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Disclaimer

Before I came here I was confused about this subject.
Having listened to your lecture I am still confused.
But on a higher level.

E. Fermi
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CP Violation in Neutral Meson Mixing

Decays ∆F = ∆Q

M0 → X`+ M̄0 9 X`+

M0 9 X`− M̄0 → X`−

λf =
q

p

Āf
Af

give CX`± = ±1, SX`± = RX`± = 0

Decays ⇔ Transition Probabilities∣∣〈X`−|T |M0(t)〉
∣∣2 ∼ ∣∣〈M̄0|T |M0(t)〉

∣∣2∣∣〈X`+|T |M̄0(t)〉
∣∣2 ∼ ∣∣〈M0|T |M̄0(t)〉

∣∣2
∣∣〈f |T |M0(t)〉

∣∣2= e−Γt

{
Ch[M0, f ] cosh

(
∆Γ
2 t
)

+ Cc[M0, f ] cos (∆Mt)
+Sh[M0, f ] sinh

(
∆Γ
2 t
)

+ Sc[M0, f ] sin (∆Mt)

}
∣∣〈f |T |M̄0(t)〉

∣∣2= e−Γt

{
Ch[M̄0, f ] cosh

(
∆Γ
2 t
)

+ Cc[M̄0, f ] cos (∆Mt)
+Sh[M̄0, f ] sinh

(
∆Γ
2 t
)

+ Sc[M̄0, f ] sin (∆Mt)

}
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CP Violation in Neutral Meson Mixing

We have˛̨
〈M̄0|T |M0(t)〉

˛̨2∼ e−Γt


Ch[M0, f ] cosh

`
∆Γ
2
t
´

+ Cc[M
0, f ] cos (∆Mt)

+Sh[M0, f ] sinh
`

∆Γ
2
t
´

+ Sc[M
0, f ] sin (∆Mt)

ff
˛̨
〈M0|T |M̄0(t)〉

˛̨2∼ e−Γt


Ch[M̄0, f ] cosh

`
∆Γ
2
t
´

+ Cc[M̄
0, f ] cos (∆Mt)

+Sh[M̄0, f ] sinh
`

∆Γ
2
t
´

+ Sc[M̄
0, f ] sin (∆Mt)

ff
with (θ = 0)

Ch[M0, f ] =
Γf (1− δ)

2(1− Cfδ)
˘

2
¯

Cc[M
0, f ] =

Γf (1− δ)
2(1− Cfδ)

˘
2Cf

¯
Sh[M0, f ] =

Γf (1− δ)
2(1− Cfδ)

˘
2Rf

¯
Sc[M

0, f ] =
Γf (1− δ)

2(1− Cfδ)
˘
−2Sf

¯
Ch[M̄0, f ] =

Γf (1 + δ)

2(1− Cfδ)
˘

2
¯

Cc[M̄
0, f ] =

Γf (1 + δ)

2(1− Cfδ)
˘
−2Cf

¯
Sh[M̄0, f ] =

Γf (1 + δ)

2(1− Cfδ)
˘

2Rf
¯

Sc[M̄
0, f ] =

Γf (1 + δ)

2(1− Cfδ)
˘

2Sf
¯
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CP Violation in Neutral Meson Mixing

We have˛̨
〈M̄0|T |M0(t)〉

˛̨2∼ e−Γt


Ch[M0, f ] cosh

`
∆Γ
2
t
´

+ Cc[M
0, f ] cos (∆Mt)

+Sh[M0, f ] sinh
`

∆Γ
2
t
´

+ Sc[M
0, f ] sin (∆Mt)

ff
˛̨
〈M0|T |M̄0(t)〉

˛̨2∼ e−Γt


Ch[M̄0, f ] cosh

`
∆Γ
2
t
´

+ Cc[M̄
0, f ] cos (∆Mt)

+Sh[M̄0, f ] sinh
`

∆Γ
2
t
´

+ Sc[M̄
0, f ] sin (∆Mt)

ff
with (θ = 0)

