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- (Rare) B-Decays
- CP Violation with quarks
- CP violation with neutrinos



Why three generations of particles? Why is an atom electric neutral?Why is there no antimatter?
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The Antimatter Mystery

Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure
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‣ Systematic study of CPV in b-baryons and in B mesons 
for a stringent test of CKM mechanism
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Alla ricerca di asimmetrie!
materia-antimateria!

a LHCb!
Introduction Physics Motivations 

Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities ! opens 
a new !eld in "avour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
di#erent spin and QCD structure 

•  New CPV sources 
Andrea Merli – Search for CPV in b-baryons     |    29/11/2016     2 



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





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

“Antimatter world”

CP:
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“Day and Night”, Escher, 1938

CP Violation!

Complex amplitudes
in Weak interaction?!



Flavour Physics and CP Violation

Contents Today & Tomorrow:
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
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Flavour Physics and CP Violation 2

Don’t be afraid to ask questions…Contents Today & Tomorrow:
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



Flavour Physics and CP Violation

Check the mirror

Objects in the rear view mirror 
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Objects in the rear view mirror 
may appear closer than they are
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Symmetry and non-Observables
T.D.Lee:  “The root to all symmetry principles lies in the assumption that it is 

impossible to observe certain basic quantities; the non-observables”
There are four main types of symmetry:
• Permutation symmetry: 

Bose-Einstein and Fermi-Dirac Statistics
• Continuous space-time symmetries: 

translation, rotation, velocity, acceleration,…
• Discrete symmetries: 

space inversion, time reversal, charge conjugation,…
• Unitary symmetries: gauge invariances: 

U1(charge), SU2(isospin), SU3(color),…

Þ If a quantity is fundamentally non-observable it is related to an exact symmetry
Þ If it could in principle be observed by an improved measurement; the symmetry is said to be broken

Noether Theorem: symmetry conservation law

3



Symmetry and non-Observables

• Simple example: potential energy 𝑉 between two charged particles:

Absolute position is a non-observable:
The interaction is independent on the choice 
of the origin 0.

Symmetry: 
V is invariant under arbitrary 
space translations:

Consequently: Total momentum is conserved:

V = V (�r1 � �r2)

00’

�r1

�d

~r01

~r02 ~r2

~r2 ! ~r2 + ~d~r1 ! ~r1 + ~d

d

dt
(~p1 + ~p2)| {z }

~ptot

= ~F1 + ~F2 = �
⇣
~r1 + ~r2

⌘
V = 0
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Symmetry and non-observables
Non-observables Symmetry Transformations Conservation Laws or Selection Rule

Difference between identical particles Permutation B.-E. or F.-D. statistics

Absolute spatial position Space translation:  𝑟 → 𝑟 + Δ momentum

Absolute time Time translation:  𝑡 → 𝑡 + τ energy

Absolute spatial direction Rotation: 𝑟 → 𝑟′ angular momentum

Absolute velocity Lorentz transformation generators of the Lorentz group

Absolute right (or left) 𝑟 → −𝑟 parity

Absolute sign of electric charge 𝑒 → −𝑒 charge conjugation

Relative phase between states of 
different charge Q

𝜓 → 𝑒!"#𝜓 charge

Relative phase between states of 
different baryon number B

𝜓 → 𝑒!"$𝜓 baryon number

Relative phase between states of 
different lepton number L

𝜓 → 𝑒!"%𝜓 lepton number

Difference between different coherent 
mixture of p and n states

𝑝
𝑛 → 𝑈

𝑝
𝑛

isospin

4



C, P, T Discrete Symmetries

• Parity, P: unobservable: (absolute handedness)
• Reflects a system through the origin.  

Converts right-handed to left-handed.
• 𝒙 → −𝒙 , 𝒑 → −𝒑 (vectors) but  𝑳 = 𝒙 × 𝒑 (axial vectors)

• Charge Conjugation, C: unobservable: (absolute charge)
• Turns internal charges to opposite sign.
• 𝒆! → 𝒆" , 𝑲" → 𝑲!

• Time Reversal, T: unobservable: (direction of time)
• Changes direction of motion of particles
• 𝒕 → −𝒕

• CPT Theorem:
• All interactions are invariant under combined C, P and T operation
• A particle is an antiparticle travelling backward in time
• Implies e.g. particle and anti-particle have equal masses and lifetimes

+ -

5



Classical Mirror Worlds 
• Parity operator 𝑃: �⃗� → −�⃗�
- Mass 𝑚 𝑃 𝑚 = 𝑚 : scalar
- Force �⃗� (�⃗� = 𝑑�⃗�/𝑑𝑡) ; �⃗� = 𝑚𝑑�⃗�/𝑑𝑡 𝑃 �⃗� = 𝑃 ⁄𝑑�⃗� 𝑑𝑡 = − ⁄𝑑�⃗� 𝑑𝑡 = −�⃗� : vector
- Acceleration �⃗� (�⃗� = ⁄𝑑!�⃗� 𝑑𝑡!) 𝑃 �⃗� = − ⁄𝑑!𝑥 𝑑𝑡! = −�⃗� : vector
- Angular momentum 𝐿, 𝑆, 𝐽 (𝐿 = �⃗�×�⃗�) 𝑃 𝐿 = −�⃗� × −�⃗� = 𝐿 : axial vector

• Parity: Newton’s law is invariant under P-operation (i.e. the same in the mirror world):

• Charge: Lorentz Force in the C-mirror world is invariant:

• Time: laws of physics are also invariant unchanged under T-reversal, since:

• QM: Consider Schrodinger’s equation (𝑡 → −𝑡) :

Complex conjugation of the equation is required to stay invariant:

�⃗� = 𝑚 �⃗�
/

− �⃗� = −𝑚�⃗� ⇔ �⃗� = 𝑚�⃗�

�⃗� = 𝑞 𝐸 + �⃗�×𝐵
0

�⃗� = −𝑞 −𝐸 + �⃗�×−𝐵

�⃗� = 𝑚 �⃗� = 𝑚 1#2⃗
13#

4
�⃗� = 𝑚 1#2⃗

1 53 # ⇔ �⃗� = 𝑚 �⃗�

𝑖ℎ
𝜕𝜓
𝜕𝑡

= −
𝛻6𝜓
2𝑚

𝜓
𝑇
𝜓∗

6à Invariant!



C-, P-, T- Symmetry

• Classical Theory is invariant under C, P, T operations; i.e. they conserve 
C, P, T symmetry
• Newton mechanics, Maxwell electrodynamics.

• Suppose we watch some physical event. Can we determine 
unambiguously whether: 
• We are watching the event where all charges are reversed or not?

• We are watching the event in a mirror or not?
• Macroscopic biological asymmetries are considered accidents of evolution rather than 

fundamental asymmetry in the laws of physics.

• We are watching the event in a film running backwards or not?
• The arrow of time is due to thermodynamics: i.e. the realization of a macroscopic final 

state is statistically more probable than the initial state

7
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• At each crossing: 50% - 50% choice to go left or right
• After many decisions: reverse the velocity of the final state and return
• Do we end up with the initial state?

Macroscopic time reversal (T.D. Lee) 8
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Macroscopic time reversal (T.D. Lee)

Very unlikely!

• At each crossing: 50% - 50% choice to go left or right
• After many decisions: reverse the velocity of the final state and return
• Do we end up with the initial state?

8



Macroscopic time reversal 9



C, P operations and Dirac theory (QED)

+1/2, -1/2 helicity 
solutions for the particle

+1/2, -1/2 helicity solutions
for the antiparticle

Antimatter!

• In Dirac theory particles are represented as spinors

• Implementation of P and C operators in Dirac theory:

• QED (Dirac theory) is symmetric under C, P  conjugation. Reversing electric charges 
keeps electrodynamics invariant. 

( )

𝜓 =

𝜓9
𝜓6
𝜓:
𝜓;

𝑃 ∶ 𝜓 → 𝜓< = 𝛾=𝜓(−�⃗�, 𝑡) 𝐶 ∶ 𝜓 → 𝜓< = 𝑖𝛾6𝜓∗(�⃗�, 𝑡)

Elect. 𝜓 ∶ 𝛾> 𝑖𝜕> + 𝑒𝐴> −𝑚 𝜓 = 0
Posit. 𝜓′ ∶ 𝛾> 𝑖𝜕> − 𝑒𝐴> −𝑚 𝜓′ = 0

𝑖𝛾=𝜕= − 𝑖𝛾?𝜕2! −𝑚 𝜓 �⃗�, 𝑡 = 0
𝑖𝛾=𝜕= − 𝑖𝛾?𝜕2! −𝑚 𝜓′(−�⃗�, 𝑡) = 0 )(

10(𝑖𝛾&𝜕& −𝑚)𝜓 �⃗�, 𝑡 = 0



C, P operations and Dirac theory (QED)

• In Dirac equation:

• Implementation of P operator in Dirac: �⃗� → −�⃗� ; 𝜕𝑥? → −𝜕𝑥?

𝜓 → 𝜓< = 𝑖𝛾6𝜓∗(�⃗�, 𝑡)

𝛾' =

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

, 𝛾( =

0 0 0 1
0 0 1 0
0 −1 0 0
−1 0 0 0

, 𝛾) =

0 0 0 −𝑖
0 0 𝑖 0
0 𝑖 0 0
−𝑖 0 0 0

, 𝛾* =

0 0 1 0
0 0 0 −1
−1 0 0 0
0 1 0 0
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𝑖𝛾=𝜕= − 𝑖𝛾?𝜕52! −𝑚 𝜓 −�⃗�, 𝑡 = 0

Instead: 𝜓< = 𝛾=𝜓 −�⃗�, 𝑡 !
𝛾= 𝑖𝛾=𝜕= + 𝑖𝛾?𝜕2! −𝑚 𝜓 −�⃗�, 𝑡 = 0

𝑖𝛾=𝜕= − 𝑖𝛾?𝜕2! − 𝑚 𝛾=𝜓(−�⃗�, 𝑡) = 0

𝑖𝛾=𝜕= − 𝑖𝛾?𝜕2! −𝑚 𝜓 �⃗�, 𝑡 = 0

• Implementation of C operator in Dirac:

𝑃 ∶ 𝜓 → 𝜓< = 𝜓(−�⃗�, 𝑡) ?

