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Flavour Physics and CP Violation

Why three generations of particles? Why is an atom electric neutral?Why is there no antimatter?
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Recap: Flavour Physics and CP Violation

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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“Day and Night”, Escher, 1938



Recap: Broken Symmetry and Unobservables: Parity

“L”

driver
Gas pedal

“R”

Gas pedal driver

Before 1956 physicists were convinced that the laws of nature were left-right symmetric. 
Strange?

A “gedanken” experiment:  consider two perfectly mirror symmetric cars:

“L” and “R” are fully symmetric,
Each nut, bolt, molecule etc.
However the engine is a black box

Person “L” gets in, starts, ….. 60 km/h
Person “R” gets in, starts, ….. What happens?

What happens in case the ignition mechanism uses, say, Co60 b decay?
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Recap: Broken Symmetry and Unobservables: CP Violation 
Are they made of matter or anti-matter?

Compare the charge of the most abundantly produced electron with 
that of the electrons in your body:
If opposite: matter If equal: anti-matter

Compare 𝐾!" → 𝜋#𝑒$�̅� to    𝐾!" → 𝜋$𝑒#𝜈
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Recap: Weak interaction in three Flavour Generations

𝓛' = (
)
𝑢′* 𝛾+𝑊+ 𝑑′* x3 !

𝑢’

𝑑′

𝑊, 𝑐′

𝑠′

𝑊,

• Weak Interaction is 100% parity violating.
• Wolfgang Pauli: “I cannot believe God is a weak left-hander.”

• Implement an SU(2)L symmetry for massless particles:

• Flavour universality: identical interactions in three generations.
• In fact: how to distinguish a massless 𝑑′ quark from s’ quark? 

• There is no CP violation in these massless interactions
• What happens when particles acquire mass?

Wolfgang Pauli

𝑡’

𝑏′

𝑊,
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Recap: Flavour Universality in very Early Universe
• Quark and lepton generations interact identically

• No difference between particles of different generation?
• No matter – antimatter asymmetry (CP Violation)?

Strong:Electromagnetic:

Weak NC:

• Universality violation: Higgs !
• Higgs coupling is not universal, and mixes generations
• Complex couplings: allows for CP Violation!

𝑞!’

𝑞"′

𝐻
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𝛼%
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𝛾

𝛼
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𝑔

𝛼&

Weak CC:

CP

𝑞!

𝑞!

𝑍

𝛼'
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𝐻
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Recap: Flavour Universality
• Weak charged current interaction:

𝑢′

𝑑′

𝑊% 𝑐′

𝑠′

𝑊% 𝑡′

𝑏′

𝑊%

• Universality violation: Higgs !
• Higgs coupling is not universal, and mixes generations
• Complex couplings: allows for CP Violation!

𝑞!′

𝑞"′

𝐻

𝑌!"

𝑞!’

𝑞"’

𝐻

𝑌!"∗
CP

𝑖 = 1 𝑖 = 2 𝑖 = 3

Massless particles

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑗)
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Recap: Flavour Universality à Symmetry Breaking
• Weak charged current interaction:

𝑞!′

𝑞"′

𝐻

𝑌!"
• Higgs: redefines quark states in mass eigenstates:

𝑢′

𝑑′

𝑊% 𝑐′

𝑠′

𝑊% 𝑡′

𝑏′

𝑊%

𝐻

𝑚!

𝑞!-

𝑞!-

𝑖 = 1 𝑖 = 2 𝑖 = 3

Massive particles

vev≠ 0

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑖)
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𝑊%

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing

𝑢-
𝑑-

𝑊% 𝑊%𝑢- 𝑊%

𝑊% 𝑊%

𝑡-

𝑑-

𝑊%

𝑠-

𝑡-
𝑠-

𝑊%

𝑏-

𝑑-

𝑊%𝑐-

𝑡-

𝑏-

𝑏-

𝑐- 𝑐-

𝑉#.𝑉#$

𝑉/$

𝑉0$ 𝑉0.

𝑉/.

𝑉#1

𝑉/1

𝑉01

𝑠-

𝑢-

• Weak charged current interaction:

𝑞!

𝑞"

𝐻

𝑌!"
• Higgs: redefines quark states in mass eigenstates:

𝐻

𝑚!

𝑞!-

𝑞!-

Massive particles

(𝑖 ↔ 𝑗)

vev≠ 0

(𝑖 ↔ 𝑖)
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𝑊%

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing

𝑢-
𝑑-

𝑊% 𝑊%𝑢- 𝑊%

𝑊% 𝑊%

𝑡-

𝑑-

𝑊%

𝑠-

𝑡-
𝑠-

𝑊%

𝑏-

𝑑-

𝑊%𝑐-

𝑡-

𝑏-

𝑏-

𝑐- 𝑐-

𝑉#.𝑉#$

𝑉/$

𝑉0$ 𝑉0.

𝑉/.

𝑉#1

𝑉/1

𝑉01

𝑠-

𝑢-

• Weak charged current interaction:

𝑞!

𝑞"

𝐻

𝑌!"
• Higgs: redefines quark states in mass eigenstates:

𝐻

𝑚!

𝑞!-

𝑞!-

Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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• Weak interactions mixes the 
generations of mass eigenstates.

• Complex couplings 𝑉!" allow for CP 
violating phenomena.
• At least 3 generations required!

Massive particles

vev≠ 0
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Recap: The CKM matrix and unitarity triangle 10

Triangle in the complex plane:

• Wolfenstein parametrization:

𝑉!"# =

1 −
1
2
𝜆$ 𝜆 𝐴𝜆% 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆$ 𝐴𝜆$

𝐴𝜆% 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆$ 1

• CKM in terms of phases:

𝑉234 =
𝑉#$ 𝑉#. 𝑉#1 𝑒5!6
− 𝑉/$ 𝑉/. 𝑉/1
𝑉0$ 𝑒5!7 − 𝑉0. 𝑒!7! 𝑉01

• CP Violation:
Ø Non-zero unitary phases
Ø Triangle surface ≠ 0

v Jarlskog invariant

𝑉234
8 𝑉234 = 1



Recap: CP violating phenomena have been well established 11



Recap: CP violation vs matter – antimatter asymmetry

• Jarlskog criterion (1987) for amount of CP violation in SM: 
det 𝑀(𝑀(

) , 𝑀*𝑀*
) = 2 𝑖 𝐽 𝑚+

, −𝑚-
, 𝑚-

, −𝑚(
, 𝑚(

, −𝑚+
,

× 𝑚.
, −𝑚&

, 𝑚&
, −𝑚*

, 𝑚*
, −𝑚.

,

• To explain the absence of antimatter in the universe requires a 
primordial baryon asymmetry of: 

9:"
:#

≈ 105;<

• Explanation requires existence of new massive particles.

Cecilia Jarlskog

From CKM: ⁄𝐴/0 𝑇-1, ≈ 10$," à Too small
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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CP violation: a quantum interference experiment
• Quantum process with two amplitudes 𝐴% and 𝐴&:
• Eg.: 𝐴; = 𝐵< → ⁄𝐽 𝜓 𝐾. and 𝐴= = 𝐵< → 𝐵< → ⁄𝐽 𝜓 𝐾.

𝐴; = 𝐴; , 𝐴= = 𝐴= , 
but 𝐴; + 𝐴= ≠ 𝐴; + 𝐴=

𝐴1 𝐴,

𝐴1 𝐴,

∝ 𝒆𝒊𝝓 𝒆𝒊𝜹

∝ 𝒆$𝒊𝝓 𝒆𝒊𝜹

14

𝐵"

𝐵"



CP violation: a quantum interference experiment
• Quantum process with two amplitudes 𝐴% and 𝐴&:
• Eg.: 𝐴; = 𝐵< → ⁄𝐽 𝜓 𝐾. and 𝐴= = 𝐵< → 𝐵< → ⁄𝐽 𝜓 𝐾.