Ch[M0, M̄0] =
Γ(1− δ)
(1 + δ)

Cc[M
0, M̄0] = −Γ(1− δ)

(1 + δ)

Sh[M0, M̄0] = 0 Sc[M
0, M̄0] = 0

Ch[M̄0,M0] =
Γ(1 + δ)

(1− δ) Cc[M̄
0,M0] = −Γ(1 + δ)

(1− δ)
Sh[M̄0,M0] = 0 Sc[M̄

0,M0] = 0
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CP Violation in Neutral Meson Mixing

We have with (θ = 0)

∣∣〈M̄0|T |M0(t)〉
∣∣2∼ e−ΓtΓ

{
cosh

(
∆Γ
2 t
)
− cos (∆Mt)

} (1− δ)
(1 + δ)

∣∣〈M0|T |M̄0(t)〉
∣∣2∼ e−ΓtΓ

{
cosh

(
∆Γ
2 t
)
− cos (∆Mt)

} (1 + δ)
(1− δ)

Miguel Nebot
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CP Violation in Neutral Meson Mixing

We have with (θ = 0)
CP Violating asymmetry∣∣〈M̄0|T |M0(t)〉

∣∣2 − ∣∣〈M0|T |M̄0(t)〉
∣∣2 ∼

−4δ
1− δ2

e−ΓtΓ
[
cosh

(
∆Γ
2
t

)
− cos (∆Mt)

]

Miguel Nebot
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CP Violation in Neutral Meson Mixing

H with θ = 0

H =

(
µ p

q
∆µ
2

q
p

∆µ
2 µ

)
H12
H21

= q2

p2˛̨̨̨
q

p

˛̨̨̨2
=

˛̨
M∗12 − i

2
Γ∗12

˛̨2˛̨
M12 − i

2
Γ12

˛̨2 ⇔ δ = − Im(M12Γ∗12)

|M12|2 + 1
4
|Γ12|2

M
0

M̄
0

Γ12

M12

M̄
0

Γ12

M12

M
0
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Direct CP Violation

CP transformation

CP|f〉 = eiϕf |f̄〉 CP|f̄〉 = e−iϕf |f〉

Invariance under CP of transition operator T

CP T CP = T

CP invariance of f → g transition

〈g|T |f〉 = ei(ϕf−ϕg)〈ḡ|T |f̄〉

Simplest CP asymmetry

ACP (f → g) = |〈g|T |f〉|2 − |〈ḡ|T |f̄〉|2

ACP (f → g) 6= 0 in decays of CP conjugate channels:
direct CP Violation

Miguel Nebot
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Direct CP Violation

In general

〈g|T |f〉 = Aeiδ eiφ 〈ḡ|T |f̄〉 = Ā eiδ e−iφ

δ: strong phase, φ: weak phase

ACP (f → g) = A2 − Ā2 A 6= Ā ⇒ CP Violation

but in SM, from LCC , expect A = Ā at tree level
Consider two amplitudes

〈g|T |f〉 =A1 e
i(δ1+φ1) +A2 e

i(δ2+φ2)

〈ḡ|T |f̄〉 =A1 e
i(δ1−φ1) +A2 e

i(δ2−φ2)

ACP (f → g) = −4A1A2 sin(δ2 − δ1) sin(φ2 − φ1)

Miguel Nebot
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Indirect CP Violation

Indirect CP Violation
Interference CP Violation
Mixing × Decay

CP Violating asymmetry∣∣〈f |T |M0(t)〉
∣∣2 − ∣∣〈f̄ |T |M̄0(t)〉

∣∣2
If No CP Violation

〈f |T |M0〉 = ei(ϕB−ϕf )〈f̄ |T |M̄0〉 〈f |T |M̄0〉 = e−i(ϕB+ϕf )〈f̄ |T |M0〉

〈M0|H|M̄0〉 = e−i2ϕB 〈M̄0|H|M0〉

Miguel Nebot
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Indirect CP Violation

