lepton term) + h.c.

o= () pea vy
dL
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Flavour structure of the Standard Model

m The Yukawa couplings for v and d quarks:
Ly = y%Q_iHDj+y%Q_iﬁUj+ (lepton term) + h.c.

o= () pea vy
dL

— ol Ji I i q _
Ly =mgdpdy + miuguy 3 my; =
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Flavour structure of the Standard Model

m The Yukawa couplings for v and d quarks:
Ly = y%Q_iHDj+y%Q_iﬁUj+ (lepton term) + h.c.
i
o= () pea vy
L

o o v
— d Ji JJ U] q _ a
Ly =mgdpdy + miuguy 3 my; =

J %, ij \/Ey”

m m is in general non-diagonal.

~q _ i
m;'lj = (Vf)ik mZe (V}% )2].
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Flavour structure of the Standard Model

m The Yukawa couplings for u and d quarks: = Diagonalising m rotates the fields:

o a, = (VD) a7
Ly = y%QZHDJ+y%Q7'HUJ+ (lepton term) + h.c. ) _

o= () pea vy
dL

o o v
— ond Ji 37 U5t ., . q __ q
Lo = ml-jdeR +miurug m

b= g
® m is in general non-diagonal.

mgj = (Vf)ik mZe (V}%T)ej
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Flavour structure of the Standard Model

m The Yukawa couplings for u and d quarks: = Diagonalising m rotates the fields:

o a, = (VD) a7
Ly = yhQ HDI+y4Q  HU+ (lepton term) + h.c. Y

do = (Vi)

Qi = (Z;) Di — d}é Ui — uzk m Now the coupling of the W contains off-diagonal terms:
L
g _ . g _ . 1
— P v L = —=upiy,d;WH — —=uri V. Vi) d WH
Ly =mbdidyy +mbuiuy 5 mi = ﬁygj Waa = 5tk Tur V2 %( b dL) o

® m is in general non-diagonal.

~q _ i
m;'lj = (Vf)ik mZe (V}% )2].
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Flavour structure of the Standard Model

m The Yukawa couplings for u and d quarks: = Diagonalising m rotates the fields:

o a, = (VD) a7
Ly = yhQ HDI+y4Q  HU+ (lepton term) + h.c. Y

do = (Vi)

Qi = (uzL) Di — d}é Ui — uzk m Now the coupling of the W contains off-diagonal terms:
dy,
d Ji g3 wiood q v a4 Lweq = iﬁLi%dLW” - iﬁfﬂ% (VuLVJL> d,w
Ly =midpdy +miupuy 5 mi = ﬁyﬁ V2 V2

o ) m The CKM matrix can now be identified:
® m is in general non-diagonal.

— T

- T V=v,,V
m;?j = (Vg)l.k my, (Vg )ej uLVdrL
® Unitary

® 4 physical parameters: 3 mixing angles + 1 complex phase
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Parameterisation of the CKM matrix

‘/;J,d ‘/;LS ‘/;1,1)
Vexm = Vea Ves Va

‘/t{l ‘/ts ‘/tb
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Parameterisation of the CKM matrix

Vu,d ‘/;LS
Vexm = Vea  Ves
‘/t{l ‘/ts
C12¢13 5
— 3 g > ] X4 > S
Vekm = —S12C23 — C12923913€ C12C23

0
512823 — €C12C23513€

Vu,b

Ve

Vi

$12€13 spze "0

- 312523513626_ $23C13
—C12523 — L‘>‘126233136"S C23C13
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Parameterisation of the CKM matrix