𝐴; = 𝐴; , 𝐴= = 𝐴= , 
but 𝐴; + 𝐴= ≠ 𝐴; + 𝐴=

𝐴1 𝐴,

𝐴1 𝐴,

∝ 𝒆𝒊𝟐𝜷 𝒆𝒊𝝅

∝ 𝒆$𝒊𝟐𝜷 𝒆𝒊𝝅

14

𝐵"

𝐵"

Weak phase from CKM: 𝒆5𝒊𝟐𝜷 → 𝒆𝒊𝟐𝜷
Strong phase from mixing process: 𝒆𝒊𝝅 → 𝒆𝒊𝝅

𝒆𝒊𝟐𝜷𝒆𝒊𝝅

𝒆$𝒊𝟐𝜷𝒆𝒊𝝅



CP violation: a quantum interference experiment

But	never	forget	your	first	love

9	

∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	

• Quantum process with two amplitudes 𝐴% and 𝐴&:
• Eg.: 𝐴; = 𝐵< → ⁄𝐽 𝜓 𝐾. and 𝐴= = 𝐵< → 𝐵< → ⁄𝐽 𝜓 𝐾.

𝐴; = 𝐴; , 𝐴= = 𝐴= , 
but 𝐴; + 𝐴= ≠ 𝐴; + 𝐴=

𝐴1 𝐴,

𝐴1 𝐴,

𝐴 = 𝐴& + 𝐴$𝑒'(𝑒') �̅� = 𝐴& + 𝐴$𝑒*'(𝑒')

�̅� $ = 𝐴& $ + 𝐴$ $ + 𝐴&𝐴$ 𝑒*'(𝑒') + 𝑒'(𝑒*')
𝐴 $ = 𝐴& $ + 𝐴$ $ + 𝐴&𝐴$ 𝑒'(𝑒') + 𝑒*'(𝑒*')

𝐴 = − �̅� = = 4 𝐴;𝐴= sin𝜙 sin 𝛿

⁄𝐽 𝜓

𝐾&

𝐴1
𝐵"

𝐴,

⁄𝐽 𝜓

𝐾&

𝐵"
𝐴1

𝐴,

CP

• CP violation is a pure 
quantum interference 
effect.

time

15



Intermezzo: CP violation and Interference
• Feynman: “In the end all quantum phenomena are 

manifestations of the double slit experiment.”

The B0
s system

⌘ Demonstration of QM amplitude interference
⇤ Different energies (masses), same path length

! measurement of �ms

⇤ c.f Double slit experiment: same energy, different path length
! measurement of electron wave-length

⇤ Most precise measurement from B0
s

! Ds⇡ gives
�ms = 17.768 ± 0.023 ± 0.006 ps�1 [New J. Phys 15(2013)053021]

Ulrik Egede3-6 June  2013 28/45

The B0
s
 system

● A demonstration of QM amplitude interference

● B0
s
 oscillation

● Different energies (mass)

● Same path length

● Gives measurement of mass 

difference

● Δm
s
= 17.768 ± 0.023 ± 0.006 ps−1

● Double slit experiment

● Different path length

● Same energy

● Gives direct measurement 

of electron wavelength

●

CP violation

Ulrik Egede3-6 June  2013 27/45

The B0
s
 system

● The B0
s
 can oscillate into its antiparticle

● The weak eigenstates are

 no longer      and 

● Two eigenstates with 

different mass and width

●

●

●

●

●

●

●

B
s

0→D
s

−π+

CP violation

Bs

0
Bs

0

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 12 / 20

• Thought: Assuming CPT symmetry, CP violation implies a quantum arrow of time 
• Quantum interference ßà arrow of time?
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Three types of observable CP violation

a) “indirect” CP Violation:  1964 (CCFT)
• Prob(𝐾+→ 𝐾+) ≠ Prob (𝐾+ → 𝐾+)

|ε|= (2.228 ± 0.011 ) x 10-3 (PDG)
• Also called: CPV in mixing

b) “direct” CP violation: 1999 (NA48 & KTeV): 
• Decay rates Γ 𝐾+ → 𝜋,𝜋* ≠ Γ 𝐾+ → 𝜋,𝜋*

Re(ε’/ε) = (1.65 ± 0.26) x 10-3  (PDG)
• Also called: CPV in decay

c) “mixing induced” CP violation: 2001  
(Belle & Babar): 

• Also: CPV in interference of mixing and decay
sin 2β = 0.682 ± 0.019  (PDG)

20

A = a0(K!⇡⇡) + a2(K!⇡⇡)

Interfere Isospin amplitudes:

Interfere dispersive and absorptive:

𝐾< 𝐾<
�

i

2
�12

M12

𝐵

A𝐵

⁄𝐽 𝜓 𝐾.
Interfere direct and mixed:
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Observed CP violation in “Mixing”, “Decay”, “Induced” 18

CPV in K0 mixing CPV in K decay CPV in B+ decay Primarily CPV in D0 decay

B0 Mixing induced CPV CPV in B0 decay CPV in Bs decay Bs Mixing induced CPV



Three types of observable CP violation

a) “indirect” CP Violation:  1964 (CCFT)
• Prob(𝐾+→ 𝐾+) ≠ Prob (𝐾+ → 𝐾+)

|ε|= (2.228 ± 0.011 ) x 10-3 (PDG)
• Also called: CPV in mixing

b) “direct” CP violation: 1999 (NA48 & KTeV): 
• Decay rates Γ 𝐾+ → 𝜋,𝜋* ≠ Γ 𝐾+ → 𝜋,𝜋*

Re(ε’/ε) = (1.65 ± 0.26) x 10-3  (PDG)
• Also called: CPV in decay

c) “mixing induced” CP violation: 2001  
(Belle & Babar): 

• Also: CPV in interference of mixing and decay
sin 2β = 0.682 ± 0.019  (PDG)

22

A = a0(K!⇡⇡) + a2(K!⇡⇡)

Interfere Isospin amplitudes:

Interfere dispersive and absorptive:

𝐾< 𝐾<
�

i

2
�12

M12

𝐵

A𝐵

⁄𝐽 𝜓 𝐾.
Interfere direct and mixed:

19

All CP violation processes result from quantum 
interference including three generations of fermions.



Whisky: Three types of Flavour Violation…
1. “In Mixing” 2. “Direct” 3. “Mixing induced”

à Interference experiments lead to interesting effects!    (Constructive or destructive??)

(Chivas Regal) (Caol Ila) Moonshine

Blended Single Malt “WTF?”



Type-1:  CP violation in mixing: 𝑎() 𝐵* en 𝑎() 𝐵+

)0(BSLA
-0.02 -0.01 0 0.01 0.02

) s0
(B

SL
A

-0.02

-0.01

0

0.01

HFLAV
PDG 2018

B factory
average

LHCb
Xµ(*)

(s) D® 0
(s)B

0D
Xµ(*)

(s) D® 0
(s)B

0D
muons

0D
average

 10´Theory 

World average

 = 12cD

Mika Vesterinen

Simpler for asls

“Simply” need to measure:

N(B0
s )�N(B

0
s)

N(B0
s ) +N(B

0
s)

K+
K-

π+

μ-

Ds+

ν 

D+→KKπ

KKπ invariant mass (MeV)

200k Bs→Dsμ 
signal events in 

2011

36

Bs

Mika Vesterinen

Our signals

π+
K-

π+

μ-

D+
Bd

ν 
1. Bd →D+μνX

π+
K-

π+

μ-

D0Bd

ν 
2. Bd →D*+μνX

1.8 million

0.3 million

43

𝒜@ABC =
Γ(EDE→FDF+G) − Γ(EDE→FDG+F)
Γ(EDE→FDF+G) + Γ(EDE→FDG+F)

CP violation in mixing 
does not happen in 𝐵$<
and 𝐵.< mesons:
• 𝐵 → H𝐵 goes at same 

rate as H𝐵 → 𝐵
• Contrary to 𝜖 in kaons!

