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Lecture 3 
where we discuss B-mesons 

and B experiments



Cabibbo-Kobayashi-Maskawa matrix
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generalization on the 3-generations case: weak quark mixing 3×3 matrix

KM-parameterization

PDG-reparameterization
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CPV in the KM Model
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Why are quarks required to have different masses?

Sufficiency for CPV in KM ansatz:
where 𝐽𝐶𝑃 is Jarlskog determinant

CPV is tiny in SM; it is not 
enough to produce BAU
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Elements values (PDG)

23.0sin »= Cqlwhereobserve hierarchy

KM ansatz is a necessity for CP-violation

Almost identity
Almost diagonal
Almost symmetric

𝐽𝐶𝑃 = Im 𝑉!"𝑉#$𝑉!$
∗ 𝑉#"∗ 𝑖 ≠ 𝑗, 𝛼 ≠ 𝛽

𝐽𝐶𝑃 = 𝑠&'𝑠&(𝑠'(𝑐&'𝑐&(𝑐'(sin𝛿 = 2.96)*&+,*.'* ×10).
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Wolfenstein parameterization
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Reflects hierarchy of strengths of quark transitions

(expansion on a small parameter λ)
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Unitarity triangle
Unitarity condition of CKM matrix gives 9 constrains 
𝑉!#𝑉!/∗ = 𝛿#/; 3 corresponds to 𝑗 = 𝑘 and says that the probability for each quark to 
couple to 𝑊) is summed up to 1; 6 unitarity conditions, when 𝑗 ≠ 𝑘, can be 
represented by triangles in the complex plane: 

• All six triangles have the same area = ½ Jarlskog
determinant

• 4 are degenerated (almost squizeed to a line)
• Only in two triangles all three sides of the same order O(λ3)
• These two are related to the 3rd quark generation
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One (the most important) Unitarity Triangle
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Vcd Vcb
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Vtd Vtb
*

phase 
of Vtdphase 

of Vub

VudVub
* VcdVcb+ + VtdVtb =   0**

Convenient to normalize all sides to the base of the triangle (𝑉41𝑉42∗ = 𝐴𝜆3).

Vcd Vcb
*0 1

(ρ,η) Then the coordinates of the upper 
apex are expressed through
Wolfenstein parameters (ρ, η). 

We want to study this triangle. Its each side is related to b-quark decay, we thus 
use B-mesons for our study!
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B-mesons
What are B mesons?

How are they produced?
§ 𝑒$𝑒%®¡ 4𝑆 ® 𝐵 %𝐵 is the cleanest process (large 𝐵 %𝐵 /other cross section; no extra 

particles; quantum correlations)
§ also at hadron machines: 𝑝𝑝® 𝐵 + %𝐵 + anything 

How are they decay?
§ usually to charm 𝑏® 𝑐, e.g. 𝐵® 𝐷𝜇ῡ, 𝐷∗𝜋, etc

§ much rarely to light quarks 𝐵®𝜋𝜋 ( '®( !

'®) !~ 100)

D
B
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Spin-parity

b q
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Time evolution of 𝐵* and %𝐵* can be described by an effective Hamiltonian:
Neutral mesons oscillations
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Here we still have no mixing (no off-diagonal terms); note, that 
Hamiltoniam is not Hermitian! because of decay, probability of 
observing either B0 or B0 must decrease with time 0ÞG >
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Add mixing

Hamiltonian is just a numerical 
(complex) matrix 2×2

on-shell off-shell

note, M21 = M12
* and Γ21 = Γ12

*

from CPT invariance

off-diagonal M term is due to off-shell
states like box diagram
off-diagonal Γ is due to on-shell 
states, e.g. ππ, DD…
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Find eigenstates
Mass and lifetime of physical states: mass eigenstates Eigenstates are linear combinations 

of meson-antimeson

to find p and q solve the equation
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We know 4 neutral mesons that can oscillate
Probability to find 𝑃*or ?𝑃*, when start with pure 𝑃*-beam

<t> [s] Δm x=Δm/Γ y=ΔΓ/2Γ
K0 2.6×10‒8 5.29 ns‒1 Δm/ΓS=0.49 ~1
D0 0.41×10‒12 0.001 fs‒1 ~0 0.01
B0 1.53×10‒12 0.507 ps‒1 0.78 ~0
Bs0 1.47×10‒12 17.8 ps‒1 12.1 ~0.05

x=Δm/Γmeasures, how many times 
meson oscillates before decay (average lifetime)

Their oscillations looks so much different… 
but this is just different numerical values
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B-meson system

This slightly simplify the evolution formula
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Search for New Physics in CP violation

g
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Consistency of Unitarity triangle = probe for New Physics  at O(1TeV) (B-
factories) and O(5-10TeV) (SuperB-factory + LHCb) 

Measure: 
UT Sides from Br’s
UT angles from CP 
violation
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How to study CP violation in B mesons
§ No “𝐾𝐿” methods applicable!

§ Lifetime difference is tiny, t(𝐵𝐻) − t(𝐵𝐿)/t(𝐵) ~1%: no way to work with a beam 
of long lived B’s.