Vu,d ‘/;LS Vu,b
Vexm = Vea Ves Va

‘/t{l ‘/ts ‘/tb

—is
C12¢13 5 $12C13 5 $13¢
— 3 o 3 3 >l o o 3 3 3 X >
Vekm = —S12C23 — 612523313?6 C12C23 — S12823913€ 5 $23C13
(2 3 3 - g
512523 — C12€23513€ —C12523 — 512C23513€ C23C13
m Wolfenstein parameterisation:
1—72/2 A AN (p—i
/ (p—in)
Verkn = —A 1—A2/2 AN? +0 (/\4)
AN (1 —p—in) —AN? 1
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Physical § phase

m A non-zero & phase implies that the theory is CP violating
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Physical § phase

m A non-zero & phase implies that the theory is CP violating

[ﬂLYuuR + ERYJUL]

v
’C\(uk,u = ﬁ
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Physical § phase

m A non-zero & phase implies that the theory is CP violating

_ _ v _ _
[uLYuuR + uRYJuL] =—— [u(Yu + Y u + u(Y, — YJ)"}/BU]

v
Lopon = ——=
fuku V2 2V/2
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Physical § phase

m A non-zero & phase implies that the theory is CP violating

v _ v _

’CYuk,u = _ﬁ [uLYuuR + U’RYJUL] = 2\/5 [U(Yu + YJ)U + U(Yu - YJ)’YSU]
_ P _ o) -
wu; —>uju; and  wyPu; — —uty,
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Physical § phase

m A non-zero ¢ phase implies that the theory is CP violating

v
Lopon = ——=
fuku V2 2V/2

_ P _ o) -
wu; —>uju; and  wyPu; — —uty,

v
CP) Ly = —
( ) Yuk,u 2\/5
= = [aVy + Y+ avy — Yyl

2v2
> The Lagrangian is CP-invariant only when Y = Y™,

Reference: M. D. Schwartz, Quantum Field Theory and the Standard Model. Cambridge University Press, 3 2014.

_ _ v _ _
[uLYuuR + uRYJuL] =—— [u(Yu + Y u + u(Y, — YJ)"}/BU]

[a(Y, + Vi) Tu—a(Y, — Vi) T+%u] =
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Mixing and oscillation

m Mixing: Flavour eigenstates are different from mass eigenstates.

m Oscillation: Time evolution of a flavour state into another flavour state.

The idea is to start with a state which is a superposition of the Hamiltonian and diagonalize it.

il
H=M-"—
2
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m Mixing: Flavour eigenstates are different from mass eigenstates.

m Oscillation: Time evolution of a flavour state into another flavour state.

The idea is to start with a state which is a superposition of the Hamiltonian and diagonalize it.

il
H=M-"—
2

= 2 2
By i) = p|B%) £¢|B°) ; Ip|” +1qI” =1
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Mixing and oscillation

= Mixing: Flavour eigenstates are different from mass eigenstates.

m Oscillation: Time evolution of a flavour state into another flavour state.

The idea is to start with a state which is a superposition of the Hamiltonian and diagonalize it.

il
H=M-——
2
= 2 2
|Bp.i) = p|B°) £4|B°) ; lp|” +1lal” =1
I I
ML:]‘/[L_ZTL ) MH:]\/[H_ZTH
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Time evolution
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Time evolution

|BO(t)) = g, (£)| B°) + gg_<t>|B°>
1BO(1) = g, ()| B®) + §g,<t>|BO>

(efiz\,fLF%FLt + 67iMHt7éFHt>

N

g.(t) =
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Time evolution

|BO(t)) = g, (£)| B°) + gg_<t>|B°>

1BO(1) = g, ()| B®) + §g,<t>|B°>
1 —iMpt—3 It et ut—3 Tyt
g (1) = 5 (7 Mutm3 Lt g oMt =4 Tt
P [B(t) — BY) = (BB (1))} = ‘% < lg_(t)"

2 2 2
P [B(t) —» B°] = |(B°|B(t))|” = ‘]j’ x |g_(t)]
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Time evolution

|BO(t)) = g, (£)| B°) + gg_<t>|B°>

1BO(1) = g, ()| B®) + §g,<t>|B°>
1 —iMpt—3 It et ut—3 Tyt
g (1) = 5 (7 Mutm3 Lt g oMt =4 Tt
P [B(t) — BY) = (BB (1))} = ‘% < lg_(t)"

2 2 2
P [B(t) —» B°] = |(B°|B(t))|” = ‘]j’ x |g_(t)]

> CPis conserved only if |p| = |q|.
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Conditions for CP violation to occur
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Conditions for CP violation to occur
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Conditions for CP violation to occur

CP violation appears as the result of interference between two diagrams with different strong and weak phases.

m Weak phase: CP-odd. Shows up in the Lagrangian.

m Strong phase: CP-even. Appears in time-evolution.