𝐵.< 𝐵.<
�

i

2
�12

M12

• Interfere dispersive and absorptive amplitudes (“indirect”):

𝐵() → 𝐷*𝜇$

𝐵+) → 𝐷+*𝜇$

20

When there is only
one decay diagram

𝑠

𝑠 𝑠

𝑠

, ,



Type-2: CP violation in decay: 𝐵*, → 𝐾𝜋 and 𝐵+, → 𝐾𝜋

First observation of CP 
violation in Bs decays

𝐵45 → 𝐾𝜋

𝐵65 → 𝐾𝜋

+

• Interfere two decay amplitudes (“direct”):

L𝐵) → 𝐾$𝜋*

𝐵+) → 𝐾$𝜋*𝐵+
) → 𝐾*𝜋$

𝐵) → 𝐾*𝜋$

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆*𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒅 𝒆*𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

γ

• Quarks from three 
generations 
involved

• Large interference

• Large CP violation!
• Contrary to 𝜖6 in 

the kaon system

21

When there are multiple
decay diagrams



A story on darts and penguins

Melissa Franklin

John Ellis
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Type-3: CP violation in interference of mixing and decay
• Interfere direct with mixed 

decay (“mixing induced”): 

‣ B0
  → -/. ["+"−] KS

0 : (golden mode) 

‣ Fit results: 

‣ Main systematics: 
- S: Background Tagging Asymmetry  

     → expect to scale with more data  
- C: 2m

Measurement of + @ LHCb

Simon Akar !15CKM 18’ - sin2beta @ LHCb

t (ps)
5 10 15

C
a
n
d
id
a
te
s
/
(0
.2
p
s)

1

10

10
2

10
3

10
4

LHCb

(b)

m (MeV/c2)
5240 5260 5280 5300 5320

C
a
n
d
id
a
te
s
/
(1

M
eV

/c
2 )

0

500

1000

1500

2000

2500

3000

3500

LHCb

(a)

signal 
background 
total

S = 0.731± 0.035(stat)± 0.020(syst)

C = �0.038± 0.032(stat)± 0.005(syst)

⇢(S,C) = 0.483
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S = 0.731± 0.035(stat)± 0.020(syst)

C = �0.038± 0.032(stat)± 0.005(syst)
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[PRL 115, 031601 (2015)]
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Close to precision of B-Factories and statistically limited

But	never	forget	your	first	love
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∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	

𝐴2O 𝑡 =
ΓLP→Q 𝑡 − ΓP→Q(𝑡)
ΓLP→Q 𝑡 + ΓP→Q(𝑡)

𝑩𝟎

𝑩𝟎

⁄𝑱 𝝍 𝑲𝒔
Interfere direct and mixed

LHCb

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆$𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒅 𝒆$𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝒆𝒊𝟐𝜷

Decay-time 
dependent 
CP violation
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Flavor Oscillations
• Quantum mechanics with 𝐵5 and 𝐵5

states: “What is a particle?” 
• Particle – antiparticle transitions 𝐵<↔𝐵<

mesons happen spontaneously.

𝐵< 𝐵<

• Time evolution of 𝐵5 and 𝐵5 described by an effective Hamiltonian

𝑖
𝜕
𝜕𝑡
𝜓 = 𝐻𝜓 → 𝜓 𝑡 = 𝑎 𝑡 ⟩𝐵< + 𝑏 𝑡 O𝐵< ≡ 𝑎(𝑡)

𝑏(𝑡)

𝐻 =
𝑀 𝑀1,
𝑀1,
∗ 𝑀 −

𝑖
2

Γ Γ1,
Γ1,∗ Γ

Hermitean Mass-matrix Hermitean Decay-matrix

𝑀&$ describes 𝐵+ ↔ 𝐵+ via off-shell states, 
e.g. the weak box diagram (“dispersive”) 

Γ&$ describes 𝐵+ ↔ 𝑓 ↔ 𝐵+ via on-shell
states, e.g. 𝑓 = 𝜋,𝜋* (“absorptive”) 

26Lecture Notes: Chapter 3

𝐻 −𝐻&+ +𝐻>? +𝐻@>AB



Solving the Schrödinger Equation

From the eigenvalue calculation:

Eigenvectors: 

Dm and DG follow from the Hamiltonian:

Solution: (𝛼 and 𝛽 are initial conditions):

weak
𝑩𝑯 , 𝑩𝑳 : Mass eigenstates

𝑖
𝜕
𝜕𝑡
𝜓(𝑡) =

𝑀 −
𝑖
2
Γ 𝑀&$ −

𝑖
2
Γ&$

𝑀&$∗ −
𝑖
2
Γ&$∗ 𝑀 −

𝑖
2
Γ

𝜓(𝑡)

|𝐵D ⟩𝑡 = | ⟩𝐵D 𝑒$EF-+

|𝐵! ⟩𝑡 = | ⟩𝐵! 𝑒$EF.+

𝑚± = 𝑀 ±
1
2Δ𝑚

Γ± = Γ ±
1
2ΔΓ

𝜔± = 𝑚± −
𝑖
2
Γ±

| ⟩𝐵D = 𝑝| ⟩𝐵" + 𝑞| W𝐵"

⟩𝐵! = 𝑝 ⟩𝐵" − 𝑞| W𝐵"
𝑩𝟎 , 𝑩𝟎 : Flavour eigenstates

⁄𝑞 𝑝 = − X𝑀1,
∗ −

𝑖
2 Γ1,

∗ 𝑀1, −
𝑖
2 Γ1,

Δ𝑚 = 2 ℜ 𝑀/0 −
𝑖
2 Γ/0 𝑀/0

∗ −
𝑖
2 Γ/0

∗

ΔΓ = 4 ℑ 𝑀/0 −
𝑖
2 Γ/0 𝑀/0

∗ −
𝑖
2 Γ/0

∗

𝐵" :  ΔΓ ≈ 0 , ⁄𝑞 𝑝 = 1
𝐵&" :  ⁄ΔΓ Δ𝑚 ≪ 1 , ⁄𝑞 𝑝 = 1
𝐾" :  ⁄ΔΓ Δ𝑚 ≃ 1 , ⁄𝑞 𝑝 − 1 ≃ 10$H

Examples

⇒ 𝜓 𝑡 = 𝛼| ⟩𝐵D 𝑡 + 𝛽| ⟩𝐵! 𝑡

27
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Lifetimes
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𝐵, Oscillation Amplitudes

For 𝐵+, expect:
ΔΓ~0 ,
| ⁄𝑞 𝑝| = 1

For an initially (𝑡 = 0) produced 𝐵< or a 𝐵< it follows:       using:

with

`

| ⟩𝐵) =
1
2𝑝 | ⟩𝐵2 + | ⟩𝐵3

| b𝐵) =
1
2𝑞 | ⟩𝐵2 − | ⟩𝐵3| ⟩𝜓 𝑡 ∶

⟩𝐵" 𝑡 = 𝑔# 𝑡 ⟩𝐵" +
𝑞
𝑝𝑔$(𝑡)| W𝐵"