𝐶 ∶ 𝑞 → −𝑞 ;

𝜓 ∶ 𝛾> 𝑖𝜕> − 𝑞𝐴> −𝑚 𝜓 = 0
𝜓<? : 𝛾> 𝑖𝜕> − 𝑞𝐴> −𝑚 ∗𝜓∗ = 0

𝜓< ∶ −𝛾>∗ 𝑖𝜕> + 𝑞𝐴> −𝑚 𝜓∗= 0
𝜓< ∶ 𝛾> 𝑖𝜕> + 𝑞𝐴> −𝑚 𝑖𝛾6𝜓∗ = 0

OK!

OK

𝑖𝛾=𝜕= + 𝑖𝛾?𝜕2! −𝑚 𝜓 −�⃗�, 𝑡 = 0 Does not work!

Multiply eq by 𝛾=: 

𝛾'∗ = 𝛾' 𝛾(∗ = 𝛾( 𝛾)∗ = −𝛾) 𝛾*∗ = 𝛾*

𝑖𝛾6

(𝑖𝛾&𝜕& −𝑚)𝜓 �⃗�, 𝑡 = 0



Parity Violation

“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?

9



Parity Violation
C.N. YangT.D. Lee

Wolfgang Pauli

“I cannot believe God is a weak left-hander.”

𝜃! → 𝜋!𝜋"
𝜏! → 𝜋!𝜋!𝜋"

(Parity +)
(Parity – )

• First to pose Parity violation as a solution 
of the so-called theta-tau puzzle:
• Two different particles with exactly same 

mass and spin but different decay modes?

ØOne particle 𝐾K with parity violating decay

11



Discovery of Parity Violation
C.S. Wu

1.1 Parity transformation 5

ν
_

ν
_

Co60 Ni60

e

e

Co60 Ni60

A B

(S=5) (S=4) (S=5) (S=4)

Figure 1.2: The possible transitions of 60Co with spin 5 to 60Ni with spin 4. The open
arrows denote the spin. Closed arrows denote the momentum vector. (a) The transition
which is forbidden in nature. (b) The allowed transition. The antineutrino is always
righthanded.

was then to measure the rate of β-electrons from the decay:

60
27Co →60

28 Ni + e− + ν̄e

in a small counter placed at small angles with respect to the field lines. By inverting the
magnetic field direction and thus the polarisation of the cobalt nucleus, a difference in
counting rate could be detected, as shown in Fig. 1.1b. Several control counters were also
read out so that the degree of polarisation and the absolute counting rate of the source
could be callibrated. The rate asymmetry shown in Fig. 1.1b was convincing evidence for
the violation of P-symmetry or parity.

It could be explained by the following argument: The transition from 60Co(spin 5) to
60Ni(spin 4) as shown in Fig. 1.2a apparently does not occur, but the transition shown
in Fig. 1.2b does. As the electron was known from other experiments to appear in nature
in both helicity states (±1/2), the only remaining conclusion was that the anti-neutrino
occured only in one single helicity state, namely +1/2.

1.1.2 Parity violation

A more elegant experiment was performed a few weeks later by Lederman [4] which
allowed the observation of parity violation in charged pion decay. The experimental setup
is shown in Fig. 1.3a. Charged pions of 85 MeV are created in pp collisions and separated
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Symmetric?

Parity

B-field

Spin is pseudoscalar, P: 𝑆 → 𝑆

Is physics is parity 
invariant?

Only if electron decay 
rate is symmetric wrt
spin direction!

More electrons emitted opposite the 𝑺 direction

Not equal à Parity violation!
B

13

Preferred),
-'𝐶𝑜 → ).

-'𝑁𝑖 + 𝑒/ + P𝜈0
S:    5            4         ½       ½



• Wu’s experiment was shortly followed by another clever experiment by 
L. Lederman: Look at decay p+ à µ+ nµ
• Pion has spin 0, while µ,nµ both have spin ½
à spin of decay products must be oppositely aligned 
à Helicity of muon is same as that of neutrino.

• Ledermans result: All neutrinos are left-handed and all anti-neutrinos 
are right-handed

So 𝑃 is violated, what’s next…?

p+µ+ nµ
OK

OK

14



Charge conjugation symmetry?
• Introducing 𝐶-symmetry
• The 𝐶(harge) conjugation is the operation which exchanges particles and 

anti-particles (not just electric charge)
• It is a discrete symmetry, just like 𝑃, i.e. 𝐶2 = 1

• 𝐶 symmetry is broken by the weak interaction
• Just like 𝑃

p+µ+ nµ(LH)

p-µ- nµ(LH)

C

OK

OK

15



Weak Force breaks C and P, is CP really OK?

• Weak interaction breaks C and P
symmetry maximally!
• Nature is left-handed for matter and right-

handed for antimatter.

• Despite maximal violation of C and P, 
combined CP seems conserved.

• Is combined CP really exactly conserved?

W+
e+R

nL

W+
e+L

nR

W-
e-R

nL

W-

e-L

nR

P

C

16



The Weak force and 𝐶𝑃 violation

• Combined C + P  º CP symmetry?
• CP symmetry is parity conjugation: 

(𝑥, 𝑦, 𝑧 → −𝑥,−𝑦,−𝑧) 
followed by charge conjugation:         
(𝜓 → 𝜓)

p+

µ+

nµ

p+

nµ

µ+

Intrinsic
spin

P C p-

µ-

nµCP

• CP symmetry appears to be preserved 
in the weak interaction

• But in 1964, Christenson, Cronin, Fitch 
and Turlay observed CP violation in 
decays of neutral kaons…

17



𝐾R → 𝜋K𝜋5

Effect is tiny:
about 2/1000

Discovery of CP-Violation with 𝐾" decays
• Create a pure 𝐾R beam (“wait” for 𝐾S to decay)
• If CP is conserved, should not see 𝐾R → 𝜋K𝜋5

q
Background: 𝐾" → 𝜋#𝜋$𝜋%

CP violating Signal: 𝐾" → 𝜋#𝜋$

James Cronin Val Fitch

cos q

𝐾!

15𝐾#: Short-lived is CP even: 
𝐾$" → 𝜋!𝜋% (fast)
𝐾&: Long-lived is CP odd: 
𝐾'" → 𝜋!𝜋%𝜋" (slow)

mass, θ

𝑀"! = 498 𝑀𝑒𝑉

𝜋! remains undetected
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Alternative: Charge Asymmetry in 𝐾" decays

Thesis Vera Luth, CERN 1974

4�(�)

=

����
(1 + ")

(1 � ")

����
2

Measure 𝐴 = [#5[$

[#K[$ with     𝑁
K = 𝐾= → 𝜋5𝑒K𝜈

𝑁5 = 𝐾= → 𝜋K𝑒5�̅�
vs the 𝐾= decay time  

⟩|𝐾# =
1
2

1

1 + 𝜀 $
1 + 𝜀 | ⟩𝐾! + 1 − 𝜀 | `𝐾!

→ 𝜋%𝑒&𝜈
→ 𝜋&𝑒%𝜈

19

𝐾# 𝐾&

[#5[$

[#K[$ = 𝐴

CP violation in 
meson mixing.

time
⟩|𝐾' =

1
2
| ⟩𝐾! − | `𝐾!

⟩|𝐾$ =
1
2
| ⟩𝐾! + | `𝐾!

Two CP states:

Two particles:

⟩|𝐾( ≃ ⟩𝐾' + 𝜀 𝐾$
⟩|𝐾# ≃ ⟩𝐾$ + 𝜀 𝐾'

⟩𝑃|𝐾! = − ⟩|𝐾!

⟩𝑃|𝐾! = − ⟩|𝐾!

Kaon has 𝐽) = 0%:
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Contact with Aliens !
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

20



CPT Violation…

CPT symmetry implies that an antiparticle is identical to 
a particle travelling backwards in time. 

21



CPT is conserved, but does anti-matter fall down? 22



Flavour Physics and CP Violation

Check the mirror

Objects in the rear view mirror 

Objects in the rear view mirror 

Objects in the rear view mirror 
may appear closer than they are
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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-

24

𝜓# =
1
2 1 − 𝛾* 𝜓

Note:



Spontaneous Symmetry Breakingà Origin of Mass
• Yukawa couplings to massless particles (Weinberg):

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
f#
f% 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R

f%
f$ 𝑢eg<

•  Yukawa interaction is not flavour universal!
àUnknown origin of Yukawa matrix  acting 

on generations “i” and “j”

25

1.4 CP violation and the Standard Model Lagrangian 13

using W+ = 1√
2
(W1 − iW2) and W− = 1√

2
(W1 + iW2).

Next, the W and Z bosons aquire their mass through the mechanism of spontaneous
symmetry breaking. For this, the Higgs scalar field and her potential is added to the
Lagrangian:

LHiggs = (Dµφ)
†(Dµφ)− µ2φ†φ− λ(φ†φ)2 (1.11)

with φ an isospin doublet

φ(x) =

(

φ+

φ0

)

.

The coupling of the Higgs to the gauge fields follows from the covariant derivative in the
kinetic term. However, the interactions between the Higgs and the fermions, the so-called
Yukawa couplings, have to be added by hand:

−LY ukawa = YijψLi φ ψRj + h.c.

= Y d
ijQ

I
Li φ dIRj + Y u

ijQ
I
Li φ̃ uI

Rj + Y l
ijL

I
Li φ lIRj + h.c. (1.12)

with

φ̃ = iσ2φ
∗ =

(

φ
0

−φ−

)

.

The matrices Y d
ij , Y

u
ij and Y l

ij are arbitrary complex matrices that operate in flavour space,
giving rise to couplings between different families, or quark mixing, and thus to the field
of flavour physics. It is interesting to note how intimately flavour physics is related to the
mass of the fermions, see Section 2.4. Since this is the crucial part of flavour physics, we
spell out the term Y d

ijQ
I
Li φ dIRj explicitly:

Y d
ijQ

I
Li φ dIRj = Y d

ij(u d)IiL

(

φ+

φ

)

dIRj =

















Y11(u d)IL

(

φ+

φ0

)

Y12(u d)IL

(

φ+

φ0

)

Y13(u d)IL

(

φ+

φ0

)

Y21(c s)IL

(

φ+

φ0

)

Y22(c s)IL

(

φ+

φ0

)

Y23(c s)IL

(

φ+

φ0

)

Y31(t b)IL

(

φ+

φ0

)

Y32(t b)IL

(

φ+

φ0

)

Y33(t b)IL

(

φ+

φ0

)

















!





dIR
sIR
bIR





After spontaneous symmetry breaking,

φ(x) =

(

φ+

φ0

)

sym.breaking−→
1√
2

(

0
v + h(x)

)

,

the following mass terms for the fermion fields arise:

−Lquarks
Y ukawa = Y d

ijQ
I
Li φ dIRj + Y u

ijQ
I
Li φ̃ uI

Rj + h.c.