A;=AB = f) = a €019 4 qyeil0ates)

Af = A(B s f) = alei<51*¢1) + azei(%*%)
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Conditions for CP violation to occur

CP violation appears as the result of interference between two diagrams with different strong and weak phases.

m Weak phase: CP-odd. Shows up in the Lagrangian.

m Strong phase: CP-even. Appears in time-evolution.

A;=AB = f) = a €019 4 qyeil0ates)

Af = A(B s f) = alei<51*¢1) + azei(%*%)

’Afyz‘fif‘ if a; =0 or ay=0 or §;, =38, or ¢; = ¢,
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CP Violation types

m CP Violation in decay. Is an interference between decay amplitudes. It is characterised by ‘%‘ +1

* Example: B* decays.
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CP Violation types

m CP Violation in decay. Is an interference between decay amplitudes. It is characterised by ‘%‘ +1

* Example: B* decays.

m CP Violation in mixing. It is defined by

£1.

q
P

* Example: B decays.
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CP Violation types

m CP Violation in decay. Is an interference between decay amplitudes. It is characterised by ‘%‘ +1

* Example: B* decays.

m CP Violation in mixing. It is defined by ’%‘ + 1

* Example: B decays.

= CP Violation in interference between decays with and without mixing. It is coming from the interference between a
decay B — fand adecay B — B — f. This s characterised by Im A # 0, where

As

hSHES]
_:u‘ |
- =
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CP Violation in decay
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CP Violation in decay

m We define the observable ag p:

I

~

!

—I'(B—f) _

1A/A] —1

aop =

S

=
I(B—f)+I(B=f)

14/4]" +1
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CP Violation in decay

m We define the observable a-p

—f) - At ~p) _ A4l -
= f |4/l +1

m The amplitudes can be parameterised as a function of the diagrams’ relative magnitudes r = a,/a and relative
phases A¢ = ¢,

— ¢y and Ad = 6§ — 0y

A=A(B — f) = a7 (1 4 rei(A0+49))

A

A(B = f) = ae'01+91) (1 + pei-A9+29)
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CP Violation in decay

m We define the observable a-p

—f) - At ~p) _ A4l -
= f |4/l +1

m The amplitudes can be parameterised as a function of the diagrams’ relative magnitudes r = a,/a and relative
phases A¢ = ¢,

— ¢y and Ad = 6§ — 0y

A=A(B — f) = a7 (1 4 rei(A0+49))

A

A(B = f) = ae'01+91) (1 + pei-A9+29)

m For first order in 7 we get

acp = rsin Apsin AJ
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B— Kr

KJr

Figure: Tree level decay

Figure: Penguin-mediated decay
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Figure: Tree level decay

K+

S+
+
—
SRS

Figure: Penguin-mediated decay
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U 70
_/w/ ' -
QA 4
u u Mpengum ~ —lenz ‘Mtree ~ O‘w/\

Figure: Tree level decay

K+

S+
+
—
SRS

Figure: Penguin-mediated decay
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Uu ,n,(]
_// u 2
QA 4
m u Mpengum ~ a2 ‘Mtree ~ O‘w/\

u
w K+
B m Weak phase difference equal to v due to V.
Figure: Tree level decay (p:m)
ViV
VoV

K+ VaaVz
Vel

(0,0) (1,0

sy
T
—
SIS

Figure: Penguin-mediated decay
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Uu 71'0
_// u 2
QA 4
m u Mpengum ~ Gz Mtree ~ O‘w/\

u
w K+
° m Weak phase difference equal to y due to V.
Figure: Tree level decay (p.m)