That is

Af = ei(ϕB−ϕf )Āf̄ Āf = e−i(ϕB+ϕf )Af̄

p

q
= e−i2ϕB

q

p

Combine
q

p

Āf
Af

=
p

q

Af̄
Āf̄
⇔ λfλf̄ = 1

Cf = −Cf̄ Sf = −Sf̄ Rf = Rf̄

For a CP eigenstate fCP

λfCP = ±1

CfCP = 0 SfCP = 0 RfCP = ±1

Miguel Nebot
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Rephasing

Arbitrary rephasings
States: |M0〉 7→ eiω|M0〉, |M̄0〉 7→ eiω̄|M̄0〉
States: |f〉 7→ eiωf |f〉
CP definition: CP|f〉 = eiϕf |f̄〉, CP|f̄〉 = e−iϕf |f〉

Decay amplitudes

〈f |T |M0〉 = Af 7→ eiωe−iωfAf
〈f |T |M̄0〉 = Āf 7→ eiω̄e−iωf Āf

}
|Af |, |Āf | are invariant

Meson Mixing H21 7→ ei(ω−ω̄)H21

q

p
7→ ei(ω−ω̄) q

p
⇒ |q/p| is invariant (⇔ δ)

Meson Mixing × Decay amplitudes

q

p

〈f |T |M̄0〉
〈f |T |M0〉

=
q

p

Āf
Af

= λf is invariant

Miguel Nebot
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Neutral Meson Mixing (again)

H with θ = 0

H =

(
µ p

q
∆µ
2

q
p

∆µ
2 µ

)

H12H21 = 1
4
(∆µ)2

H12H21 = |M12|2 −
1

4
|Γ12|2 − iRe(M12Γ∗12)

(∆µ)2

4
=

1

4

»
(∆M)2 − 1

4
(∆Γ)2 − i(∆M)(∆Γ)

–
H12
H21

= q2

p2˛̨̨̨
q

p

˛̨̨̨2
=

˛̨
M∗12 − i

2
Γ∗12

˛̨2˛̨
M12 − i

2
Γ12

˛̨2 ⇔ δ = − Im(M12Γ∗12)

|M12|2 + 1
4
|Γ12|2

Miguel Nebot
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Bd, Bs systems

|M12|2 −
1

4
|Γ12|2 − iRe(M12Γ∗12) =

1

4

»
(∆M)2 − 1

4
(∆Γ)2 − i(∆M)(∆Γ)

–

δ = − Im(M12Γ∗12)

|M12|2 + 1
4
|Γ12|2

If |Γ12| � |M12|

4|M12|2 = (∆M)2 − 1
4

(∆Γ)2, 0 = (∆M)(∆Γ), δ = 0

No CP Violation in mixing: δ = 0⇔
˛̨̨
q
p

˛̨̨
= 1

∆Γ = 0 and 2|M12| = ∆M

q

p
= e−i arg(M12) =

M∗12

|M12|
=
p∗

q∗

Miguel Nebot
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Kaons

|M12|2 −
1

4
|Γ12|2 − iRe(M12Γ∗12) =

1

4

»
(∆M)2 − 1

4
(∆Γ)2 − i(∆M)(∆Γ)

–

δ = − Im(M12Γ∗12)

|M12|2 + 1
4
|Γ12|2

Relevant fact 1:

|∆Γ| ' 2|∆M | ⇒ 2|M12| ' |Γ12|

Relevant fact 2:

Re(M12Γ∗12) ' |M12Γ12| = (∆M)(∆Γ)

⇒ Re(M12Γ∗12) ' 1
2

(∆M)2 2|M12| ' ∆M

Miguel Nebot
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Kaons

2|M12| ' |Γ12| ' ∆M

CP Violation in mixing

δ = − Im(M12Γ∗12)
|M12|2 + 1

4 |Γ12|2
= −

Im
(
M12e

−i arg(Γ12)
)