= Y d
ijd

I
Li

v√
2
dIRj + Y u

iju
I
Li

v√
2
uI
Rj + h.c.+ interaction terms

= Md
ijd

I
Lid

I
Rj +Mu

iju
I
Liu

I
Rj + h.c.+ interaction terms



Spontaneous Symmetry Breakingà Origin of Mass

𝒗

Robert Brout Francois Englert Peter Higgs

𝜙K

𝜙=
→

0
𝑣/ 2

• Yukawa couplings to massless particles (Weinberg):

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
f#
f% 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R

f%
f$ 𝑢eg<

• SSB:   B-E-H Mechanism: 

è Massive W- and
Z- bosons

•  Yukawa interaction is not flavour universal!
àUnknown origin of Yukawa matrix  acting 

on generations “i” and “j”
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Spontaneous Symmetry Breakingà Origin of Mass

𝒗

Francois Englert

• Yukawa couplings to massless particles (Weinberg):

• SSB:   B-E-H Mechanism: 

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
=

i/ 6 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R
i/ 6
= 𝑢eg<

•  Yukawa interaction is not flavour universal!
àUnknown origin of Yukawa matrix  acting 

on generations “i” and “j”

𝜙K

𝜙=
→

0
𝑣/ 2

è Massive W- and
Z- bosons

èMassive 
fermions

26

Robert Brout Peter Higgs



Spontaneous Symmetry Breakingà Origin of Mass

𝑣

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

• Diagonalize 𝑌,- : 
and

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
=

i/ 6 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R
i/ 6
= 𝑢eg<

• Yukawa couplings to massless particles:

à mass and flavour eigenstates
𝒗
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Spontaneous Symmetry Breakingà Origin of Mass

𝑣

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

𝓛d → 𝓛k = 𝑚1 �̅�R 𝑑g + 𝑚h V𝑢R 𝑢g

𝑀,, = 𝑌,, 𝑣/ 2

• Diagonalize 𝑌,- : 
and

𝓛d = 𝑌??1 R𝑢?, R𝑑? R
=

i/ 6 𝑑?g + 𝑌??h R𝑢?, R𝑑? R
i/ 6
= 𝑢?g

• Yukawa couplings to massless particles:

à mass and flavour eigenstates

• Mass terms:
Physical particles

𝒗

27



• Top quark mass:

Spontaneous Symmetry Breakingà Origin of Mass

𝑣

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

𝓛d → 𝓛k = 𝑚1 �̅� 𝑑 + 𝑚h V𝑢 𝑢

𝑀,, = 𝑌,, 𝑣/ 2

𝑚./0 = 1.0 𝑣/ 2

• Diagonalize 𝑌,- : 

• To first order Higgs couples only to top with 
coupling strength 1.0 !
• Very flavour non-universal

and

𝓛d = 𝑌??1 R𝑢?, R𝑑? R
=

i/ 6 𝑑?g + 𝑌??h R𝑢?, R𝑑? R
i/ 6
= 𝑢?g

• Yukawa couplings to massless particles:

à mass and flavour eigenstates

• Mass terms:
Physical particles

𝒗

27



Flavour Puzzle: particle masses? Origin Yukawa couplings?
• Weak interaction flavour universal
• Higgs interaction almost purely 3rd generation

e

d

µ t

u

s

c

b

t
top-Yukawa = 1.0 ?!

𝑚+ = 0.5 𝑀𝑒𝑉 𝑚, = 0.5 𝑀𝑒𝑉 𝑚- = 1.8 𝐺𝑒𝑉

𝑚. = 2.2 𝑀𝑒𝑉 𝑚/ = 1.3 𝐺𝑒𝑉

𝑚0 = 4.7 𝑀𝑒𝑉

𝑚1 = 173 𝐺𝑒𝑉

𝑚2 = 96 𝑀𝑒𝑉 𝑚3 = 4.2 𝐺𝑒𝑉

28



The Weak Interaction à Flavour Mixing

𝓛( = )
*
𝑢′+ 𝛾,𝑊, 𝑑′+

𝑢.

𝑑.

𝑊- 𝑊-𝑐. 𝑊-

𝑠. 𝑏.

𝑡.

• No CP violation

Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-
4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …
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The Weak Interaction à Flavour Mixing

𝓛( = )
*
𝑢′+ 𝛾,𝑊, 𝑑′+

𝑢

𝑑

𝑊-

𝑑

𝑊-

𝑊-

𝓛( = )
*
𝑉/01 𝑢+ 𝛾,𝑊, 𝑑+

𝑢 𝑊-

𝑊- 𝑊-

𝑊-𝑡

𝑑

𝑊-

𝑠

𝑡

𝑠

𝑊-

𝑏

𝑐

𝑡

𝑏

𝑢
𝑏

𝑐 𝑐

𝑉hr𝑉h1

𝑉s1

𝑉31 𝑉3r

𝑉sr

𝑉ht

𝑉st

𝑉3t

𝑠

Generation structure of weak interaction, now includes CP violation.

(Interaction basis) (Mass basis)

Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-
4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …
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The Weak Interaction à Flavour Mixing

Convention: instead, we do as if:  𝑢,1 = 𝑢, and  𝑑,1 = 𝑉567 ,- 𝑑-

31

𝓛( = )
*
𝑢′+ 𝛾,𝑊, 𝑑′+ 𝓛( = )

*
𝑉/01 𝑢+ 𝛾,𝑊, 𝑑+

(Interaction basis) (Mass basis)

Generation structure of weak interaction, now includes CP violation.
Redefine: 𝑢,1 = 𝑉2 ,- 𝑢, and:  𝑑,1 = 𝑉3 ,-

4 𝑑, , such that:  𝑉567 = 𝑉2𝑉34 ,- …

| ⟩𝑑′ = 𝑉() ⟩|𝑑 + 𝑉(* ⟩|𝑠 + 𝑉(+ ⟩|𝑏

| ⟩𝑠′ = 𝑉,) ⟩|𝑑 + 𝑉,* ⟩|𝑠 + 𝑉,+ ⟩|𝑏

| ⟩𝑏′ = 𝑉-) ⟩|𝑑 + 𝑉-* ⟩|𝑠 + 𝑉-+ ⟩|𝑏

𝑢

𝑑.

𝑊- 𝑊-𝑐 𝑊-

𝑠. 𝑏.

𝑡



How about leptons?

𝓛( = )
*
𝜈;u
. 𝛾,𝑊, 𝑒′+

𝜈;′

𝑒′

𝑊- 𝑊-𝜈,′ 𝑊-

𝜇′ 𝜏′

𝜈<’

• No CP violation

Redefine: 𝜈,′ = 𝑈8 ,- 𝜈, and:  𝑙,1 = 𝑈9 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈8𝑈94 ,- …
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How about leptons?

𝓛( = )
*
𝜈′+ 𝛾,𝑊, 𝑒′+

𝜈;

𝑒

𝑊-

𝑒

𝑊-

𝑊-

𝓛( = )
*
𝑈1=> 𝜈+ 𝛾,𝑊, 𝑒+

𝜈; 𝑊-

𝑊- 𝑊-

𝑊-𝜈<

𝑒

𝑊-

𝜇

𝜈<

𝜇

𝑊-

𝜏

𝜈,

𝜈<

𝜏

𝜈;
𝜏

𝜈, 𝜈,

𝑈>9𝑈v9

𝑈v6

𝑈v: 𝑈>:

𝑈>6

𝑉w9

𝑈w6

𝑈w:

𝜇

(Interaction basis) (Mass basis)

Redefine: 𝜈,1 = 𝑈 ,- 𝜈, and:  𝑙,1 = 𝑈3 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈2𝑈34 ,- …

33

Generation structure of weak interaction, now includes CP violation.



How about leptons?

𝜈?

𝑒

𝑊- 𝑊-𝜈* 𝑊-

𝜇 𝜏

𝜈@

34

Convention: instead we do as if:  𝜈<,=,> = 𝑈7:; ,- 𝜈?,@,A and  𝑙,′ = 𝑙,

𝓛( = )
*
𝜈′+ 𝛾,𝑊, 𝑒′+ 𝓛( = )

*
𝑈1=> 𝜈+ 𝛾,𝑊, 𝑒+

(Interaction basis) (Mass basis)

Redefine: 𝜈,1 = 𝑈 ,- 𝜈, and:  𝑙,1 = 𝑈3 ,-
4 𝑙, , such that:  𝑈7:; = 𝑈2𝑈34 ,- …

Generation structure of weak interaction, now includes CP violation.

For neutrinos we label the mass eigenstates as: 1, 2, 3 instead of 𝑒, 𝜇, 𝜏

| ⟩𝜈$ = 𝑈.$ ⟩|𝜈. + 𝑈/$ E|𝜈/ + 𝑈0$ ⟩|𝜈0
| ⟩𝜈' = 𝑈.' ⟩|𝜈. + 𝑈/' E|𝜈/ + 𝑈0' ⟩|𝜈0

| ⟩𝜈1 = 𝑈.1 ⟩|𝜈. + 𝑈/1 E|𝜈/ + 𝑈01 ⟩|𝜈 0



Food for thought-1: which states mix?

• Quarks: 9
:! = 9

;"# : < ;"$ = <;"% >
;  We say “the down-type quarks mix”.

• Leptons: ?&
@ = A'& ?'< A(& ?( < A)& ?)

@ ; We say “the neutrinos mix.”

• Why the “down-types” in one case and the “up-types” in another?

• Answer: it is convention! Both mix individually (in an unknown way).
• The interaction is always: 𝓛x = y

6
𝑉0z{ 𝑢R 𝛾>𝑊> 𝑑R

• i.e up and down-type combined! 

• Paradox question: does this mean neutrino mixing is unphysical??

35



Food for thought-2: Where did the CP violation come from?

𝑣

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

• Diagonalize 𝑌,- : 
and

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
=

i/ 6 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R
i/ 6
= 𝑢eg<

• Yukawa couplings to massless particles:

à mass and flavour eigenstates
𝒗

27

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

𝑞?

𝑞e

𝐻

𝑌,-

𝑞?

𝑞e

𝐻

𝑌,-∗
CP



Food for thought-2: Where did the CP violation come from?

𝑣

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

• Diagonalize 𝑌,- : 
and

𝓛d = 𝑌?e1 R𝑢?<, R𝑑?< R
=

i/ 6 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R
i/ 6
= 𝑢eg<

• Yukawa couplings to massless particles:

à mass and flavour eigenstates
𝒗

27

• Higgs: redefines quarks states in mass eigenstates (𝑖 ↔ 𝑖)

𝑞?