K+ VaaVz
Vel

(0,0) (1,0)

sy
T
—
SIS

m We know nothing about the strong phase.
Figure: Penguin-mediated decay
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B —- DK
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B —- DK

Bt - D°K* B - DK+ Bt - D,K*
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B —- DK

Bt - D°K* B - DK+ Bt - D,K*

D+ DO
V2
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B —- DK

Bt - D°K* B - DK+ Bt - D,K*

D+ DO
V2

L=l
=

Z}D ?}D
= s
S S
K+ K+
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B —- DK

Bt - D°K* B - DK+ Bt - D,K*
D+ DO
V2
(7

S S
u u

From B — DOYK™, the vertex b will make the angle «y of the Unitarity Triangle appear.

i}D Z}D
B+ {b B+{b
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B —- DK

At = A(B* — D°K*) A = A(B* — DK*) AL = A(Bt — D,K™)
AT =A(B- - D'K~) A; = A(B- — D°K~) A; = A(B~ — DpK")
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B —- DK

At = A(B* — D°K*) A = A(B* — DK*) AL = A(Bt — D,K™)
AT =A(B- - D'K~) A; = A(B- — D°K~) A; = A(B~ — DpK")

AT + A

AL = 7
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B —- DK

At = A(B* — D°K*) A = A(B* — DK*) AL = A(Bt — D,K™)
AT =A(B- - D'K~) A; = A(B- — D°K~) A; = A(B~ — DpK")
Ai — Ali + A2i
CcP \/5
) _ A}
Defining r = ‘Al,

AT =A A = Arelt)
AT =A A7 = Aretd=)
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B —- DK

At = A(B* — D°K*) A = A(B* — DK*) AL = A(Bt — D,K™)

AT =A(B- - DK™) A; =A(B- = D°K~) A

L _ AT+ A7
AG=—-—=
V2

A7 =A AL = Aret(r+9)
AT =A A7 = Aretd=)

Computing the decay rates,

2

o =

A(B~ = D, K™)

A2
I'[BY = DKt = |Au> = 7[1 + 72 + 2rcos(y + 6)]

A
I'B™ = DepK ] = |AL)? = 7[1 + 72 + 2rcos(d —v)]

17/28

CP Violation in decay
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The observable
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The observable

Bof: IBO—=f ) ()= LB = /]
B s IB() — f] o
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The observable

Bof: IBO—=f ) ()= LB = /]
B s IB() — f] o

f=1Tfe = CP|f)=mnslf) wherenisthe CP parity
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The decay ratios
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The decay ratios

PBO(t)] = [(fIT|B°(t)]* =7
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The decay ratios

PBO(t)] = [(fIT|B°(t)]* =7

|BO(t)) = g, ()| B°) + gg,<t>|B°>

1BO(1)) = g, ()| B®) + §g,<t>|80>
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The decay ratios

PBO(t)] = [(fIT|B°(t)]* =7

+ = (fIT|BY)
|BO(t)) = g, ()| B°) + gg,<t>|B°> = (fIT|BO)
_ _ _ g4y
B(0) = 9. (01B) + 2o (0]°) M=,

IB(t) = f] = |Ay] {|g+ )+ Il lg- @1 + 2% [0 (09 0)] }

TBO(t) — f] = |4,

OF + Al 92 (OF + 2% [\g, (09 2)7] }
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Assumptions
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Assumptions

(AP =Ty =1y =0]

From the PDG [1],

A~ (2.74£0.4)-10 3ps™!
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Assumptions

q
[ar=r,-1,=0] o171
From the PDG [1], From the literature [2],
Al =~ (274 0.4) - 10 3ps~! S q :
(2.7+£0.4) - 10" ps FongfBg,lf‘;?’N(?(lO 3)
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Assumptions

q
[ar=r,-1,=0] o171
From the PDG [1], From the literature [2],
Al ~ (2. 4)-103ps~t 5 q >
(2.7+£0.4) - 10" ps FongfBg,lf‘;)’N(?(lO 3)