§ Semileptonic asymmetry also vanishes.
§ New ideas required! 

§ Sanda & Carter (1980): consider a final state f common for both 𝐵* and ?𝐵*:

§ … in this place you can diagnose: they are crazy! In 1980, B mesons had not been 
discovered yet, only little can be hypothesized about their decay and lifetimes, 
but 𝐵* ?𝐵* mixing was certainly expected to be tiny, as top quark was theoretically 
proven to be lighter than 20 GeV! The evidence was so compelling that the 
finance ministers of many countries are allocating billions of dollars, marks, 
oku-yens to build an experiment for top observation and expected Nobel prize…

0
common

0 BfB ¬®

14/23Moscow International School of Physics 2022P. Pakhlov “Flavour physics”



In 1980 nobody could think of golden mode 
(𝐽/� 𝐾5*). But Carter & Sanda realized that two 
succeeding CKM-favored W emitions may 
result in (almost, up to s-d replacement) same 
quark configuration. s-d difference is hidden 
in 𝐾5*. Thus, both 𝐵* and ?𝐵* decay into the 
indistinguishable final state (even if 
intermediate states 𝐷* / J𝐷* are different). 
They estimated the CP violation effect may be 
as large as 10% (obviously, they pulled the 
effect up), but the Nature is very generous: in 
reality the effect is ~100%.  
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How to study CP violation in B mesons
§ Sanda & Carter (1980): consider a final state f common for both 𝐵* and ?𝐵*:

§ We arrive at decay rate asymmetry for the 𝐵*(𝑡 = 0) and ?𝐵*(t = 0) because of 
interference of two amplitudes with different weak phases

§ The idea was hopeless, but it is ridiculous that it was successfully implemented in 
20 years (while experiments to realize it began to be built just 10 years later). Sanda & 
Carter overestimated the effect as much as they could (by the standards of 1980), but 
it turned out that the effect is much greater.
§ It's funny that the tunnels of those accelerators for the discovery of the top quark 
(which was not discovered on them) served to create B-factories…

0
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0 BfB ¬®

)()( 00 fBBrfBBr ®¹®000 BBfB ¬¬®
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1980-1989
§ From a crazy idea to realistic scenario:
§ B-mesons had been discovered
§ Large lifetime
§ There are flavour blind modes, e.g. 𝐽/𝜓𝐾5*, 
which is in addition free of theoretical 
uncertainties -- “golden mode”
§ 𝐵* ?𝐵* mixing is large: this is not only good 
for Sanda-Karter idea realization, but also 
kills an idea to find top quark at 𝑒,𝑒)
colliders: many built already accelerator 
tunnels cleared for new tasks (PEP at SLAC, 
PETRA at DESY, TRISTAN at KEK
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How to measure CPV at e+e– collider? 
The source of B mesons is the ¡(4S), which has JPC = 1– –.
The ¡(4S) decays to two bosons with JP = 0–.
Quantum Mechanics (application of the Einstein-Rosen-Podolsky Effect) tells us that for a C = –1
initial state (Υ(4S)) the rate asymmetry:
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Need to measure the time dependence of decays to “see” CP violation using the
B’s produced at the ¡(4S).

B-meson’s decay flight is only 20µm in ¡(4S) rest frame. No chance to measure such small distance with 
modern detectors…

Þ this kills good idea?                     No! just requires new idea:
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Asymmetric e+e– collider

Flavor-tag decay 
(𝐵! or "𝐵!?)

J/y

KS

e-
e+

Dz~250µm

Asymmetric energies 
in lab frame

B0 decay into CP 
eigenstate

Impossible to reconstruct B-decay vertex because 
they are too slowly in ¡(4S) frame? 

Let’s make the ¡(4S) to move fast in the laboratory 
frame, then B-mesons have a sizable path; we need 
that accelerating electrons and positrons have 
different energies, but the Energy of center of mass 
= M(¡(4S) ), 2√E+E‒= M(¡(4S) )

We can measure t-dependent asymmetry at ¡(4S) !

Pier Oddone (1987) proposed the 
idea of asymmetric B-factory 
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Proposed by P. Oddone for 
realization at SLAC;

The idea led to 21 conceptual 
design projects of asymmetric B-
factories throughout the world. 

Two collider, PEP-II and KEKB, 
were ultimately built.
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Asymmetric energy e+e– collider
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B-
BB-B

B-
B

Asymmetric B-factory 

From Sanda’s memories: “I 
went to KEK. 
People said that Oddone’s
idea is crazy and that the 
beam will blow up!

21/23Moscow International School of Physics 2022P. Pakhlov “Flavour physics”



What‘s required to discover CPV at e+e– collider?
Produce B mesons! Need accelerator… 

Reconstruct B mesons, tag the flavor and measure vertices 
more required… 

Produce a huge number of B mesons! 
Need asymmetric accelerator with record luminosity! 

Reconstruct B mesons with maximum efficiency in all possible decays 

it’s not enough… 

Correctly determine the flavor of the second B-meson in the event 

Precisely reconstruct two decay vertices

well, produce moving B-mesons, thus asymmetric energy accelerator 
still not enough… 
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