𝑞e

𝐻

𝑌,-

𝐻

𝑚B

𝑞?}

𝑞?}
𝑚B : Real couplings only! è No CP violation 



Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions – CP ViolationThe Quark Flavors of the Standard Model
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source of CP viol.

• Particles and antiparticles have complex 
conjugated coupling constants
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𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

The CKM matrix 𝑉678 - 3 Generations
𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉0z{ =

𝑉/01:

Lincoln Wolfenstein

𝟏 − D𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − D𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 complex degree of freedom
è CP violating phase

41

• It follows from unitarity: 
𝑉0z{
~ 𝑉0z{ = 1



The CKM matrix and unitarity triangle 47

• The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
• This implies that the matrix is unitary: 𝑉0z{

~ 𝑉0z{ = 1
𝑉()∗ 𝑉,)∗ 𝑉-)∗

𝑉(*∗ 𝑉,*∗ 𝑉-*∗
𝑉(+∗ 𝑉,+∗ 𝑉-+∗

𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

=
1 0 0
0 1 0
0 0 1

• There are 9 orthonormality equations
• Example:  𝑉ht∗ 𝑉h1 + 𝑉st∗ 𝑉s1 + 𝑉3t∗ 𝑉31 = 0

• Wolfenstein parametrization:

𝑉()* =

1 −
1
2 𝜆

! 𝜆 𝐴𝜆+ 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆! 𝐴𝜆!

𝐴𝜆+ 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆! 1

Triangle in the complex plane:

𝑉(+∗ 𝑉()
𝑉-+∗ 𝑉-)

𝑉,+∗ 𝑉,)

≈ 𝐴𝜆! 𝜌 + 𝑖𝜂
≈ 𝐴𝜆! 1 − 𝜌 − 𝑖𝜂

≈ 𝐴𝜆" ⋅ −𝜆
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• The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
• This implies that the matrix is unitary: 𝑉0z{

~ 𝑉0z{ = 1
𝑉()∗ 𝑉,)∗ 𝑉-)∗

𝑉(*∗ 𝑉,*∗ 𝑉-*∗
𝑉(+∗ 𝑉,+∗ 𝑉-+∗

𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

=
1 0 0
0 1 0
0 0 1

• There are 9 orthonormality equations
• Example:  𝑉ht∗ 𝑉h1 + 𝑉st∗ 𝑉s1 + 𝑉3t∗ 𝑉31 = 0

Renormalize horizontal scale to 1

(0,0) (1,0)

(𝜌, 𝜂)

𝑉,+∗ 𝑉,)
𝑉,+∗ 𝑉,)

≡ 1

𝑉-+∗ 𝑉-)
𝑉,+∗ 𝑉,)

≈ − 1 − 𝜌 − 𝑖𝜂

𝑉(+∗ 𝑉()
𝑉,+∗ 𝑉,)

≈ − 𝜌 + 𝑖𝜂

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
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(0,0) (1,0)

(𝜌, 𝜂)

• 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:

𝑉0z{ =
𝑉h1 𝑉hr 𝑉ht 𝑒5?�
− 𝑉s1 𝑉sr 𝑉st
𝑉31 𝑒5?� − 𝑉3r 𝑒?�& 𝑉3t

𝛾 𝛽

𝛼
𝛼 = 𝜋 − 𝛽 − 𝛾

𝑉0z{
~ 𝑉0z{ = 1

Triangle in the complex plane:

• There are 9 orthonormality equations
• 9 complex numbers: 9 real + 9 imaginary
• 5 unobservable relative quark phases: 𝜓,- → 𝑒.!𝜓,
• 18 – 9 – 5  = 4 degrees of freedom

• There are 4 degrees of freedom:
• 3 real (Euler angles) and one phase
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Triangle in the complex plane:

• Wolfenstein parametrization:
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2
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−𝜆 1 −
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2
𝜆! 𝐴𝜆!

𝐴𝜆+ 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆! 1

• CKM in terms of phases:

𝑉0z{ =
𝑉h1 𝑉hr 𝑉ht 𝑒5?�
− 𝑉s1 𝑉sr 𝑉st
𝑉31 𝑒5?� − 𝑉3r 𝑒?�& 𝑉3t a
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• CP Violation:
Ø Non-zero unitary phases
Ø Triangle surface ≠ 0

v Jarlskog invariant “J”
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~ 𝑉0z{ = 1



𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

The CKM matrix 𝑉678 - 3 Generations
𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉0z{ =

𝑉/01:

Lincoln Wolfenstein

𝟏 − D𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − D𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating phase
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The CKM matrix 𝑉678 - 3 vs 2 Generations

𝑉!" 𝑉!#
𝑉%" 𝑉%#

𝑑 𝑠

𝑢

𝑐

𝑉0z{ =

𝑉/01:

𝟏 − D𝟏 𝟐𝝀
𝟐 𝝀

−𝝀 𝟏 − D𝟏 𝟐𝝀
𝟐

è No CP violation

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉0z{ =

𝑉/01:

𝟏 − D𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − D𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating phase

• 3  generations is the minimal particle content to generate CP violation (In Standard Model).

42

1 free variable =
8 (4 complex)

– 4 orthonormality
– 3 quark phases



3 Generations of particles – How do we know?
LEP: The heavy Z boson decays into 3 light neutrino types.

• No additional weakly interacting light fermion generations.

LEP @ CERN:
1989-2000

43



3 Generations of particles – How do we know?
LEP: The heavy Z boson decays into 3 light neutrino types.

2 neutrinos
3 neutrinos
4 neutrinos

measurements

Collision Energy (GeV)

N
um

be
r o

f e
ve

nt
s

LEP

• No additional weakly interacting light fermion generations.

=3
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3 Generations of particles – How do we know?

11. Status of Higgs boson physics 19

features present in the event. The categorization of events increases the sensitivity of the
overall analysis and allows a separation of different Higgs boson production processes.
Most categories are dominated by signal from one Higgs decay mode but contain an
admixture of various Higgs production processes. For example, a typical VBF selection
requires Higgs boson candidates to be accompanied by two energetic jets (≥ 30GeV) with
a large dijet mass (≥ 400GeV) and separated by a large pseudorapidity (∆ηjj ≥ 3.5).
While such a category is enriched in Higgs bosons produced via VBF, the contamination
from the gluon fusion production mechanism can be significant. Hence a measurement of
the signal rate in the VBF category does not imply a measurement of VBF production
cross-section. Simulations are used to determine the relative contributions of the various
Higgs production modes in a particular category.

III.1.1. H → γγ
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with
each event weighted by the ratio of signal-to-background in each event category,
observed by ATLAS [124] at Run 2. The residuals of the data with respect to the
fitted background are displayed in the lower panel. (Right) The m4! distribution
from CMS [125] Run 2 data.

In the H → γγ channel a search is performed for a narrow peak over a smoothly falling
background in the invariant mass distribution of two high pT photons. The background
in this channel is conspicuous and stems from prompt γγ processes for the irreducible
backgrounds, and the γ+jet and dijet processes for the reducible backgrounds where one
jet fragments typically into a leading π0. In order to optimize search sensitivity and also
to separate the various Higgs production modes, ATLAS and CMS experiments split
events into several mutually exclusive categories. Diphoton events containing a high pT

June 5, 2018 19:47

𝐻 → 𝛾γ

𝐻 → 4𝜇

LHC: Higgs production:
Loop diagram is proportional to the 
mass of the heaviest fermion.

10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

uncertainties in the theoretical calculations due to missing higher-order effects and

June 5, 2018 19:47

• Top is the heaviest fermion flavour.
Ø3 Flavour generations 

3

i = 1, 2, 3
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How about leptons?
• Equivalent of CKM-Matrix 𝑉Z[\ for leptons is PMNS-Matrix
• Pontecorvo-Maki-Nakagawa-Sakata matrix: 𝑈/{[S

• Neutrinos: 𝑈]\^_ • Quarks: 𝑉Z[\
𝜈.
𝜈/
𝜈0

=
𝑈.$ 𝑈.' 𝑈.1
𝑈/$ 𝑈/' 𝑈/1
𝑈0$ 𝑈0' 𝑈01

𝜈$
𝜈'
𝜈1

𝑑′
𝑠′
𝑏3

=
𝑉() 𝑉(* 𝑉(+
𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑉-* 𝑉-+

𝑑
𝑠
𝑏

ν1 ν2 ν3 d s b

22 Chapter 2 The Cabibbo-Kobayashi-Maskawa Matrix

B0

d

D∗−
cb

W+

d

e+

νe

V ∗

cb
W−

µ− νµ

e−

νe

1

Figure 2.5: Diagrams important for determining Vcb.

discussed in detail in Section 3.5. Using lattice calculations to take long-distance
effects into account, and assuming |Vtb| = 1, yields:

|Vtd| = 0.0081± 0.0005

|Vts| = 0.0394± 0.0023

|Vtb| : CDF, D0, ATLAS and CMS measured the ratio of branching ratiosBr(t → Wb)/Br(t →
Wq), yielding the following 95% confidence level limit:

|Vtb| = 1.019± 0.025

Taking all the information above, a global fit with Standard Model constraints leads to
the following result for the absolute values of the elements:

VCKM =





0.97446 0.22452 0.00365
0.22438 0.97359 0.04214
0.00896 0.04133 0.99911



±





0.00010 0.00044 0.00012
0.00044 0.00011 0.00076
0.00024 0.00974 0.00003



 (2.6)

The strength of the charged current couplings seem to exhibit a hierarchy. This pattern
motivated Wolfenstein [8] to parametrize the CKM-matrix in powers of the parameter

λ ≈ sin θ12 ≈
√

md

ms
, which is described in the next section.

|VCKM | ∼





1 λ λ3

λ 1 λ2

λ3 λ2 1





2.4 Discussion 27

2.4.1 The Lepton Sector

We only focussed on the quark couplings, and we will continue to do so in the rest of
these notes. Nevertheless it is both enlightening and intriguing to cast some light on the
lepton sector.

The discovery of neutrino oscillations [11] implies that neutrinos have non-zero mass, and
as a result a similar diagonalization of the Yukawa matrix can be done, compared to
the quarks (see Section 1.4.1). The lepton counterpart of the CKM-matrix is called the
PMNS-matrix, after Maki, Nakagawa, Sakata and Pontecorvo [12].