. Ty+l,
Defining I" = % and Am =mpy —my,

—I't

4,0 [+ g (1= ) cos(Amt) +23(Ap) sin(Amt) |

(B - fl = L
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Assumptions

11—
(AP =Ty =1y =0] i
From the PDG [1], From the literature [2],
- 10 -3ps! -
AT ~ (2.7 +0.4) - 10~ 3ps ForB% — B9, 1 — ‘%’ ~0(10°3)

. Iy+T
Defining I" = % and Am =mpy —my,

2
A e—Ft 2
I[BO(t) = f] = % [1+ A+ (1_ A )coq Amf)+2:;(xf)sm(Amt)]
For the CP conjugate,

2 -1t
IBO(t) — f] = % [1 + [ - (1 — A >cos Amt) — 23(Af)sm(Amt)]

[1] Particle Data Group, P A Zyla et al. Review of Particle Physics. Progress of Theoretical and Experimental Physics, 2020(8):083C01, 08 2020.
[2] Johannes Albrecht et al. Lifetimes of b-hadrons and mixing of neutral B-mesons: theoretical and experimental status. Eur. Phys. J. ST, 233(2):359-390, 2024.
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Intermediate results
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Intermediate results

2 It
I[BO(t) = f] = | ‘; [1+\Af\ + (1—|Af| >cos Amf)+2:;(xf)sm(Amt)]
- A e T
I[BO(t) — f] = % [1+ A - (1— ] >cos Amt) —23(Af)sm(Amt)]
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Intermediate results

2 It
.
I[BY(t) — f] = | |2 [+ (1= ) cos(Am) +23(Ap) sin(Amt) |
& |Af|2€7r
I = fl=—5— [+ = (1= ) cos(amt) — 23(A) sin(Amt) |
A(t) = a®" cos(Amt) + a™ sin(Amt),
2 ~
adir — 1_|/\f‘ int _ 2J(/\f)
DV L+ A
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Intermediate results

2 It
I[BO(t) = f] = | |; [1+yxf\ + (1—|Af| >cos Amf)+2:;(xf)sm(Amt)]
- A e T
I[BO(t) — f] = % [1+ A - (1— ] )cos Amf)—zj(xf)smmmt)]

A(t) = a®" cos(Amt) + a™ sin(Amt),

2 ~
ad'\r — 1— |/\f‘2 int _ 2 J(/\f)2
L+ [\ 1+ [Af]
We can see that
Apl |4y
|/\f| ‘ ‘ Af Af
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Intermediate results

2 It

I[BO(t) = f] = | |; [1+1Af\ + (1—|Af| )cos Amf)+2:;(xf)sm(Amt)]
2 It

IBO(t) — f] = % [+ = (1= ) cos(amt) — 23(A) sin(Amt) |

A(t) = a®" cos(Amt) + a™ sin(Amt),

2 ~
adir — 1— |/\f‘2 int _ 2 J(/\f)2
L+ [\ 1+ [Af]
We can see that
Apl |4y . N in
|As| = ‘ ‘ a7 |3, = a" o |[Af| —|Af| and @™o T(A)
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Further assumptions

Considering a single weak phase,

_ i(Dy+6 1 i(—
Af = Ae (Da+6) } ﬂ B anel( D 5 +9) 6722.(1)A

Ay =mpAerass [ AT Ad@ar T T
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Further assumptions

Considering a single weak phase,

Af = Aei(®Pato) & B anei(—ch-HS) , o2,
A; =0 Aci-2a+d) A, Aei(®4+0) f
From |¢/p| =1,
4 _ iy
p
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Further assumptions

Considering a single weak phase,

A= Aet(Patd) fff an(5i<_¢A+5) -
B — —aPy
A; =0 Aci-2a+d) A, Aei(®4+0) e
From |¢/p| =1,
4 _ iy
p
Using both results,
[ e —2i(P 4 —B ;)
Ay = — —= —n.e A M
f PAf n
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Further assumptions

Considering a single weak phase,

Af = Aei(¢A+5) & B anei(—éA‘HS)
Af Aei(P4+9)

A; =y Aci=2atd)

From |¢/p| =1,
4 _ iy
p
Using both results,
)‘f — gﬁ =7 e 2i(PA—Py)
p Af

We can conclude that A, is a pure phase (|A ;| = 1).

