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Outline of the lectures

• Introduction to the CKM formalism and 
objectives

• Historical perspective

• LHCb: a flavour-physics detector at the LHC

• Selected B-physics results

• Future prospects
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Why flavour physics?

• Some fundamental questions in flavour physics

– Why three generations?

– What’s the origin of the mass hierarchy?

– What’s the origin of the coupling structure?

– What’s the origin of the baryon asymmetry of the 
universe?

• You have already heard about the leptonic 
sector in Carlo Giunti’s lectures  focussing 
now on the quark sector
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Ipse dixit

• Excerpt of Dirac’s Nobel lecture in 1933

• At the time we were starting to wonder where had 
antimatter gone…
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Matter-dominated universe

• Nowadays we know that 
there’s no evidence of 
primary antimatter on 
the scale of the 
observable universe

• What led to the 
disappearance of 
antimatter assuming an 
initial symmetric state?

• How big the asymmetry 
should have been?
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Symmetric
initial state How was the 

symmetry
broken?



• Antimatter and matter particles annihilated massively in the 
early universe, but a tiny fraction of matter was left over: 
every 10 billion particles, a handful was not annihilated 
away

• The radiation produced by this gigantic initial annihilation is 
what we see today as the big bang afterglow: the cosmic 
microwave background

Mainstream explanation
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Sakharov conditions
• In 1967 Sakharov enumerated the three conditions which are 

necessary for the dynamical evolution of an initially 
symmetric to a matter-dominated universe
1. Baryon number should not be conserved

• Otherwise there’s no way to produce an excess of baryons

2. Charge (C) and Charge-Parity (CP) should not be 
conserved

• Interactions which produce more baryons should not be 
counterbalanced by interactions which produce more anti-
baryons

3. Interactions must be out of thermal equilibrium
• Otherwise the baryonic asymmetry is diluted by inverse 

processes

• In a few words: the universe is asymmetric because 
the baryon number is not conserved in C- and CP-
violating processes giving rise to more baryons than 
antibaryons in the expanding universe



• Qualitatively: yes
– The Standard model in principle contains all the 

necessary ingredients

• It is possible to derive the ratio of the number of 
baryons to that of photons in the universe

where J≈3×10-5 is the Jarlskog invariant* quantifying 
the size of CP violation in the Standard Model and 
M≈100 GeV is the electroweak scale at which the 
baryon asymmetry freezes out

Can we explain the asymmetry by 
known physics?
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* defined later



• Quantitatively: no

• The previous equation gives h≈10-19, whereas 
using Planck experimental data on cosmic 
microwave background one gets

• This is off by 10 orders of magnitude!

• CP violation in the Standard Model is too small
 strong indication that new sources of CP 
violation should exist in some beyond-the-SM 
physics

11

Can we explain the asymmetry by 
known physics?



The (CKM) Matrix
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• Strangeness-conserving decays have
weak coupling constant proportional
to the cosine of the Cabibbo angle qc

• Strangeness-violating decays have weak coupling constant 
proportional to the sine of qc

The (CKM) Matrix
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• Generalization to 6 quarks by 
Kobayashi and Maskawa

• CP violation can be introduced 
in a natural way if there are 6 
quarks, with a 3x3 complex 
matrix accounting for the 
couplings

The (CKM) Matrix
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The (CKM) Matrix

“for the discovery of the origin of the broken 
symmetry which predicts the existence of at 
least three families of quarks in nature”

2008: Nobel prize in physics



Source of CP violation in the SM
• Quark masses arise from the Yukawa couplings to the Higgs field

• The CKM matrix arises from the misalignment of the Yukawa 
matrices for the up- and down-type quarks

• 3x3 complex unitary matrix

– After reabsorbing phase differences between the quark fields, only four 
real parameters remain

– Of these four,
three can be
expressed as Euler
mixing angles (qij ) and the last one makes the CKM matrix complex by 
giving it a phase (d )

• Owing to this complex phase, weak-interaction couplings differ 
between quarks and antiquarks  CP violation
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Features of the CKM matrix

• The CKM matrix exhibits a strong hierarchical pattern

• It is highly predictive as several phenomena depend 
only on four independent parameters