The first observation is that the leptons are commonly referred to as the flavour eigen-
states, in contrast to the mass eigenstates that we use for the quarks. For example, we
typically picture the W to couple purely to a (e, νe) pair, whereas the coupling of the W
to the quarks we picture as the coupling to a (u, [d, s, b]) pair, ie. a mixture of d, s and b
quarks. The lepton-equivalent of the down-type mass eigenstates are ν1, ν2 and ν3.

The second, inspiring, observation is that the magnitude of the elements of the MNSP-
matrix show a completely different hierarchy [13]:

UMNSP =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 ≈





0.82 0.55 0.15
0.37 0.57 0.70
0.39 0.59 0.69



 .

Interesting numerology appears if we square the matrix elements, revealing the following
approximate composition (known as ’tri-bimaximal mixing’ [14]):

|UMNSP |2 ≈





2
3

1
3 0

1
6

1
3

1
2

1
6

1
3

1
2



 ,

or alternatively:

UMNSP ≈









√

2
3

√

1
3 0

−
√

1
3

√

2
3 0

0 0 1













1 0 0
0 1 0
0 0 1













1 0 0

0
√

1
2

√

1
2

0 −
√

1
2

√

1
2









=











√

2
3

√

1
3 0

−
√

1
6

√

1
3 −

√

1
2

−
√

1
6

√

1
3

√

1
2











.

This comparison should make clear that the hierarchy in the CKM matrix, nor the fact
that the matrix is symmetric, is by any means “logical”, or “natural”?!

To date, no experiment has reached the sensitivity to measure complex phases on the
MNSP matrix elements, which would indicate CP violation in the lepton sector 3.

3The situation is slightly more complex if the neutrino’s are of Majorana nature, ie. if the neutrinos
are their own anti-particles. The smallness of the neutrino masses is typically explained with the see-saw

mechanism, which at the same time predicts a heavy right-handed sterile neutrino at the grand-unification
scale.

Completely 
different 
hiearchy
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Summer 18

CKM
f i t t e r

How large is CP violation?

• Large CP violation requires large mixing 
and large phases in the CKM matrix.
• Surface of unitarity triangle
• Jarlskog invariant:   𝐽 = 3 ×105�

• CP violation also requires three generations 
with non-zero quark masses
- In fact, different masses are required:
§ 𝑚/ ≠ 𝑚0 ; 𝑚0 ≠ 𝑚1 ; 𝑚1 ≠ 𝑚/
§ 𝑚2 ≠ 𝑚3 ; 𝑚3 ≠ 𝑚4 ; 𝑚4 ≠ 𝑚2

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

4 , 𝑀)𝑀)
4 = 2 𝑖 𝐽 𝑚-

' −𝑚,
' 𝑚,

' −𝑚(
' 𝑚(

' −𝑚-
'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'

53

𝑀,5 = 𝑌,5 𝑣/ 2 Cecile Jarlskog



SU(2)

𝑣

• W interaction flavour universal
𝓛x = y

6𝑢′R 𝛾>𝑊
> 𝑑′R
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SU(2) à Higgs vev

𝑣

• W interaction flavour universal

𝓛k = 𝑌?e1 R𝑢?<, R𝑑?< R
=
i 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R

i
= 𝑢eg<

𝓛x = y
6𝑢′R 𝛾>𝑊

> 𝑑′R

• Higgs interaction not flavour universal

𝒗
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SU(2) à Higgs vev à Origin of Mass

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

𝑣

• W interaction flavour universal

𝓛k = 𝑌?e1 R𝑢?<, R𝑑?< R
=
i 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R

i
= 𝑢eg<

• Amount of CP violation:

• Mass vs Interaction states:

𝓛x = y
6𝑢′R 𝛾>𝑊

> 𝑑′R

det 𝑀(𝑀(
4 , 𝑀)𝑀)

4 = 2 𝑖 𝐽 𝑚-
' −𝑚,

' 𝑚,
' −𝑚(

' 𝑚(
' −𝑚-

'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'

• Higgs interaction not flavour universal

𝒗
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SU(2) à Higgs vev à Origin of Mass à Origin of CP violation?

𝑢? = 𝑉h ?e 𝑢e< 𝑑? = 𝑉1 ?e 𝑑e
<

𝑣

• W interaction flavour universal

𝓛k = 𝑌?e1 R𝑢?<, R𝑑?< R
=
i 𝑑eg< + 𝑌?eh R𝑢?<, R𝑑?< R

i
= 𝑢eg<

• Amount of CP violation:

• Mass vs Interaction states:

𝓛x = y
6𝑢′R 𝛾>𝑊

> 𝑑′R

det 𝑀(𝑀(
4 , 𝑀)𝑀)

4 = 2 𝑖 𝐽 𝑚-
' −𝑚,

' 𝑚,
' −𝑚(

' 𝑚(
' −𝑚-

'

× 𝑚+
' −𝑚*

' 𝑚*
' −𝑚)

' 𝑚)
' −𝑚+

'

• Higgs interaction not flavour universal

• Does the Standard Model include CP violation 
before symmetry breaking?
• Is CP violation perhaps an emergent phenomenon?

𝒗
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The Baryogenesis Puzzle – Electroweak Baryogenesis?
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Winter 14

CKM
f i t t e r

✓ C and CP Violation

Weak Interaction Higgs Phase Transition

tunnel

f

V
1st order

✓ Thermal non-equilibrium

@µ jµ5 6= 0

Axial Anomaly:

‘t Hooft, PRL 
37 (1976) 8

✓ Baryon Number Violation

Quantum anomaly

f

f

f

Adler-Bell-
Jackiw

• Baryogenesis from Higgs symmetry breaking?

• Sacharov
Conditions
üAll present 

in S.M.

broken phase

cT T<

symmetric phase

T >Tc cT T»

expanding bubble (Higgs condensates)
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The Baryogenesis Puzzle – Electroweak Baryogenesis?
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Winter 14

CKM
f i t t e r

Weak Interaction

@µ jµ5 6= 0

Axial Anomaly:

‘t Hooft, PRL 
37 (1976) 8

Quantum anomaly

f

f

f

Adler-Bell-
Jackiw

− BAU: #$"
$#

≈ 10%&'

− 𝐴() = 𝐽*$+ × 𝑚,
" −𝑚-

" 𝑚-
" −𝑚.

" 𝑚.
" −𝑚,

"

× 𝑚/
" −𝑚0

" 𝑚0
" −𝑚1

" 𝑚1
" −𝑚/

"

• From CKM: ⁄𝐴() 𝑇-&" ≈ 10%"' à Too small
• Used 𝑇- ∼ 100 GeV  

� SM: MH <  ~70 GeV
� THDM: MH ~ 125 OK

✓ Sphalerons

Higgs Phase Transition

tunnel

V
1st order

f

2nd order
SMV

✘ CPV from CKM

✘ 1st order?
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Baryon asymmetry Matter - antimatter asymmetry Non - reversal

• Sacharov
Conditions
üAll present 

in S.M.
✘Not 

Enough?

✓ Baryon Number Violation ✘ C and CP Violation ✘ Thermal non-equilibrium



The Baryogenesis Puzzle – Electroweak Baryogenesis?
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Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)
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2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

Expanding bubbles of broken phase
In a medium of symmetric phase 

Baryon production in 
front of bubble wall

èWas the phase transition in the early 
universe of 1st order?
èHiggs potential?

è If new physics is abundant in thermal 
plasma of early universe: 
è Likely to be of TeV energy scale.
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Alternative Explanation…
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Flavour Physics and CP Violation

“Measurement of CP violation”
- Erwin  Agasi

84
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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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Antimatter world

CP:

Matter world

W
hi

te
Bl
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Left Right

𝐶

𝑃

1

“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?

9



83

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

3



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-

4



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?’

𝑞e′

𝐻

𝑌,-

𝑞?h

𝑞?1

𝑊C

𝛼5

𝑞?

𝑞?

𝛾

𝛼

𝑞?

𝑞?

𝑔

𝛼*

Weak CC:

CP

𝑞?

𝑞?

𝑍

𝛼6

𝑞?’

𝑞e’

𝐻

𝑌,-∗

5



Recap: Flavour Universality
• Weak charged current interaction:

𝑢′

𝑑′

𝑊K 𝑐′

𝑠′

𝑊K 𝑡′

𝑏′

𝑊K

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

𝑞?′

𝑞e′

𝐻

𝑌,-

𝑞?’

𝑞e’

𝐻

𝑌,-∗
CP

𝑖 = 1 𝑖 = 2 𝑖 = 3

Massless particles

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑗)

6



Recap: Flavour Universality à Symmetry Breaking
• Weak charged current interaction:

𝑞?′

𝑞e′

𝐻

𝑌,-
• Higgs: redefines quark states in mass eigenstates:

𝑢′

𝑑′

𝑊K 𝑐′

𝑠′

𝑊K 𝑡′

𝑏′

𝑊K

𝐻

𝑚B

𝑞?}

𝑞?}

𝑖 = 1 𝑖 = 2 𝑖 = 3

Massive particles

vev≠ 0

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑖)

7



𝑊K

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing

𝑢}
𝑑}

𝑊K 𝑊K𝑢} 𝑊K

𝑊K 𝑊K

𝑡}

𝑑}

𝑊K

𝑠}

𝑡}
𝑠}

𝑊K

𝑏}

𝑑}

𝑊K𝑐}

𝑡}

𝑏}

𝑏}

𝑐} 𝑐}

𝑉hr𝑉h1

𝑉s1

𝑉31 𝑉3r

𝑉sr

𝑉ht

𝑉st

𝑉3t

𝑠}

𝑢}

• Weak charged current interaction:

𝑞?

𝑞e

𝐻

𝑌,-
• Higgs: redefines quark states in mass eigenstates:

𝐻

𝑚B

𝑞?}

𝑞?}

Massive particles

(𝑖 ↔ 𝑗)

vev≠ 0

(𝑖 ↔ 𝑖)

8



𝑊K

Recap: Flavour Universality à Symmetry Breaking à Flavour Mixing

𝑢}
𝑑}

𝑊K 𝑊K𝑢} 𝑊K

𝑊K 𝑊K

𝑡}

𝑑}

𝑊K

𝑠}

𝑡}
𝑠}

𝑊K

𝑏}

𝑑}

𝑊K𝑐}

𝑡}

𝑏}

𝑏}

𝑐} 𝑐}

𝑉hr𝑉h1

𝑉s1

𝑉31 𝑉3r

𝑉sr

𝑉ht

𝑉st

𝑉3t

𝑠}

𝑢}

• Weak charged current interaction:

𝑞?