2004
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The Holy Grail

Recall the results we have obtained until now:

2
] gt = 230y

= A(t) = a® cos(Amt) + a™ sin(Amt) with a9 = P BTV

n |)\f’ =1
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The Holy Grail

Recall the results we have obtained until now:

m A(t) = a¥" cos(Amt) + a™sin(Amt)  with o =

1A 1+

n |)\f’ =1

We can conclude that the CP asymmetry is given by

A(t) = T(A;) sin(Amt)

2
17|>‘f‘ amt _ 2 j(/\f)
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B — J/WKj
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B— J/WKg
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B— J/WKg

B{S Cc}J/\If B{Z\;}K
uJ* B{Z\;}K

BO—>KO—>KS} \
f

BY = BY — K0— K
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B — J/WKg: Calculations
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B — J/WKg: Calculations

We want to compute

_
pBAf
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B — J/WKg: Calculations

We want to compute

A, = a5 s
! P Af
From the box diagrams,
; L T S S L
ViV,
w wH Lyt yu,et B E—Ltj
P ViV
d - < - < - b d - y } - b
‘/t:i u,c,t Vi w
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B — J/WKg: Calculations

We want to compute

N, = '5z] ‘4‘/'
p=-2
’ Pp Af
From the box diagrams,
b Ve B0l Vi i b . Y a
ViV,
w wH Lyt yu,et B ~ —Ltf
PB ViV
d - - - < - b d - ) - b
Vi uet Vap w
From the competing decays’ diagrams,
C c
b b oo
B {d B {d [ . . .
ﬁ ~ piKVcchs ~ Vcs cd Vcb‘/cs
S}K 5} K Af dK Vc*bvcs Vc*svcd Vc*bvcs
d d

26/28
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B — J/WKg: Results
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B — J/WKg: Results

Merging the results,

csVed

N, ~ — cb¥es
! thth ViVea Vc*bvcs Vi zd& cd cb& thth Vchb

VisVia VesVea Vo Ves _ Vi Via WolVea Va¥ou _ _ VeaVer ViaVsh
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B — J/WKg: Results

Merging the results,

csVed

PP

VisVia VesVea Vo Ves Vi Via WVeu Ve ¥ _ VeaVen ViaVii

Using the definition of the 8 angle of the unitarity triangle,

VedVer
B =arg (— e )
ViaVs,
one gets

VeaVen
*

e~
taVev —2ip
)‘f >~ = ¢ S
VeaVer 67‘,[3
ViaViy

ViV VeV ViVes ViV WV VW ViaVi VeV,

J(Ap) ~sin(28)
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B — J/WKg: Results

Merging the results,

Ao~ i Vid VesVea Vo Ves _ CViVia WV V% ViV VidVi
d Vo Via VesVea Vi Ves Vi Vi WoVea cb& ViV VeaVa,

Using the definition of the 8 angle of the unitarity triangle,

V *
B = arg (—76‘1 ‘f)
ViaVi,

one gets
_ “icid“;rb e—iB
~ — _p—2iB 5 ~
Ap = ’V V| is e’ = J()\;) ~sin(28)
thvfb
Finally,

’ Acp =2 sin(2f3) sin( Amt)

[3] Particle Data Group, P A Zyla et al. Review of Particle Physics. Progress of Theoretical and Experimental Physics, 2020(8):083C01, 08 2020.

From [3],

sin(28) = 0.699 + 0.017 \
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m The complex phase of the CKM matrix allows for CP violation in the SM.
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Summary

m The complex phase of the CKM matrix allows for CP violation in the SM.

m CPV observation requires at least two competing diagrams with different weak and strong phases that go to the same
final state.

m CPviolation can manifest in decay, mixing and interference.

m Some CP-violating processes can be used to measure some fundamental parameters of the Standard Model: the angles
of the Unitarity Triangle.
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