W𝐵" 𝑡 = 𝑔# 𝑡 W𝐵" +
𝑝
𝑞 𝑔$(𝑡)|

⟩𝐵"
𝑔± + =

𝑒$EF-+ ± 𝑒$EF.+

2

𝑔± + = 𝑒$E?+𝑒$ ⁄J+ , 𝑒$
1
, E K?+ ± 𝑒#

1
, E K?+

2

𝑔# 𝑡 = 𝑒$E?+𝑒$ ⁄J+ , 𝐜𝐨𝐬
𝚫𝒎𝒕
𝟐

𝑔$ 𝑡 = 𝑒$E?+𝑒$ ⁄J+ , 𝒊 𝐬𝐢𝐧
𝚫𝒎𝒕
𝟐

28

𝜔± = 𝑚± −
𝑖
2 Γ±



𝐵, Oscillations
⟨𝐵 𝑡 | ⟩𝐵< =

⟨ A𝐵 𝑡 | ⟩𝐵< =

For 𝐵), expect:
ΔΓ~0 ,   | ⁄𝑞 𝑝| = 1

Calculate:

𝐵" meson 𝐵&" meson

De
ca

y 
Pr

ob
ab

ili
ty

Decay Proper Time (ps) 

𝑔± 𝑡
=
=
𝑒5i0

2
1 ± cos Δ𝑚 ⋅ 𝑡

Flavour Oscillations!

,S

S,

,S

,S

𝐵'

𝐵'

𝐵'
𝑔# 𝑡

𝑞
𝑝 𝑔$ 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*
𝐵'

𝐵'𝑝
𝑞 𝑔$ 𝑡

𝑔# 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*

𝐵'

29

Small Δ𝑚 → slow oscillation Large Δ𝑚 → fast oscillation
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So far, so good…?



Hope not…

18-12-2007



Observing CP Violation

• It’s all about imaginary numbers…



𝐵 Decays to common final states: 𝐶𝑃 eigenstates

𝐵'

𝐵'

𝐵'
𝑔# 𝑡

𝑞
𝑝 𝑔$ 𝑡

⁄𝐽 𝜓 𝐾. 𝐵'

𝐵'𝑝
𝑞 𝑔$ 𝑡

𝑔# 𝑡

𝐵'

⁄𝐽 𝜓 𝐾.

𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → ⁄𝐽 𝜓𝐾9

𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9

+ +

çCPè
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𝐵'

𝐵'

𝐵'
𝑔# 𝑡

𝑞
𝑝 𝑔$ 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*
𝐵'

𝐵'𝑝
𝑞 𝑔$ 𝑡

𝑔# 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*

𝐵'

Instead of (Flavour oscillations): Instead of (Flavour oscillations):



𝐵 Decays to common final states: 𝐶𝑃 eigenstates

𝐵'

𝐵'

𝐵'
𝑔# 𝑡

𝑞
𝑝 𝑔$ 𝑡

⁄𝐽 𝜓 𝐾. 𝐵'

𝐵'𝑝
𝑞 𝑔$ 𝑡

𝑔# 𝑡

𝐵'

⁄𝐽 𝜓 𝐾.

𝑏𝑑

𝑏 𝑑

𝐵)
𝑏 𝑑

𝑏𝑑
𝐵)

𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → ⁄𝐽 𝜓𝐾9

𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9

+ +

𝐵< → ⁄𝐽 𝜓𝐾. ∶ 𝐴Q

𝐵< → 𝐵< → ⁄𝐽 𝜓𝐾. ∶
𝑞
𝑝
𝐴Q

𝐵< → ⁄𝐽 𝜓𝐾. :  𝐴Q

𝐵< → 𝐵< → ⁄𝐽 𝜓𝐾. ∶
𝑝
𝑞
𝐴Q

çCPè

+ +
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𝐵 Decays to common final states: 𝐶𝑃 eigenstates

• Calculate the decay rate of a B-meson into a final state f: 
• From solving Schrodinger’s equation we already had: 

with: 𝜔± = 𝑚± −
!
=
Γ± ,  𝑚± = 𝑀 ± ;

=
Δ𝑚 ,   Γ± = Γ ± ;

=
ΔΓ

𝐵< → ⁄𝐽 𝜓𝐾. 𝐵< → ⁄𝐽 𝜓𝐾.

Γ P 0 →Q = 𝑓|𝐵< 𝑡 =

𝐴Q ≡ 𝑓|𝐵< 𝐴Q ≡ 𝑓|𝐵<

λ ≡
𝑞
𝑝
𝐴Q
𝐴Q

𝜆 ≡
𝑝
𝑞
𝐴Q
𝐴Q

⟩𝐵< 𝑡 = g% t ⟩𝐵< +
𝑞
𝑝
𝑔5 𝑡 | d𝐵<

d𝐵< 𝑡 = g% t d𝐵< +
𝑝
𝑞
𝑔5 𝑡 | ⟩𝐵<

𝑔± 𝑡 =
𝑒5!j$0 ± 𝑒5!j%0

2

𝜆 = 1/𝜆

32

𝑓 = 𝑓
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𝐵 Decays to common final states: 𝐶𝑃 eigenstates

• Calculate the decay rate of a B-meson into a final state f: 
• From solving Schrodinger’s equation we already had: 

with: 𝜔± = 𝑚± −
!
=
Γ± ,  𝑚± = 𝑀 ± ;

=
Δ𝑚 ,   Γ± = Γ ± ;

=
ΔΓ

𝐵< → ⁄𝐽 𝜓𝐾. 𝐵< → ⁄𝐽 𝜓𝐾.

Γ P 0 →Q = 𝑓|𝐵< 𝑡 =

𝐴Q ≡ 𝑓|𝐵< 𝐴Q ≡ 𝑓|𝐵<

λ ≡
𝑞
𝑝
𝐴Q
𝐴Q

𝜆 ≡
𝑝
𝑞
𝐴Q
𝐴Q

⟩𝐵< 𝑡 = g% t ⟩𝐵< +
𝑞
𝑝
𝑔5 𝑡 | d𝐵<

d𝐵< 𝑡 = g% t d𝐵< +
𝑝
𝑞
𝑔5 𝑡 | ⟩𝐵<

𝑔± 𝑡 =
𝑒5!j$0 ± 𝑒5!j%0

2

𝜆 = 1/𝜆
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taking the square…



Master formula for neutral 𝐵 decays
• Just by (tediously) writing it out…

Γ N→P 𝑡 = 𝐴P
, 1 + 𝜆P

, >.56

,
⋅

cosh
ΔΓ𝑡
2 + 𝐷P sinh

ΔΓ𝑡
2 + 𝐶P cos Δ𝑚𝑡 − 𝑆P sin Δ𝑚 𝑡

Γ N→P 𝑡 = 𝐴P
, Q
R

,
1 + 𝜆P

, >.56

,
⋅

cosh
ΔΓ𝑡
2
+ 𝐷P sinh

ΔΓ𝑡
2
− 𝐶P cos Δ𝑚𝑡 + 𝑆P sin Δ𝑚 𝑡

𝐷Q =
=ℜl&
;% l&

' ,     𝐶Q =
;5 l&

'

;% l&
' ,   𝑆Q =

=ℑl&
;% l&

'

• Coefficients 𝐷L, 𝐶L and 𝑆L are measured by experiment
è Measurement of CKM parameters via:

with:

𝜆P ≣
𝑝
𝑞
𝐴P
𝐴P

34



How does it give CP violation?