∆M

In kaons, since KS ∼ K+ and KL ∼ K−,
the “traditional” notation is not q and p:

q

p
=

1− εK
1 + εK

⇒ δ =
2Re(εK)
1 + |εK |2

Miguel Nebot
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FCNC b→ sγ

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

e

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

e g2

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄L bL

Miguel Nebot

Flavour and CP Phenomenology



CP Generalities FCNC b → sγ FCNC,CP ∆F = 2 More

γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄Lσ
µνbL
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄Lσ
µνbL
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄Lσ
µνbRmb
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄Lσ
µνbRmb Î(m2

uj ,M
2
W )
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γ γ

b bs su, c, t
u, c, tW
W

e g2 VjbV
∗
js

1
16π2

Fµν s̄Lσ
µνbRmb Î(xj)M−2

W

Miguel Nebot
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γ γ

b bs su, c, t
u, c, tW
W

∑
j=u,c,t

eg2

16π2M2
W

VjbV
∗
jsÎ(xj)mb Fµν s̄Lσ

µνbR , xj =
m2
uj

M2
W

Miguel Nebot
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Glashow-Iliopoulos-Maiani (in ∆F = 1)

Loop function Î(xj) in

3∑
j=1

VjbV
∗
jsÎ(xj)

CKM unitarity
3∑
j=1

VjbV
∗
js = 0

3∑
j=1

VjbV
∗
jsÎ(0) = 0

Then
3∑
j=1

VjbV
∗
jsÎ(xj) =

3∑
j=1

VjbV
∗
jsI(xj)

with
I(xj) ≡ Î(xj)− Î(0), lim

x→0
I(x) = 0

In b→ sγ, t contribution dominant
Miguel Nebot
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FCNC and CP in ∆F = 2

Miguel Nebot
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GIM (in ∆F = 2)

Loop function Ŝ(xj , xk)

3∑
j,k=1

VjαV
∗
jβVkαV

∗
kβŜ(xj , xk) sym. j � k

CKM unitarity twice
3X
k=1

VkαV ∗kβ

24 3X
j=1

VjαV ∗jβ Ŝ(0, xk)

35 = 0

24 3X
j=1

VjαV ∗jβ

35 "
3X
k=1

VkαV ∗kβ

#
Ŝ(0, 0) = 0

Then
3∑

j,k=1

VjαV
∗
jβVkαV

∗
kβŜ(xj , xk) =

3∑
j,k=1

VjαV
∗
jβVkαV

∗
kβS(xj , xk)

S(xj , xk) ≡ Ŝ(xj , xk)

Largest function: S(xt, xt)� S(xj , x!t)
Miguel Nebot
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GIM (in ∆F = 2)

Loop function Ŝ(xj , xk)

3∑
j,k=1

VjαV
∗
jβVkαV

∗
kβŜ(xj , xk) sym. j � k

CKM unitarity twice
3X
k=1

VkαV ∗kβ

24 3X
j=1

VjαV ∗jβ Ŝ(0, xk)

35 = 0

24 3X
j=1

VjαV ∗jβ

35 "
3X
k=1

VkαV ∗kβ

#
Ŝ(0, 0) = 0

Then
3∑

j,k=1

VjαV
∗
jβVkαV

∗
kβŜ(xj , xk) =

3∑
j,k=1

VjαV
∗
jβVkαV

∗
kβS(xj , xk)

S(xj , xk) ≡ Ŝ(xj , xk)−Ŝ(xj , 0)−Ŝ(0, xk)+Ŝ(0, 0), lim
x,y→0

S(x, y) = 0

Largest function: S(xt, xt)� S(xj , x!t)
Miguel Nebot
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εK , δ in kaons

For M12

u
,c

,t

W+

W−

u
,c,t

V ∗

ujs

V ∗

uks

Vukd

Vujd

u, c, t

u, c, t

W

W

Vukd V ∗

uks

Vujd
V ∗

ujs

K0 K0

s̄

d

d̄

s

K̄0

s̄

d

d̄

s

K̄0

M12 ∝
3∑

j,k=1

VjsV
∗
jdVksV

∗
kd L(xj , xk)