𝑞e

𝐻

𝑌,-
• Higgs: redefines quark states in mass eigenstates:

𝐻

𝑚B

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





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

• Weak interactions mixes the 
generations of mass eigenstates.

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

Massive particles

vev≠ 0

9
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Summer 18

CKM
f i t t e r

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:

𝑉0z{ =
𝑉h1 𝑉hr 𝑉ht 𝑒5?�
− 𝑉s1 𝑉sr 𝑉st
𝑉31 𝑒5?� − 𝑉3r 𝑒?�& 𝑉3t

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

v Jarlskog invariant

𝑉0z{
~ 𝑉0z{ = 1



Recap: CP violation vs matter – antimatter asymmetry

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

4 , 𝑀)𝑀)
4 = 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: 

��'
�(

≈ 1059=

• Explanation requires existence of new massive particles.

Cecilia Jarlskog

From CKM: ⁄𝐴78 𝑇,$' ≈ 10%'" à Too small

11



Flavour Physics and CP Violation 12

Contents Yesterday & Today:
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



CP violation: a quantum interference experiment
• Quantum process with two amplitudes 𝐴< and 𝐴=:
• Eg.: 𝐴9 = 𝐵= → ⁄𝐽 𝜓 𝐾r and 𝐴6 = 𝐵= → 𝐵= → ⁄𝐽 𝜓 𝐾r

𝐴9 = 𝐴9 , 𝐴6 = 𝐴6 , 
but 𝐴9 + 𝐴6 ≠ 𝐴9 + 𝐴6

𝐴$ 𝐴'

𝐴$ 𝐴'

∝ 𝒆𝒊𝝓 𝒆𝒊𝜹

∝ 𝒆%𝒊𝝓 𝒆𝒊𝜹

13
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CP violation: a quantum interference experiment
• Quantum process with two amplitudes 𝐴< and 𝐴=:
• Eg.: 𝐴9 = 𝐵= → ⁄𝐽 𝜓 𝐾r and 𝐴6 = 𝐵= → 𝐵= → ⁄𝐽 𝜓 𝐾r

𝐴9 = 𝐴9 , 𝐴6 = 𝐴6 , 
but 𝐴9 + 𝐴6 ≠ 𝐴9 + 𝐴6

𝐴$ 𝐴'

𝐴$ 𝐴'

∝ 𝒆𝒊𝟐𝜷 𝒆𝒊𝝅/𝟐

∝ 𝒆%𝒊𝟐𝜷 𝒆𝒊𝝅/𝟐

14

𝐵"

𝐵"

Weak phase from CKM: 𝒆5𝒊𝟐𝜷 → 𝒆𝒊𝟐𝜷
Strong phase from mixing process: 𝒆𝒊𝝅/𝟐 → 𝒆𝒊𝝅/𝟐

𝒆𝒊𝟐𝜷𝒆𝒊𝝅/𝟐

𝒆%𝒊𝟐𝜷𝒆𝒊𝝅/𝟐



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.: 𝐴9 = 𝐵= → ⁄𝐽 𝜓 𝐾r and 𝐴6 = 𝐵= → 𝐵= → ⁄𝐽 𝜓 𝐾r

𝐴9 = 𝐴9 , 𝐴6 = 𝐴6 , 
but 𝐴9 + 𝐴6 ≠ 𝐴9 + 𝐴6

𝐴$ 𝐴'

𝐴$ 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 6 − �̅� 6 = 4 𝐴9𝐴6 sin𝜙 sin 𝛿

⁄𝐽 𝜓

𝐾*

𝐴$
𝐵"

𝐴'

⁄𝐽 𝜓

𝐾*

𝐵"
𝐴$

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?

16



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)

97

A = a0(K!⇡⇡) + a2(K!⇡⇡)

Interfere Isospin amplitudes:

Interfere dispersive and absorptive:

𝐾= 𝐾=
�

i

2
�12

M12

𝐵

V𝐵

⁄𝐽 𝜓 𝐾r
Interfere direct and mixed:

17



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)
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A = a0(K!⇡⇡) + a2(K!⇡⇡)

Interfere Isospin amplitudes:

Interfere dispersive and absorptive:

𝐾= 𝐾=
�

i

2
�12

M12

𝐵

V𝐵

⁄𝐽 𝜓 𝐾r
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: eg. 𝐾! decays

Thesis Vera Luth, CERN 1974

4�(�)

=

����
(1 + ")

(1 � ")

����
2

Measure 𝐴 = [#5[$

[#K[$ with     𝑁
K = 𝐾= → 𝜋5𝑒K𝜈

𝑁5 = 𝐾= → 𝜋K𝑒5�̅�
vs the 𝐾= decay time  

⟩|𝐾9 =
1
2

1

1 + 𝜀 "
1 + 𝜀 | ⟩𝐾' + 1 − 𝜀 | `𝐾'

→ 𝜋%𝑒:𝜈
→ 𝜋:𝑒%𝜈

20

𝐾# 𝐾&

time
⟩|𝐾& =

1
2
| ⟩𝐾' − | `𝐾'

⟩|𝐾" =
1
2
| ⟩𝐾' + | `𝐾'

Two CP states:

Two particles:

⟩|𝐾; ≃ ⟩𝐾& + 𝜀 𝐾"
⟩|𝐾9 ≃ ⟩𝐾" + 𝜀 𝐾&

𝐾= 𝐾=
�

i

2
�12

M12



Type-2: CP violation in decay: 𝐵"! → 𝐾𝜋 and 𝐵#! → 𝐾𝜋

First observation of CP 
violation in Bs decays

𝐵:g → 𝐾𝜋

𝐵=g → 𝐾𝜋

+

• Interfere two decay amplitudes (“direct”):

�𝐵' → 𝐾%𝜋:

𝐵0' → 𝐾%𝜋:𝐵0
' → 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

22



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
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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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[PRL 115, 031601 (2015)]
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LHCb

Close to precision of B-Factories and statistically limited

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	

𝐴0/ 𝑡 =
Γ��→� 𝑡 − Γ�→�(𝑡)
Γ��→� 𝑡 + Γ�→�(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

23
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Time à
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Flavor Oscillations
• Quantum mechanics with 𝐵g and 𝐵g

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

mesons happen spontaneously.

𝐵= 𝐵=

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

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

𝑏(𝑡)

𝐻 =
𝑀 𝑀$'
𝑀$'
∗ 𝑀 −

𝑖
2

Γ Γ$'
Γ$'∗ 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”) 

26

𝐻 = 𝐻*- +𝐻.C +𝐻D.EF



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)

|𝐵H ⟩𝑡 = | ⟩𝐵H 𝑒%IJ=-

|𝐵& ⟩𝑡 = | ⟩𝐵& 𝑒%IJ>-

𝑚± = 𝑀 ±
1
2Δ𝑚

Γ± = Γ ±
1
2ΔΓ

𝜔± = 𝑚± −
𝑖
2
Γ±

| ⟩𝐵H = 𝑝| ⟩𝐵" + 𝑞| e𝐵"

⟩𝐵& = 𝑝 ⟩𝐵" − 𝑞| e𝐵"
𝑩𝟎 , 𝑩𝟎 : Flavour eigenstates

⁄𝑞 𝑝 = − f𝑀$'
∗ −

𝑖
2 Γ$'

∗ 𝑀$' −
𝑖
2 Γ$'

Δ𝑚 = 2 ℜ 𝑀&" −
𝑖
2 Γ&" 𝑀&"

∗ −
𝑖
2 Γ&"

∗

ΔΓ = 4 ℑ 𝑀&" −
𝑖
2 Γ&" 𝑀&"

∗ −
𝑖
2 Γ&"

∗

𝐵" :  ΔΓ ≈ 0 , ⁄𝑞 𝑝 = 1
𝐵*" :  ⁄ΔΓ Δ𝑚 ≪ 1 , ⁄𝑞 𝑝 = 1
𝐾" :  ⁄ΔΓ Δ𝑚 ≃ 1 , ⁄𝑞 𝑝 − 1 ≃ 10%1

Examples

⇒ 𝜓 𝑡 = 𝛼| ⟩𝐵H 𝑡 + 𝛽| ⟩𝐵& 𝑡

27

Masses

Lifetimes



109

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 | ⟩𝐵@ + | ⟩𝐵9

| `𝐵' =
1
2𝑞 | ⟩𝐵@ − | ⟩𝐵9| ⟩𝜓 𝑡 ∶

⟩𝐵" 𝑡 = 𝑔! 𝑡 ⟩𝐵" +
𝑞
𝑝𝑔%(𝑡)| e𝐵"

e𝐵" 𝑡 = 𝑔! 𝑡 e𝐵" +
𝑝
𝑞 𝑔%(𝑡)|

⟩𝐵"
𝑔± - =

𝑒%IJ=- ± 𝑒%IJ>-

2

𝑔± - = 𝑒%IL-𝑒% ⁄N- ' 𝑒%
$
' I OC- ± 𝑒!

$
' I OC-

2

𝑔! 𝑡 = 𝑒%IL-𝑒% ⁄N- ' 𝐜𝐨𝐬
𝚫𝒎𝒕
𝟐

𝑔% 𝑡 = 𝑒%IL-𝑒% ⁄N- ' 𝒊 𝐬𝐢𝐧
𝚫𝒎𝒕
𝟐

28

𝜔± = 𝑚± −
𝑖
2 Γ±



𝐵! Oscillations
⟨𝐵 𝑡 | ⟩𝐵= 6

⟨ V𝐵 𝑡 | ⟩𝐵= 6

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
6
=
𝑒5£3

2
1 ± cos Δ𝑚 ⋅ 𝑡

Flavour Oscillations!