𝐵'

𝐵'

𝐵'
𝑝
𝑞 𝑔$ 𝑡

𝑔# 𝑡

𝑓()
𝐴:!;

𝐴:!;

𝐵'

𝐵'

𝐵'

𝑞
𝑝
𝑔$ 𝑡

𝑔# 𝑡

𝑓()

𝐴:!;

𝐴:!;

𝐶𝑃

𝑡 = 0 𝑡 Amplitude 𝑔± 𝑡 =
𝑒*'=% ± 𝑒*'=&>

2

𝐴P78 𝑔# 𝑡 + 𝜆𝑔$ 𝑡

𝜆:'( =
𝑞
𝑝
𝐴:'(
𝐴:'(

𝐴P78 𝑔# 𝑡 +
1
𝜆 𝑔$ 𝑡

𝑔, 𝑡 =
𝑒*' ?* ⁄A? $ > 𝑒* ⁄B> $ + 𝑒*' ?, ⁄A? $ > 𝑒* ⁄B> $

2

𝑔* 𝑡 =
𝑒*' ?* ⁄A? $ > 𝑒* ⁄B> $ − 𝑒*' ?, ⁄A? $ > 𝑒* ⁄B> $

2

= 𝑒*'?> 𝑒* ⁄B> $ cos
Δ𝑚𝑡
2

= 𝑒*'?> 𝑒* ⁄B> $ 𝒊 sin
Δ𝑚𝑡
2

For neutral B mesons, 𝑔X has a 
90o (=i) phase difference wrt. 𝑔Y

𝜆:'( =
𝑝
𝑞
𝐴:'(
𝐴:'(

=
1
𝜆:'(

35



Interfering Amplitudes
𝑡 = 0 𝑡 Amplitude

𝐵< → 𝑓2O

𝐵< → 𝑓2O

𝐴P78 𝑔# 𝑡 + 𝜆𝑔$ 𝑡

𝐴P78 𝑔# 𝑡 +
1
𝜆 𝑔$ 𝑡

𝑔# = 𝑒$E?+ 𝑒$ ⁄J+ , cos
Δ𝑚𝑡
2

𝑔$ = 𝑒$E?+ 𝑒$ ⁄J+ , 𝒊 sin
Δ𝑚𝑡
2

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

36
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Interfering Amplitudes
𝑡 = 0 𝑡 Amplitude

𝐴P78 𝑎1 + 𝑎, 𝑒$ES9 𝑒E ⁄T ,

𝐴P78 𝑎1 + 𝑎, 𝑒#ES9 𝑒E ⁄T ,

𝐵< → 𝑓2O

𝐵< → 𝑓2O

𝑔# = 𝑒$E?+ 𝑒$ ⁄J+ , cos
Δ𝑚𝑡
2

𝑔$ = 𝑒$E?+ 𝑒$ ⁄J+ , 𝒊 sin
Δ𝑚𝑡
2

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<
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Interfering Amplitudes: CP violation!
𝑡 = 0 𝑡 Amplitude

𝑔, 𝑡 + 𝜆𝑔* 𝑡 𝑔, 𝑡 +
1
𝜆
𝑔* 𝑡

𝑔, 𝑡 𝑔, 𝑡

𝑔* 𝑡 𝑔* 𝑡
𝜆 𝑔* 𝑡 1

𝜆
𝑔* 𝑡

𝜙=>?@ 𝜙=>?@

re
im 𝐵5 → 𝑓Z[ 𝐵5 → 𝑓Z[

𝐵< → 𝑓2O

𝐵< → 𝑓2O

𝐴P78 𝑔# 𝑡 + 𝜆𝑔$ 𝑡

𝐴P78 𝑔# 𝑡 +
1
𝜆 𝑔$ 𝑡

𝑔# = 𝑒$E?+ 𝑒$ ⁄J+ , cos
Δ𝑚𝑡
2

𝑔$ = 𝑒$E?+ 𝑒$ ⁄J+ , 𝒊 sin
Δ𝑚𝑡
2

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

38
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Interfering Amplitudes: time dependent CP violation!
𝑡 = 0 𝑡 Amplitude

𝐵< → 𝑓2O

𝐵< → 𝑓2O

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖 𝜆 sin

Δ𝑚𝑡
2

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖

1
𝜆 sin

Δ𝑚𝑡
2

𝐵5 → 𝑓Z[
𝜙=>?@

𝜙=>?@

𝜙=>?@ 𝜙=>?@

𝜙=>?@ 𝜙=>?@

⁄Δ𝑚𝑡 2 = 0 ⁄Δ𝑚𝑡 2 = ⁄𝜋 4 ⁄Δ𝑚𝑡 2 = ⁄𝜋 2 ⁄Δ𝑚𝑡 2 = ⁄3𝜋 4

𝐵5 → 𝑓Z[

No CPV CPV! No CPV CPV!èDecay-Time Dependent CP Asymmetry!
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From Amplitude to Decay rate
𝑡 = 0 𝑡 Amplitude

𝐵< → 𝑓2O :

𝐵< → 𝑓2O

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖 𝜆 sin

Δ𝑚𝑡
2

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖

1
𝜆 sin

Δ𝑚𝑡
2

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

• Decay rate is the square of the amplitude (work it out):

cos 9-0= + 𝑖 𝜆 sin 9-0=
=
∝ 1 + ;5 l '

;% l ' cos Δ𝑚𝑡 −
=ℑl
;% l ' sin Δ𝑚𝑡

cos 9-0
=
+ 𝑖 ;

l
sin 9-0

=

=
∝ 1 − ;5 l '

;% l ' cos Δ𝑚𝑡 +
=ℑl
;% l ' sin Δ𝑚𝑡𝐵< → 𝑓2O ∶

𝐵< → 𝑓2O

40



Time Dependent CP violation

Decay Amplitudes

𝑡 = 0 𝑡 Amplitude

𝐵< → 𝑓2O

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖 𝑒$ES9:;< sin

Δ𝑚𝑡
2

𝐴P78 𝑒
$E?+𝑒$E ⁄J+ , cos

Δ𝑚𝑡
2 + 𝑖 𝑒#ES9:;< sin

Δ𝑚𝑡
2

𝐵< → 𝑓2O

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<
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Time Dependent CP violation

Decay Rates

𝑡 = 0 𝑡 Decay Rate

𝐵< → 𝑓2O

𝐵< → 𝑓2O ∝ 𝑒5i0 cos
Δ𝑚𝑡
2

+ 𝑖 𝑒5!n()*+ sin
Δ𝑚𝑡
2

=

∝ 𝑒5i0 cos
Δ𝑚𝑡
2

+ 𝑖 𝑒%!n()*+ sin
Δ𝑚𝑡
2

=

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

Decay Amplitudes

𝑒!"# 1 + sin𝜙$%&' sin Δ𝑚𝑡

𝑒!"# 1 − sin𝜙$%&' sin Δ𝑚𝑡
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Time Dependent CP Asymmetry
𝑡 = 0 𝑡 Decay Rate

𝐵< → 𝑓2O

𝐵< → 𝑓2O ∝ 𝑒!"# 1 + sin𝜙$%&' sin Δ𝑚𝑡

∝ 𝑒!"# 1 − sin𝜙$%&' sin Δ𝑚𝑡

But	never	forget	your	first	love

9	

∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	

𝜆P78 =
𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

𝓐2O =
Γ 𝐵< → 𝑓2O − Γ 𝐵< → 𝑓2O

Γ 𝐵< → 𝑓2O + Γ 𝐵< → 𝑓2O
= −sin𝜙opqr sin Δ𝑚𝑡

−sin𝜙@>AB
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𝜆 ⁄\ ]^! ≡  − _
`

a ⁄# $%!
a ⁄# $%!