Miguel Nebot
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εK , δ in kaons

For Γ12

Γ12 = 2π
∑
n

δ(M0 − En) 〈i|Hw|n〉〈n|Hw|j〉

ππ decays

s

u

ū

d

Vus

V
∗

ud

→ Γ12 ∝ (VusV
∗
ud)

2

Back to δ = − Im(M12e
−i arg(Γ12))

∆M

δ ∝ Im

 3∑
j,k=1

VjsV
∗
jdVksV

∗
kd L(xj , xk)

(V ∗usVud)
2

|V ∗usVud|2


Miguel Nebot
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εK , δ in kaons

Loop function

L(xu) ' 1.4× 10−9 L(xc) ' 7.4× 10−5 L(xt) ' 2.4

L(xu, xc) ' 4.2×10−8 L(xu, xt) ' 3.0×10−8 L(xc, xt) ' 8.0×10−4

CKM’s with Wolfenstein parameters

VcsV
∗
cd = −λ(1− λ2/2) VtsV

∗
td = −A2λ5(1− ρ+ iη)

Imaginary part

Im
(

M12e
−i arg(Γ12)

)
∝ A2λ6 η

[
2L(xc, xt) +A2λ4 L(xt)(1− ρ)

]
∼ η [0.15 + 3.6(1− ρ)]

Miguel Nebot
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εK , δ in kaons

Contours 2L(xc, xt) +A2λ4 L(xt)(1− ρ) = [Const.]

Miguel Nebot
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sin 2β

CP Asymmetry in B0
d → JΨKS

Decays:

〈J/ΨKS |T |B0
d〉 = +

1

2pK
〈J/ΨK0|T |B0

d〉

〈J/ΨKS |T |B̄0
d〉 = − 1

2qK
〈J/ΨK̄0|T |B̄0

d〉

Tree level: b→ cc̄s ∝ VcbV ∗cs
Kaon mixing: qK

pK
=

V ∗csVcd
VcsV

∗
cd
e−i2χ

′

δ = 0 in B0
d–B̄0

d: q
p

M∗12
|M12|

=
(V ∗tbVtd)2

|V ∗
tb
V
td
|2

Then:

λJ/ΨKS =
q

p

ĀJ/ΨKS
AJ/ΨKS

= − (V ∗tbVtd)
2

|V ∗tbVtd|2
(VcbV

∗
cs)

2

|VcbV ∗cs|2
(VcsV

∗
cd)

2

|VcsV ∗cd|2
ei2χ

′
=

− e−i2(β−χ′) ' −e−i2β

CJ/ΨKS = 0 SJ/ΨKS = sin 2β RJ/ΨKS = − cos 2β

Miguel Nebot

Flavour and CP Phenomenology



CP Generalities FCNC b → sγ FCNC,CP ∆F = 2 More

sin 2β

Time dependent rates∣∣〈J/ΨKS |T |B0
d(t)〉

∣∣2 = e−ΓtΓJ/ΨKS {1− sin 2β sin (∆Mt)}∣∣〈J/ΨKS |T |B̄0
d(t)〉

∣∣2 = e−ΓtΓJ/ΨKS {1 + sin 2β sin (∆Mt)}

CP Violating Asymmetry∣∣〈J/ΨKS |T |B0
d(t)〉

∣∣2 − ∣∣〈J/ΨKS |T |B̄0
d(t)〉

∣∣2
|〈J/ΨKS |T |B0

d(t)〉|2 +
∣∣〈J/ΨKS |T |B̄0

d(t)〉
∣∣2 = −2 sin 2β sin (∆Mt)

Experimentally: sin 2β ' 0.68± 0.02
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Remember CKM Fits?
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More stuff

Effective approach
QCD effects, RGE
New Physics sensitivity of flavour processes
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