• It provides the only source of CP violation in the 
Standard Model (barring the strong CP problem)
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Wolfenstein parameterization of 
the CKM matrix

• The hierarchy of the CKM matrix elements can be 
conveniently made explicit by adopting a suitable 
parameterization originally due to Wolfenstein

• This is obtained by defining

• Using these, the CKM matrix can be recasted in 
terms of the four real parameters A, l, r and h
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• Up to order l4, it turns out that

• As experimentally one has l ≈ 0.22, the 
hierarchy is clearly made visible
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Wolfenstein parameterization of 
the CKM matrix
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• As we said, the CKM matrix is unitary, i.e.
or in terms of matrix elements

• Amongst these, there are six vanishing combinations that can be 
represented as triangles in a complex plane, all with the same 
area equal to half of the Jarlskog invariant ( J ), defined by

• One of these triangles arises
from

• By normalizing each side to
the triangle has apex at coordinates

• This is called “unitarity triangle”

Unitarity triangle

𝐽 = 𝑐12𝑐23𝑐13
2 𝑠12𝑠23𝑠13𝛿𝐶𝐾𝑀 ≈ 𝜆6𝐴2𝜂
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• Overconstraining the CKM elements is amongst the major goals of 
flavour physicsmany measurements can be conveniently 
displayed and their mutual agreement compared in the           plane

• Huge experimental improvements over last decades

http://www.utfit.org

Unitarity triangle



Measuring the unitarity triangle
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Angle a: decay rates and CP violation
in Bpp, Brp, Brr decays

Angle b: CP violation in 
BccKS, BccKL decays

Angle g: CP violation in 
BDK, BDp decays

Left-hand side: rates
of decays mediated
by  buln and 
bcln quark-level
processes

Right-hand side: mixing rate 
of B0 and Bs mesons



A concrete example
• To give a better idea for now, let’s take the 

specific example of neutral B0-meson mixing, 
used to measure the right-hand side of the 
unitarity triangle
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Neutral B0-meson mixing
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Neutral B0-meson mixing
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W

d
B0 B0

bt t

W

• These mesons are continuously transformed into 
each other by weak interactions

• At the same time, they decay weakly to several 
different possible final states with a lifetime of about 
1.5 ps

B0 B0



Neutral B0-meson mixing
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• The oscillation frequency Dmd in the SM is related to 
the CKM parameters by

• Dmd is experimentally known very precisely to be
Dmd = 0.5065 ± 0.0019 ps−1

hence it imposes a constraint on the right-hand side 
of the unitarity triangle

• The example also shows the fundamental interplay 
with QCD, in particular with non-perturbative 
quantities that must be calculated on the lattice

Wolfenstein parametersPerturbative QCD short-
distance correction Non-perturbative QCDKnown (Inami-Lim) 

function of xt=m2
t / m2

W

Right-hand side of the unitarity triangle



Consistency of global CKM fits
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• Each coloured band 
defines the allowed 
region of the apex 
of the unitarity
triangle according 
to the measurement 
of a specific process

• Tremendous success of the CKM paradigm!
– All of the available measurements agree in a highly profound 

way to the current level of precision

– In presence of BSM physics affecting the measurements, the 
various contours would not cross each other into a single point

• The quark flavour sector is generally well described by the 
CKM mechanism we must look for small discrepancies

http://ckmfitter.in2p3.fr http://www.utfit.org



Dream scenario, for illustration
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Complementarity between low-energy
and high-energy measurements

• Experiments like ATLAS and CMS look for the direct 
production of new heavy particles, e.g. SUSY  Albert De 
Roeck’s lectures 
– Obviously they can be produced and then revealed if the LHC 

energy is large enough with respect to their masses

• Dedicated flavour-physics experiments, like e.g. BaBar, 
Belle(-2), LHCb and NA62, operate instead in a low-energy 
regime, at the beauty-, charm- or even kaon-quark scales
– Looking for indirect effects of virtual new physics particles on 

certain process rates of heavy hadrons, whose real incarnations 
may live at energy scales even larger to those accessible at the LHC