,S

S,

,S

,S

𝐵D

𝐵D

𝐵D
𝑔! 𝑡

𝑞
𝑝 𝑔% 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*
𝐵D

𝐵D𝑝
𝑞 𝑔% 𝑡

𝑔! 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*

𝐵D

29

Small Δ𝑚 → slow oscillation Large Δ𝑚 → fast oscillation



How are you? Hope not…

18-12-2007



Observing CP Violation

• It’s all about imaginary numbers…



𝐵 Decays to common final states: 𝐶𝑃 eigenstates

𝐵D

𝐵D

𝐵D
𝑔! 𝑡

𝑞
𝑝 𝑔% 𝑡

⁄𝐽 𝜓 𝐾r 𝐵D

𝐵D𝑝
𝑞 𝑔% 𝑡

𝑔! 𝑡

𝐵D

⁄𝐽 𝜓 𝐾r

𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → ⁄𝐽 𝜓𝐾9

𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9

+ +

çCPè
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𝐵D

𝐵D

𝐵D
𝑔! 𝑡

𝑞
𝑝 𝑔% 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*
𝐵D

𝐵D𝑝
𝑞 𝑔% 𝑡

𝑔! 𝑡

𝑙* �̅�8 𝑋,

𝑙,𝜈8 𝑋*

𝐵D

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



𝐵 Decays to common final states: 𝐶𝑃 eigenstates

𝐵D

𝐵D

𝐵D
𝑔! 𝑡

𝑞
𝑝 𝑔% 𝑡

⁄𝐽 𝜓 𝐾r 𝐵D

𝐵D𝑝
𝑞 𝑔% 𝑡

𝑔! 𝑡

𝐵D

⁄𝐽 𝜓 𝐾r

𝑏𝑑

𝑏 𝑑

𝐵'
𝑏 𝑑

𝑏𝑑
𝐵'

𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → ⁄𝐽 𝜓𝐾9

𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9 𝐵+ → 𝐵+ → ⁄𝐽 𝜓𝐾9

+ +

𝐵= → ⁄𝐽 𝜓𝐾r ∶ 𝐴�

𝐵= → 𝐵= → ⁄𝐽 𝜓𝐾r ∶
𝑞
𝑝
𝐴�

𝐵= → ⁄𝐽 𝜓𝐾r :  𝐴�

𝐵= → 𝐵= → ⁄𝐽 𝜓𝐾r ∶
𝑝
𝑞
𝐴�

çCPè

+ +

31
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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± −
?
6
Γ± ,  𝑚± = 𝑀 ± 9

6
Δ𝑚 ,   Γ± = Γ ± 9

6
ΔΓ

𝐵= → ⁄𝐽 𝜓𝐾r 𝐵= → ⁄𝐽 𝜓𝐾r

Γ � 3 →� = 𝑓|𝐵= 𝑡 6

𝐴� ≡ 𝑓|𝐵= 𝐴� ≡ 𝑓|𝐵=

λ ≡
𝑞
𝑝
𝐴�
𝐴�

𝜆 ≡
𝑝
𝑞
𝐴�
𝐴�

⟩𝐵= 𝑡 = gK t ⟩𝐵= +
𝑞
𝑝
𝑔5 𝑡 | �𝐵=

�𝐵= 𝑡 = gK t �𝐵= +
𝑝
𝑞
𝑔5 𝑡 | ⟩𝐵=

𝑔± 𝑡 =
𝑒5?¤#3 ± 𝑒5?¤$3

2

𝜆 = 1/𝜆

32

𝑓 = 𝑓

s s



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± −
?
6
Γ± ,  𝑚± = 𝑀 ± 9

6
Δ𝑚 ,   Γ± = Γ ± 9

6
ΔΓ

𝐵= → ⁄𝐽 𝜓𝐾r 𝐵= → ⁄𝐽 𝜓𝐾r

Γ � 3 →� = 𝑓|𝐵= 𝑡 6

𝐴� ≡ 𝑓|𝐵= 𝐴� ≡ 𝑓|𝐵=

λ ≡
𝑞
𝑝
𝐴�
𝐴�

𝜆 ≡
𝑝
𝑞
𝐴�
𝐴�

⟩𝐵= 𝑡 = gK t ⟩𝐵= +
𝑞
𝑝
𝑔5 𝑡 | �𝐵=

�𝐵= 𝑡 = gK t �𝐵= +
𝑝
𝑞
𝑔5 𝑡 | ⟩𝐵=

𝑔± 𝑡 =
𝑒5?¤#3 ± 𝑒5?¤$3

2

𝜆 = 1/𝜆
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𝑓 = 𝑓

s s

just expand by 
taking the square…



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

Γ R→T 𝑡 = 𝐴T
' 1 + 𝜆T

' .>BC

'
⋅

cosh
ΔΓ𝑡
2 + 𝐷T sinh

ΔΓ𝑡
2 + 𝐶T cos Δ𝑚𝑡 − 𝑆T sin Δ𝑚 𝑡

Γ R→T 𝑡 = 𝐴T
' U
V

'
1 + 𝜆T

' .>BC

'
⋅

cosh
ΔΓ𝑡
2
+ 𝐷T sinh

ΔΓ𝑡
2
− 𝐶T cos Δ𝑚𝑡 + 𝑆T sin Δ𝑚 𝑡

𝐷� =
6ℜ¦)
9K ¦)

* ,     𝐶� =
95 ¦)

*

9K ¦)
* ,   𝑆� =

6ℑ¦)
9K ¦)

*

• Coefficients 𝐷w, 𝐶w and 𝑆w are measured by experiment
è Measurement of CKM parameters via:

with:

𝜆T ≣
𝑝
𝑞
𝐴T
𝐴T

34



How does it give CP violation?

𝐵D

𝐵D

𝐵D
𝑝
𝑞 𝑔% 𝑡

𝑔! 𝑡

𝑓5E
𝐴:!;

𝐴:!;

𝐵D

𝐵D

𝐵D

𝑞
𝑝
𝑔% 𝑡

𝑔! 𝑡

𝑓5E

𝐴:!;

𝐴:!;

𝐶𝑃

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

2

𝐴TDE 𝑔! 𝑡 + 𝜆𝑔% 𝑡

𝜆:() =
𝑞
𝑝
𝐴:()
𝐴:()

𝐴TDE 𝑔! 𝑡 +
1
𝜆 𝑔% 𝑡

𝑔, 𝑡 = 𝑒*'?> 𝑒* ⁄A> $ cos
Δ𝑚𝑡
2

𝑔* 𝑡 = 𝑒*'?> 𝑒* ⁄A> $ 𝒊 sin B?>
$

For neutral B mesons, 𝑔� has a 
90o (=i) phase difference wrt. 𝑔<

𝜆:() =
𝑝
𝑞
𝐴:()
𝐴:()

=
1
𝜆:()

35



Interfering Amplitudes
𝑡 = 0 𝑡 Amplitude

𝐵= → 𝑓0/

𝐵= → 𝑓0/

𝐴TDE 𝑔! 𝑡 + 𝜆𝑔% 𝑡

𝐴TDE 𝑔! 𝑡 +
1
𝜆 𝑔% 𝑡

𝑔! = 𝑒%IC- 𝑒% ⁄N- ' cos
Δ𝑚𝑡
2

𝑔% = 𝑒%IC- 𝑒% ⁄N- ' 𝒊 sin
Δ𝑚𝑡
2

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

36
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Interfering Amplitudes
𝑡 = 0 𝑡 Amplitude

𝐴TDE 𝑎! + 𝑎% 𝑒%IWF 𝑒I ⁄X '

𝐴TDE 𝑎! + 𝑎% 𝑒!IWF 𝑒I ⁄X '

𝐵= → 𝑓0/

𝐵= → 𝑓0/

𝑔! = 𝑒%IC- 𝑒% ⁄N- ' cos
Δ𝑚𝑡
2

𝑔% = 𝑒%IC- 𝑒% ⁄N- ' 𝒊 sin
Δ𝑚𝑡
2

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

37

(CKM)



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

𝜙JKLM 𝜙JKLM

re
im 𝐵g → 𝑓Z] 𝐵g → 𝑓Z]

𝐵= → 𝑓0/

𝐵= → 𝑓0/

𝐴TDE 𝑔! 𝑡 + 𝜆𝑔% 𝑡

𝐴TDE 𝑔! 𝑡 +
1
𝜆 𝑔% 𝑡

𝑔! = 𝑒%IC- 𝑒% ⁄N- ' cos
Δ𝑚𝑡
2

𝑔% = 𝑒%IC- 𝑒% ⁄N- ' 𝒊 sin
Δ𝑚𝑡
2

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

38

(CKM)
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Interfering Amplitudes: time dependent CP violation!
𝑡 = 0 𝑡 Amplitude

𝐵= → 𝑓0/

𝐵= → 𝑓0/

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖 𝜆 sin

Δ𝑚𝑡
2

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖

1
𝜆 sin

Δ𝑚𝑡
2

𝐵g → 𝑓Z]
𝜙JKLM

𝜙JKLM

𝜙JKLM 𝜙JKLM

𝜙JKLM 𝜙JKLM

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

𝐵g → 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= → 𝑓0/ :

𝐵= → 𝑓0/

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖 𝜆 sin

Δ𝑚𝑡
2

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖

1
𝜆 sin

Δ𝑚𝑡
2

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

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

cos �}36 + 𝑖 𝜆 sin �}36
6
∝ 1 + 95 ¦ *

9K ¦ * cos Δ𝑚𝑡 −
6ℑ¦
9K ¦ * sin Δ𝑚𝑡

cos �}3
6
+ 𝑖 9

¦
sin �}3

6

6
∝ 1 − 95 ¦ *

9K ¦ * cos Δ𝑚𝑡 +
6ℑ¦
9K ¦ * sin Δ𝑚𝑡𝐵= → 𝑓0/ ∶

𝐵= → 𝑓0/
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Time Dependent CP violation

Decay Amplitudes

𝑡 = 0 𝑡 Amplitude

𝐵= → 𝑓0/

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖 𝑒%IWFGHI sin

Δ𝑚𝑡
2

𝐴TDE 𝑒
%IL-𝑒%I ⁄N- ' cos

Δ𝑚𝑡
2 + 𝑖 𝑒!IWFGHI sin

Δ𝑚𝑡
2

𝐵= → 𝑓0/

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI
41



Time Dependent CP violation

Decay Rates

𝑡 = 0 𝑡 Decay Rate

𝐵= → 𝑓0/

𝐵= → 𝑓0/ ∝ 𝑒5£3 cos
Δ𝑚𝑡
2

+ 𝑖 𝑒5?f+,-. sin
Δ𝑚𝑡
2

6

∝ 𝑒5£3 cos
Δ𝑚𝑡
2

+ 𝑖 𝑒K?f+,-. sin
Δ𝑚𝑡
2

6

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

Decay Amplitudes

𝑒FG. 1 + sin𝜙H?IJ sin Δ𝑚𝑡

𝑒FG. 1 − sin𝜙H?IJ sin Δ𝑚𝑡

42
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Time Dependent CP Asymmetry
𝑡 = 0 𝑡 Decay Rate