𝜆 ⁄< =>w for “Golden” mode: 𝐵, → ⁄𝐽 𝜓𝐾(
𝜆P78 =

𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

𝜆 ⁄s t3, = −
𝑉01∗ 𝑉0$
𝑉01𝑉0$∗

𝑉/1𝑉/.∗

𝑉/1∗ 𝑉/.

𝑝3!
𝑞3.

𝑉-.𝑉-&∗ × 𝑝U
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𝜆 ⁄\ ]^! ≡  − _
`

a ⁄# $%!
a ⁄# $%!

𝜆 ⁄< =>w for “Golden” mode: 𝐵, → ⁄𝐽 𝜓𝐾(
𝜆P78 =

𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

𝜆 ⁄s t3, = −
𝑉01∗ 𝑉0$
𝑉01𝑉0$∗

𝑉/1𝑉/.∗

𝑉/1∗ 𝑉/.
𝑉/.𝑉/$∗

𝑉/.∗𝑉/$

𝑉-.𝑉-&∗ × 𝑞U

44



𝜆 ⁄\ ]^! ≡  − _
`

a ⁄# $%!
a ⁄# $%!

𝜆 ⁄< =>w for “Golden” mode: 𝐵, → ⁄𝐽 𝜓𝐾(
𝜆P78 =

𝑞
𝑝
𝐴P78
𝐴P78

= 𝑒$ES9:;<

𝜙opqr = 2𝛽

𝜆 ⁄s t3, = −
𝑉01∗ 𝑉0$
𝑉01𝑉0$∗

𝑉/1
𝑉/1∗

𝑉/$∗

𝑉/$
= −𝑒5=!7

VVWX =
𝑉(* 𝑉(& 𝑉(. 𝑒$EY
− 𝑉-* 𝑉-& 𝑉-.
𝑉+* 𝑒$EZ − 𝑉+& 𝑒EZB 𝑉+.

𝑉+.∗ 𝑉+*

𝑉-.∗ 𝑉-*

𝛼

𝛾 𝛽

• Similarly with this method of time dependent CP violation:

𝐵" → ⁄𝐽 𝜓𝐾[ → 2𝛽
𝐵& → ⁄𝐽 𝜓 𝜙 → 2𝛽& 𝐵&" → 𝐾#𝐾$ → 2𝛽& + 2𝛾 𝐵&" → 𝐷&∓𝐾± → 2𝛽 + 𝛾

𝐵" → 𝜋#𝜋$ → 2𝛽 + 2𝛾

𝑉-.𝑉-&∗ × 𝑞U

44

è 𝐵& physics is mainly done at the LHC …

;
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality

“Measurement of CP violation”
- Erwin  Agasi
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LHCb

CERN
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𝐵+ → 𝐷+𝐾 : Quantum Interference Experiment @ LHCb

𝐵& → 𝐵& → 𝐷&$𝐾#
Measure:

𝐵& → 𝐵& → 𝐷&$𝐾#

“slit A”:  

Decay time

“slit B”: 

𝐵& → 𝐷&$𝐾#

𝐵& → 𝐵& → 𝐷&$𝐾#

𝐵6
𝐷6X

𝐾Y
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𝐵+ → 𝐷+𝐾 : Quantum Interference Experiment @ LHCb

Decay time

1) Determine whether 
𝐵& or 𝐵& at production

𝐵& → 𝐵& → 𝐷&$𝐾#
Measure:

𝐵& → 𝐵& → 𝐷&$𝐾#

Repeat for 𝐷.%𝐾5

2) Measure decay
rate as function
of decay-time𝐵6

𝐷6X

𝐾Y
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𝐵+ → 𝐷+𝐾 : Quantum Interference Experiment @ LHCb

Decay time

2) Measure decay
rate as function
of decay-time

1) Determine whether 
𝐵& or 𝐵& at production

𝐵& → 𝐵& → 𝐷&$𝐾#
Measure:

𝐵& → 𝐵& → 𝐷&$𝐾#

Repeat for 𝐷.%𝐾5

𝑉CD 𝑉C9 𝑉CE 𝑒*'F
𝑉GD 𝑉G9 𝑉GE

𝑉>D 𝑒*'H − 𝑉>9 𝑒'H) 𝑉>E
𝛾

𝐵6
𝐷6X

𝐾Y

49



𝐵+ → 𝐷+𝐾 : Quantum Interference Experiment @ LHCb

“slit A”:  

Decay time

“slit B”: 

𝐵& → 𝐷&$𝐾#

𝐵& → 𝐵& → 𝐷&$𝐾#

𝐵.

𝐷.5

𝐾%

The B0
s system

⌘ Demonstration of QM amplitude interference
⇤ Different energies (masses), same path length

! measurement of �ms

⇤ c.f Double slit experiment: same energy, different path length
! measurement of electron wave-length

⇤ Most precise measurement from B0
s

! Ds⇡ gives
�ms = 17.768 ± 0.023 ± 0.006 ps�1 [New J. Phys 15(2013)053021]

Ulrik Egede3-6 June  2013 28/45

The B0
s
 system

● A demonstration of QM amplitude interference

● B0
s
 oscillation

● Different energies (mass)

● Same path length

● Gives measurement of mass 

difference

● Δm
s
= 17.768 ± 0.023 ± 0.006 ps−1

● Double slit experiment

● Different path length

● Same energy

● Gives direct measurement 

of electron wavelength

●

CP violation

Ulrik Egede3-6 June  2013 27/45

The B0
s
 system

● The B0
s
 can oscillate into its antiparticle

● The weak eigenstates are

 no longer      and 

● Two eigenstates with 

different mass and width

●

●

●

●

●

●

●

B
s

0→D
s

−π+

CP violation

Bs

0
Bs

0

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 12 / 20

Decay time (ps)

De
ca

y 
ra

te

𝐵. → 𝐷.5𝐾%

An interference pattern:
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𝐵+ → 𝐷+𝐾 : Quantum Interference Experiment @ LHCb

“slit A”:  

Decay time

“slit B”: 

𝐵& → 𝐷&$𝐾#

𝐵& → 𝐵& → 𝐷&$𝐾#

𝐵.

𝐷.5

𝐾%

CP-mirror

Decay time (ps)

De
ca

y 
ra

te

“slit A”:  

Decay time

“slit B”: 

𝐵& → 𝐷&#𝐾$

𝐵& → 𝐵& → 𝐷&#𝐾$

𝐵.

𝐷.%

𝐾5

𝐵. → 𝐷.5𝐾%

𝐵. → 𝐷.%𝐾5

An interference pattern:

51

Time dependent 𝐶𝑃 violation!



The LHCb Detector? 52



The LHCb Detector! 53



The LHCb Detector

23 sep 2010                  19:49:24
Run 79646        Event 143858637
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Measure time dependent 𝐵 and 𝐵 decay rates

23 sep 2010                  19:49:24
Run 79646        Event 143858637
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𝐵+ Physics at LHCb

Detector Requirements:
• Vertex reconstruction
• Momentum and mass reconstruction
• Particle identification (𝜋, 𝐾, 𝜇, 𝑒, γ)
• Trigger (Online reconstruction)

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

Physics Requirements:
• Signal selection and background suppression
• Flavour tagging: 𝐵 or 𝐵 at production
• Decay time measurement: 𝑡 = 𝑚𝑑/𝑝
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𝐵+ Physics at LHCb - Vertex reconstruction

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb - Vertex reconstruction

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

s(t) ~40 fs

57

𝐵. → 𝐷.5𝐾%



𝐵+ Physics at LHCb

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb – momentum and mass determination

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb – momentum and mass determination

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

Silicon Tracker – Trigger Tracker
TT covers area of 1.4×1.2 m2; 4 stereo layers with ladders consisting of 3 or 4 chained ; y g