– As such, flavour-physics is a tool to explore the existence of new 
physics to energy scales which may be too large to be ever 
reached by particle accelerators!
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• In a few words, the aim is to magnify virtual 
effects to low-energy process amplitudes in 
order to look for the existence of new 
particles

Complementarity between low-energy
and high-energy measurements



• General decomposition
in terms of couplings and 
scales 

• Must know the SM contribution precisely, otherwise 
the SM coupling can hide NP effects
– Need to go to high precision measurements of 

theoretically clean observables

• Unfortunately, we cannot work with free quarks, 
and we must deal with composite hadrons  as we 
have already seen, QCD is at work! 31

Precision measurements of CP violation
and rare decays



Where we are
• The first run of the LHC has led to the discovery of 

the Higgs boson, but no hint of the existence of 
other new particles has been found yet
– Neither SUSY nor any other direct sign of BSM physics has 

popped out of the data so far

• Besides the Higgs discovery, analyses from the first 
years of running have also firmly established the 
great impact of the LHC experiments, in particular of 
LHCb, in the field of CP  violation and rare decays of 
heavy-flavoured hadrons
– LHCb has produced a plethora of results on a broad range 

of flavour observables in the c- and b-quark sectors
– ATLAS and CMS have given contributions to the b-quark 

sector, mainly using final states containing muon pairs
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Where we go
• It is of fundamental importance for future 

developments of elementary particle physics to 
keep improving the theoretical and experimental 
knowledge of flavour physics

• Such improvements increase the reach of indirect 
searches for BSM physics, probing higher and 
higher mass scales in the event that no BSM effects 
were discovered by direct detection at the next 
LHC run(s)

• On the other hand, they would enable the BSM 
Lagrangian to be precisely determined, if any new 
particle were detected in direct searches
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Historical perspective
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CKM enters SM

• The idea of Kobayashi and Maskawa, formalised into 
the CKM quark mixing matrix, was considered an 
integral part of the SM by the beginning of the 
1980’s

• As we have already seen, the phenomenon of CP 
violation, first revealed in 1964 using decays of 
neutral kaons, was elegantly accounted for as an 
irreducible complex phase in the CKM matrix

• The experimental proof of the validity of the CKM 
mechanism and the precise measurement of the 
value of the CP-violating phase soon became 
questions of paramount importance
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Cronin and Fitch

James Cronin Val Fitch

• In 1980 Cronin and Fitch received the Nobel Prize in 
Physics for their 1964 experiment

• They detected for the first time CP violation in the 
decay of neutral K mesons

36



The Cronin and Fitch experiment

Incoming K2 beam

Decay of K2 into 3 pions

• If you detect two of the three pions of a K2  ppp decay 
they will generally not point along the beam line

• Conceptually very simple: they looked for (CP-violating)
K2  pp decays 20 meters away from K0 production point
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Incoming K2 beam

Decay pions

• If K2 decays into two pions instead of three, the reconstructed 
direction should be exactly along the beamline

The Cronin and Fitch experiment
• Conceptually very simple: they looked for (CP-violating)

K2  pp decays 20 meters away from K0 production point
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Incoming K2 beam

Decay pions

• Result: an excess of events at q=0 degrees  impossible without 
violating CP

K2  pp decays
(CP violation)

K2  ppp decays

The Cronin and Fitch experiment
• Conceptually very simple: they looked for (CP-violating)

K2  pp decays 20 meters away from K0 production point
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The rise of B  physics
• Due to the nature of the CKM matrix, an accurate test of 

the CKM flavour picture required an extension of the 
physics programme to heavy-flavoured hadrons, in 
particular B-meson decays

• Pioneering steps in the b-quark flavour sector were moved 
at the beginning of the 1980s by the CLEO experiment at 
CESR

• At the same time, Ikaros Bigi, Ashton Carter and Tony 
Sanda explored the possibility that large CP-violating 
effects could be present in the decay rates of B0 mesons 
decaying to the J/ψKS CP eigenstate
– In addition, they pointed out that such a measurement could 

be interpreted in terms of the CP-violating phase without 
relevant theoretical uncertainties due to strong interaction 
effects

40



The B0
J/yKs decay

• To measure CP violation with B-meson decays to CP eigenstates, the 
information from the B (proper) decay time is extremely important