𝐵= → 𝑓0/

𝐵= → 𝑓0/ ∝ 𝑒FG. 1 + sin𝜙H?IJ sin Δ𝑚𝑡

∝ 𝑒FG. 1 − sin𝜙H?IJ 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	

𝜆TDE =
𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

𝓐0/ =
Γ 𝐵= → 𝑓0/ − Γ 𝐵= → 𝑓0/

Γ 𝐵= → 𝑓0/ + Γ 𝐵= → 𝑓0/
= −sin𝜙¨v©ª sin Δ𝑚𝑡

−sin𝜙D.EF
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𝜆 ⁄� �[* ≡  − �
�

� ⁄, -.*
� ⁄, -.*

𝜆 ⁄3 45� for “Golden” mode: 𝐵! → ⁄𝐽 𝜓𝐾6
𝜆TDE =

𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

𝜆 ⁄« ¬z/ = −
𝑉3t∗ 𝑉31
𝑉3t𝑉31∗

𝑉st𝑉sr∗

𝑉st∗ 𝑉sr

𝑝z&
𝑞zr

𝑉,+𝑉,*∗ × 𝑝Y

44
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𝜆 ⁄� �[* ≡  − �
�

� ⁄, -.*
� ⁄, -.*

𝜆 ⁄3 45� for “Golden” mode: 𝐵! → ⁄𝐽 𝜓𝐾6
𝜆TDE =

𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

𝜆 ⁄« ¬z/ = −
𝑉3t∗ 𝑉31
𝑉3t𝑉31∗

𝑉st𝑉sr∗

𝑉st∗ 𝑉sr
𝑉sr𝑉s1∗

𝑉sr∗𝑉s1

𝑉,+𝑉,*∗ × 𝑞Y

44



𝜆 ⁄� �[* ≡  − �
�

� ⁄, -.*
� ⁄, -.*

𝜆 ⁄3 45� for “Golden” mode: 𝐵! → ⁄𝐽 𝜓𝐾6
𝜆TDE =

𝑞
𝑝
𝐴TDE
𝐴TDE

= 𝑒%IWFGHI

𝜙¨v©ª = 2𝛽

𝜆 ⁄« ¬z/ = −
𝑉3t∗ 𝑉31
𝑉3t𝑉31∗

𝑉st
𝑉st∗

𝑉s1∗

𝑉s1
= −𝑒56?�

VZ[\ =
𝑉() 𝑉(* 𝑉(+ 𝑒%I]
− 𝑉,) 𝑉,* 𝑉,+
𝑉-) 𝑒%I^ − 𝑉-* 𝑒I^O 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,*∗ × 𝑞Y

44

è 𝐵* physics is mainly done at the LHC …

;
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Flavour Physics and CP Violation 45

Contents Yesterday & Today:
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



Flavour Physics and CP Violation

“Measurement of CP violation”
- Erwin  Agasi

46

Contents Yesterday & Today:
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



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!

𝐵=
𝐷=�

𝐾<
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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 𝐷rK𝐾5

2) Measure decay
rate as function
of decay-time𝐵=

𝐷=�

𝐾<
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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 𝐷rK𝐾5

𝑉CD 𝑉C9 𝑉CE 𝑒*'F
𝑉GD 𝑉G9 𝑉GE

𝑉>D 𝑒*'H − 𝑉>9 𝑒'H* 𝑉>E
𝛾

𝐵=
𝐷=�

𝐾<
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𝐵# → 𝐷#𝐾 : Quantum Interference Experiment @ LHCb

“slit A”:  

Decay time

“slit B”: 

𝐵* → 𝐷*%𝐾!

𝐵* → 𝐵* → 𝐷*%𝐾!

𝐵r

𝐷r5

𝐾K

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

𝐵r → 𝐷r5𝐾K

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!

𝐵r

𝐷r5

𝐾K

CP-mirror

Decay time (ps)

De
ca

y 
ra

te

“slit A”:  

Decay time

“slit B”: 

𝐵* → 𝐷*!𝐾%

𝐵* → 𝐵* → 𝐷*!𝐾%

𝐵r

𝐷rK

𝐾5

𝐵r → 𝐷r5𝐾K

𝐵r → 𝐷rK𝐾5

An interference pattern:

51

Time dependent 𝐶𝑃 violation!
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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

56
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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
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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 – 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]
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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]
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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]
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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]
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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]
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350 fs

IP

fully
reconstructed
“physics” B

“tagging” B

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

• Opposite or same side
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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]
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𝜋:

𝐵* → 𝐷*%𝜋! 2 fb%$

Proper-time dependent decay rate:

𝐵r → 𝐷r5𝜋K

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]
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“tagging” B

𝐵* → 𝐷*%𝜋! 2 fb%$

Proper-time dependent decay rate:

𝐵r → 𝐷r5𝜋K

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

64
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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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“tagging” B

𝜋:

𝐵* → 𝐷*%𝜋! 2 fb%$

Proper-time dependent decay rate:

𝐵r → 𝐷r5𝜋K

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]

p p

K+

K+

K– 

π–

μ+

K+

D
s

-
B0

s

B+

~ 7 mm

350 fs

IP

fully
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“tagging” B

𝜋:

𝐵* → 𝐷*%𝜋! 2 fb%$

Proper-time dependent decay rate:

𝐵r → 𝐷r5𝜋K

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
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“tagging” B

𝜋:

𝐵* → 𝐷*%𝜋! 2 fb%$

𝐵r → 𝐷r5𝜋K

Experimental Situation:
Ideal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution
+ Background events
+ Trigger and selection acceptance

64



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 𝑒7𝑒8 Collisions
• Electron-Positron collider:  
eKe5 → 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 𝐽/0 = 155 : 
𝐵=𝐵= system evolves coherently until one 𝐵 decays (EPR!)

| e𝐵"𝐵"
8b%

𝑡 = 𝑒% ⁄NP- ' $
'
�𝐵" 𝑘 e𝐵" −𝑘 − �𝐵" −𝑘 e𝐵" 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 ≈ DΔ𝑧
𝑐 𝛽𝛾Υ(4𝑆)
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CP Asymmetry for “Golden” mode: 𝐵! → ⁄𝐽 𝜓 𝐾6

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	

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	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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Babar & Belle

170



Compare LHC with B-factory for 𝐵! → ⁄𝐽 𝜓 𝐾6
• 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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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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Close to precision of B-Factories and statistically limited

But	never	forget	your	first	love
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Decay time dependent CP violation
• 𝐵g → ⁄𝐽 𝜓 𝐾= and 𝐵=g → ⁄𝐽 𝜓 𝜙

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

𝐴5E 𝑡 =
ΓKL(d)→M 𝑡 − ΓL(d)→M(𝑡)
ΓL(d)→M 𝑡 + ΓL(d)→M(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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CL for the inner (outer) contour is 39% (87%)
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= 0.760± 0.034
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= �0.017± 0.029
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-/. [e+e−]& .(2S) ["+"−] modes provide additional ~15% 
on the overall LHCb precision
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Decay time dependent CP violation

Note: 𝛼 = 𝜋 − (𝛽 + 𝛾)
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• Hadronic decay modes (LHCb):
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Current situation on angle 𝛾
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Figure 4: Profile likelihood contours of � vs rDK
B (left) and � vs �DK

B (right) for the GLW/ADS

analysis of B+ ! DK+
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GGSZ analyses of B+ ! DK+
, D ! K0

Sh
+h�.

0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150
]° [γ

68.3%

95.5%

LHCb
Preliminary

 decays0
sB
 decays0B
 decays+B

Combination

Figure 5: 1� CL plots, using the profile likelihood method, for combinations split by the initial

B meson flavour: (orange) B0
s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160

10

0 50 100 150
]° [γ

0

0.05

0.1

0.15

0.2

D
K

Br +DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

0 50 100 150
]° [γ

0

50

100

150

200

]° [
D
K

B
δ

+DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

Figure 4: Profile likelihood contours of � vs rDK
B (left) and � vs �DK

B (right) for the GLW/ADS

analysis of B+ ! DK+
, D ! h+h� (blue) alongisde the Run 1 (brown) and Run 2 (pink)

GGSZ analyses of B+ ! DK+
, D ! K0

Sh
+h�.

0

0.2

0.4

0.6

0.8

1

C
L

−1
0 50 100 150

]° [γ

68.3%

95.5%

LHCb
Preliminary

 decays0
sB
 decays0B
 decays+B

Combination

Figure 5: 1� CL plots, using the profile likelihood method, for combinations split by the initial

B meson flavour: (orange) B0
s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160

10

Average:

𝛾 = 74.0+5.0−5.8
¾

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

a

_

_

`sin 2
(excl. at CL > 0.95)

 < 0`sol. w/ cos 2

_

`a

l
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

d

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Summer 18

CKM
f i t t e r

• The situation for angle 𝛾 :

74



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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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,
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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*

• 𝐷g → 𝐾<𝐾� decays

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

• Look at: Δ𝐴78 = 𝐴lED 𝐾𝐾 − 𝐴lED 𝜋𝜋 = 𝐴78 𝐾𝐾 − 𝐴78 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: Δ𝐴0/ = −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 𝐵N → 𝐷N∓𝐾±with BR=10-4

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

• You measure 𝐵N → 𝐷N∓𝐾± and 𝐵N → 𝐷N∓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 𝐵N-decay.
• Do you know which it could be?
• With which detector technology would you remove this background?

• What is the formula to reconstruct the 𝐵N 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?
• 𝑒K𝑒5 or 𝑝𝑝 , 𝑝𝑝 or 𝑝𝑝 collider or fixed target? Why?
• At which energy do you want to run this machine?

• Points to consider:
• 𝑒K𝑒5 at Υ 4𝑆 : electromagnetic production, clean, no 𝐵r, coherent production: 
𝐵= only time dependent CPV, requires asymmetric beams, good flavor tagging.
• 𝑒K𝑒5 at Υ 5𝑆 : 𝐵r, lower cross section, no resolution for time dependent CPV.  
• 𝑒K𝑒5 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

• 𝐵0 mesons: Let’s assume pp collisions at LHC using LHCb

• For ~1% measurement precision (0.01) on asymmetry:
• Number of perfectly measured 𝐵0 → 𝐷0∓𝐾± events:
• Fraction of collisions that produce 𝑏-quarks:
• Fraction of events where 𝐵0 meson is produced from 𝑏-quark:
• Fraction of 𝐵0 that decay into 𝐵0 → 𝐷0∓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 𝐵= → 𝐷=∓𝐾± and 𝐵= → 𝐷=∓𝐾±
• How do you determine the flavour of the 𝐵r 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 𝐵=-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 𝐵= 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

“Measurement of CP violation”
- Erwin  Agasi
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