Si- sensors with strip pitch 183 micron; 143k channels 

� All modules + service boxes installed
� Detector surveyed with magnet on� Detector surveyed with magnet on
� Detector cooled to operating T = 0o C
� 91% of channels commissioned
� R i i f lt d i ti ti� Remaining faults under investigation

LHCC July 2008
14
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𝐵+ Physics at LHCb

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb – Particle Identification with RICH

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

, 𝝅*
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𝐵+ Physics at LHCb – Particle Identification with RICH

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

𝐾 → 𝐾 Eff. : 97%
𝜋 → 𝐾 eff. : 5%

, 𝝅*
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𝐵+ Physics at LHCb

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb – Trigger/Tag with Calorimeters and Muon

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B
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𝐵+ Physics at LHCb – Trigger/Tag with Calorimeters and Muon

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

Identification of 𝛾, 𝑒 , 𝜇:
• Triggering
• Flavour tagging:

• Opposite or same side

63
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82

Measuring 𝐵+ - 𝐵+ Oscillations         (Self tagging 𝐵+ → 𝐷+𝜋)

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

𝜋*

𝐵& → 𝐷&$𝜋# 2 fb$1

Proper-time dependent decay rate:

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
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Measuring 𝐵+ - 𝐵+ Oscillations  

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

𝐵& → 𝐷&$𝜋# 2 fb$1

Proper-time dependent decay rate:

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution

64

𝜋*
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Measuring 𝐵+ - 𝐵+ Oscillations

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]
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𝜋*

𝐵& → 𝐷&$𝜋# 2 fb$1

Proper-time dependent decay rate:

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution
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Measuring 𝐵+ - 𝐵+ Oscillations

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]
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fully
reconstructed
“physics” B

“tagging” B

𝜋*

𝐵& → 𝐷&$𝜋# 2 fb$1

Proper-time dependent decay rate:

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution
+ Background events
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Measuring 𝐵+ - 𝐵+ Oscillations

Proper-time dependent decay rate:

Particle Physics Seminar Bern (6/64) O. Steinkamp13.05.2015

Key Requirements

● impact parameter resolution

● identify secondary vertices

● proper time resolution

● resolve fast B0
s
-B0

s
 oscillations

● momentum & invariant mass resolution

● against combinatorial backgrounds

● large numbers of b hadrons (B0, B±, B0
s
, L

b
)

● K/p separation

● against peaking backgrounds

● flavour tagging

● selective and efficient trigger,
also for hadronic final states

s (bb) ≈ 290 µb @ 7 TeV
[PLB 694 (2010) 209]
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fully
reconstructed
“physics” B

“tagging” B

𝜋*

𝐵& → 𝐷&$𝜋# 2 fb$1

𝐵. → 𝐷.5𝜋%

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution
+ Background events
+ Trigger and selection acceptance
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Meson mixing in LHCb: does is actually work?

New.J.Phys.15 (2013) 053021
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Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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Meson mixing in LHCb: does is actually work?

New.J.Phys.15 (2013) 053021
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Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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The Experiment works extremely well!
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𝐵 meson production in 𝑒?𝑒@ Collisions
• Electron-Positron collider:  
e%e5 → Υ 4𝑠 → 𝐵<𝐵<

– Only 4S resonance or higher produces 𝐵 meson pair 
– Low 𝐵 production cross-section: ~1 nb

– Clean environment, coherent 𝐵+𝐵+ production
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Υ(4𝑆) : Coherent 𝐵 - 𝐵 production 

• Production at Υ 4𝑆 𝐽O2 = 155 : 
𝐵<𝐵< system evolves coherently until one 𝐵 decays (EPR!)

| W𝐵"𝐵"
0_$

𝑡 = 𝑒$ ⁄JC+ , 1
,
�𝐵" 𝑘 W𝐵" −𝑘 − �𝐵" −𝑘 W𝐵" 𝑘

• 𝑃 = −1: Wave function is odd under particle exchange.

• The first decay of the two 𝐵’s “starts the clock”.

• Instead of flavour tag at production, 𝐵 mesons have opposite
flavour at the time the first meson decays.
• Work with Δ𝑡
• Half of the time the signal 𝐵 decays first (Δ𝑡 < 0)

• Coherent production improves flavour tagging performance

Incoherent

Coherent

t(ps)

Dt(ps)

At 𝑡=0

at Δ𝑡=0

𝐵"

𝐵"

𝐵"

𝐵"
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Υ(4𝑆) : Coherent 𝐵 - 𝐵 production (Babar & Belle) 
Belle II @ Super KEKB

Υ(4𝑆)
𝐵IJK

𝐵LMN

𝑡IJK

𝑡OPG

Δ𝑡 ≡ 𝑡LMN − 𝑡IJK

Flavour tagging of other 𝐵
(can be 100% pure)

Exclusive 𝐵 meson
Reconstruction
(no backgrounds from 
underlying event)

Vertexing and time reconstruction

;          ( Δ𝑧 ≈ 130 𝜇m)

𝐸P+ = 7 𝐺𝑒𝑉 𝐸P+ = 4 𝐺𝑒𝑉
𝑠 = 10.57 𝐺𝑒𝑉
𝛽𝛾 Q(ST) = 0.28

;

Coherent

Dt(ps)

at Δ𝑡=0
𝐵"

𝐵"

Δ𝑡 ≈ tΔ𝑧
𝑐 𝛽𝛾Υ(4𝑆)
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CP Asymmetry for “Golden” mode: 𝐵, → ⁄𝐽 𝜓 𝐾(

But	never	forget	your	first	love

9	

∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	
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∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	Babar: sin 2𝛽 = 0.657 ± 0.036 stat ± 0.012 (syst)

Belle: sin 2𝛽 = 0.670 ± 0.029 stat ± 0.013 𝑠𝑦𝑠𝑡

𝐴Z[ 𝑡 = sin 2𝛽 sin Δ𝑚𝑡
→ Δ𝑡 → Δ𝑡0 0

𝐴Z[ 𝐴Z[
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Compare LHC with B-factory for 𝐵, → ⁄𝐽 𝜓 𝐾(
• Decay-time dependent 
𝐶𝑃 violation:

‣ B0
  → -/. ["+"−] KS

0 : (golden mode) 

‣ Fit results: 

‣ Main systematics: 
- S: Background Tagging Asymmetry  

     → expect to scale with more data  
- C: 2m

Measurement of + @ LHCb

Simon Akar !15CKM 18’ - sin2beta @ LHCb
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𝐴2O 𝑡 =
ΓLP→Q 𝑡 − ΓP→Q(𝑡)
ΓLP→Q 𝑡 + ΓP→Q(𝑡)

𝑩𝟎

𝑩𝟎

⁄𝑱 𝝍 𝑲𝒔
Interfere direct and mixed

LHCb

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆$𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆$𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝒆𝒊𝟐𝜷
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Decay time dependent CP violation
• 𝐵5 → ⁄𝐽 𝜓 𝐾6 and 𝐵65 → ⁄𝐽 𝜓 𝜙

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆$𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆$𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝐴() 𝑡 =
Γ*+(a)→- 𝑡 − Γ+(a)→-(𝑡)
Γ+(a)→- 𝑡 + Γ+(a)→-(𝑡)

‣ B0
  → -/. [e+e−] KS

0  & B0
  → .(2S) ["+"−] KS

0 : 

‣ Combination + golden mode (B0
  → -/. ["+"−] KS

0 ) results 

Measurement of + @ LHCb

Simon Akar !18CKM 18’ - sin2beta @ LHCb

[JHEP 11 (2017) 170]
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-/. [e+e−]& .(2S) ["+"−] modes provide additional ~15% 
on the overall LHCb precision
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Current situation on angle 𝛾
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correlated. The results for the coverage of the best fit point is shown in Table 4.160
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CKM triangle: putting all measurements together
Measured   CKMfitter prediction UTfit prediction    

β 22.7 ± 0.7 23.7 +1.1 
-1.0 23.8 ± 1.4

γ 70.0 ± 4.2 65.3 +1.0 
-2.5 65.8 ± 2.2

α 93.1 ± 5.6 92.1 +1.5
-1.1 90.1 ± 2.2
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LHCb: Future sensitivity for CP violation
CKM fit in 2013
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

[Charles et al., 1309.2293]

CKM fit in 10 years
[Charles et al., 1309.2293]

Stage II: 

- 50 fb-1 of LHCb data

- 50 ab-1 of Belle II data

- δfBq = O(1%),          
δVub= O(2%)

Lattice QCD improvements crucial to obtain such tight constraints  
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.
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corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
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ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is
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ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.
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SL [10, 11], but not their linear combination [23],
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on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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D0 production,exploits,in,the,analysis,presented,today
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Experimentally,we,can,tag,() flavour,at,
production,by,means,of,the,charge,of,the,muon,

and,the,soft,pion,
CPV in Kaons (K) and Beauty (B): How about Charm (D)?

𝐴OVW 𝐾,𝐾* =
𝑁 𝐷+ → 𝐾,𝐾* − 𝑁 +𝐷+ → 𝐾,𝐾*

𝑁 𝐷+ → 𝐾,𝐾* + 𝑁 +𝐷+ → 𝐾,𝐾*

• 𝐷5 → 𝐾Y𝐾X decays

𝐴OVW 𝐾,𝐾* = 𝐴!; 𝐾,𝐾* + 𝐴X 𝐾,𝐾* + 𝐴X 𝜋9 + 𝐴;(𝐷∗
,)

• Look at: Δ𝐴/0 = 𝐴iA@ 𝐾𝐾 − 𝐴iA@ 𝜋𝜋 = 𝐴/0 𝐾𝐾 − 𝐴/0 𝜋𝜋
⇒ All detection and production asymmetries cancel
⇒ Directly observe CP asymmetry!
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• Fit)& '(% distribution
• !"#$ measured)from)a)simultaneous)fit)between)'∗+ and)'∗,

44 M 14 M

LHCb+PAPER+2019+006

2019: Discovery of CP violation in charm mesons!

• Result: Δ𝐴2O = −15.8 ± 2.9 ×105�

• 5.3𝜎 Observation!
• Is it consistent with CKM in 

Standard Model?
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Design your own 𝐵-meson CP Violation Experiment
• Which type of machine would you use?
• 𝑒#𝑒$ or 𝑝𝑝 , 𝑝𝑝 or 𝑝𝑝 collider or fixed target? Why?

• At which energy do you want to run this machine?

• You will measure CP asymmetry in 𝐵. → 𝐷.∓𝐾±with BR=10-4

• Estimate how many collisions you need for a precision of g=1o

• You measure 𝐵. → 𝐷.∓𝐾± and 𝐵. → 𝐷.∓𝐾±
• How do you determine the flavour of the 𝐵& at production?
• Are there intrinsic limits to this precision?
• How would you calibrate the wrong tag fraction?

• There is a potential large background from another 𝐵.-decay.
• Do you know which it could be?
• With which detector technology would you remove this background?

• What is the formula to reconstruct the 𝐵. meson decay time in an event in 
observable quantities?
• Which subdetectors would you require to measure it?
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Design your own 𝐵-meson CP Violation Experiment

• Which type of machine would you use?
• 𝑒%𝑒5 or 𝑝𝑝 , 𝑝𝑝 or 𝑝𝑝 collider or fixed target? Why?
• At which energy do you want to run this machine?

• Points to consider:
• 𝑒%𝑒5 at Υ 4𝑆 : electromagnetic production, clean, no 𝐵., coherent production: 
𝐵< only time dependent CPV, requires asymmetric beams, good flavor tagging.
• 𝑒%𝑒5 at Υ 5𝑆 : 𝐵., lower cross section, no resolution for time dependent CPV.  
• 𝑒%𝑒5 at Z-peak. Weak production, not coherent, interesting…?
• 𝑝𝑝 collisions: Strong production and lots of stat’s, “messy” events, large 

backgrounds requiring excellent detectors.
• Fixed target vs collider: low cross section vs long decay distance.
• b-quark cross section increases with high energy

• 𝑝𝑝 vs 𝑝𝑝: ”colour drag” asymmetry. Extra cross check for pp.
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Design your own 𝐵-meson CP Violation Experiment

• You will measure CP asymmetry in 𝐵& → 𝐷&∓𝐾± with BR=10-4.
• Estimate how many collisions you need for a precision of g=1o

• 𝐵- mesons: Let’s assume pp collisions at LHC using LHCb

• For ~1% measurement precision (0.01) on asymmetry:
• Number of perfectly measured 𝐵- → 𝐷-∓𝐾± events:
• Fraction of collisions that produce 𝑏-quarks:
• Fraction of events where 𝐵- meson is produced from 𝑏-quark:
• Fraction of 𝐵- that decay into 𝐵- → 𝐷-∓𝐾± channel

• è So in total ~ 10.000 x 100 x 10 x 5000 = 5 x 1010 perfectly reconstructed events required

• Next, assumed measured by the LHCb experiment:
• Acceptance x Reconstruction (background, resolution): 
• Trigger:
• Tagging Power:
•

• In total 5 x 1010 x 40 x 3 x 25 = 1.5 x 1014 𝑝𝑝 collisions must be collected
• Assume ~10 MHz collisions, 3 x 106 s/year running time: ~ 5 years of running.

§ ~ 1 in 100
§ N ~ 10.000

§ 1 in 5000 (BR = 2 x 10-4)
§ 1 in 10

§ 4% à 1 in 25 

§ 1 in 40
§ 1 in 3
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Design your own 𝐵-meson CP Violation Experiment

bt

Bs K+

K-

p+, K+

p-
Ds

Primary vertex

• You measure 𝐵6 → 𝐷6∓𝐾± and 𝐵6 → 𝐷6∓𝐾±
• How do you determine the flavour of the 𝐵. at production?
• Opposite side tag: 
• charge of lepton from 𝑏-decay, charge of kaon from 𝑏-decay, vertex charge.

• Same side tag: “closest” kaon in the color string.
• Are there intrinsic limits to this precision?
• 𝐵-mixing of neutral 𝐵:
• Charged 𝐵,, 𝐵* =perfect, 𝐵D+= ok-ish, 𝐵9+ = no information

• How would you calibrate the wrong tag fraction?
• Use 𝐵& → 𝐷&$𝜋# and 𝐵& → 𝐷&#𝜋$ Mixing asymmetry has amplitude 1 à calibrate.
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Design your own 𝐵-meson CP Violation Experiment

• There is a potential large background from another 𝐵6-decay.
• Do you know which it could be?
• 𝐵& → 𝐷&𝜋

• With which detector technology would you remove this background?
• p - K seperation using RICH particle identification

• What is the formula to reconstruct the 𝐵6 meson decay time in an 
event in observable quantities?
• 𝑡 = ⁄𝑚𝑑 𝑝

• Which subdetectors would you require to measure it?
• 𝑑 → Vertex detector
• 𝑝 → Magnet Tracker
• 𝑚 → 𝐵 meson mass Ds

Bs K+

K-

K+, p+

p-

d

47 µm 144 µm

440 µm
Primary vertex

Decay time resolution = 40 fs
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality

“Measurement of CP violation”
- Erwin  Agasi
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