• If B0 mesons are at rest, such as in the decay of a Y(4S) produced at rest 
in a symmetric e+e- collision, the decay time is not accessible (need to 
measure the decay length)  this is not the case in the picture above
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Experimental issues

• There were two formidable obstacles to overcome
– an experimental observation required an enormous 

amount of B0 mesons, well beyond what was 
conceivable to produce and collect at the time

– a precise measurement of the decay time was required, 
together with the knowledge of the flavour of the B0

meson at production (flavour tagging)

• In 1987 the ARGUS experiment at DESY measured 
for the first time the mixing rate of B0 and B0

mesons, whose knowledge was an important 
ingredient to understand the feasibility of 
measuring CP violation with B0 → J/ψKS decays
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B0 meson mixing at ARGUS
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The ARGUS 
golden event
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Pier Oddone’s idea

• Another crucial ingredient came along due to 
tremendous developments in the performance 
of e+e− storage rings

• By the late 1980s, many different possible 
designs for new machines were being explored

• A novel idea was put forward by Pier Oddone in 
1987: a high-luminosity asymmetrical e+e−

circular collider operating at the centre-of-mass 
energy of the Υ(4S) meson
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e+e- asymmetric B-factories

• Owing to the beam-energy asymmetry, B mesons 
would have been produced with a boost in the 
laboratory frame towards the direction of the 
most energetic beam
– The consequent nonzero decay length, measured by 

means of state-of-the-art silicon vertex detectors, 
would have enabled precise measurements of the 
decay time to be achieved

• Two machines based on Oddone’s concept, so-
called B-factories, were eventually built
– KEKB at KEK in Japan

– PEP-II at SLAC in the United States
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KEKB e PEP-II

PEP-II

BaBar~3 km circumference

Tsukuba 

KEKB
Belle

~2.2 km circumference

8 GeV e- x 3.5 GeV e+ 9 GeV e- x 3.1 GeV e+

SLAC

• If CESR was initially able to produce few tens of bb pairs  
per day, KEKB and PEP-II were capable of producing 
order of one million bb pairs per day 47

http://kekb.jp/


BaBar and Belle

• The associated detectors, BaBar at PEP-II and Belle at 
KEKB, were approved in 1993 and in 1994, starting 
data taking in 1999 48



Meanwhile...
• During the course of the 1990s many b -physics 

measurements were being performed at the Z0 factories, i.e. 
LEP experiments at CERN and SLD at SLAC

• Despite the relatively small statistics, if compared to today’s 
standards, b hadrons produced in Z0 decays were naturally 
characterized by a large boost, enabling measurements of 
lifetimes of all b-hadron species and of oscillation frequencies 
of neutral B mesons to be performed
– For the first time it was possible to study samples of Bs-meson, b-

baryon and even a handful of Bc-meson decays

• Similar pioneering measurements were also made at the 
Tevatron with Run I data, using hadronic collisions as a source 
of b quarks

• A very challenging attempt also made at DESY with the HERA-
B experiment, using fixed-target collisions of the 920 GeV 
HERA protons to produce beauty-quark pairs
– Unsuccessful, but set the basis for the success of a very similar 

detector concept, LHCb, which has been very successful later 49



The B-factory revolution

• Soon after PEP-II and KEKB were turned on, the 
two machines broke any existing record of 
instantaneous and integrated luminosity of 
previous particle colliders

• By the end of their research programmes, BaBar
and Belle measured CP violation in B0→J/ψKS

decays with a relative precision of about 3%

– The large sample of B-meson decays collected at 
BaBar and Belle enabled a series of further 
measurements in the flavour sector to be performed, 
well beyond the initial expectations
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PEP-II and KEKB luminosity

• The two machines 
produced more 
than 1 billion Y(4S) 
decaying to BB 
meson pairs
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B0
(cc)KS/L at BaBar and Belle

2b

BaBar Belle

52



• Legacy B-factory result

B0
(cc)KS/L at BaBar and Belle

2b
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Flavour physics at the Tevatron

• In the same years, a major step forward in 
these topics was also made at the Tevatron
with Run II data

• Although with a somewhat limited scope if 
compared to B-factories, the CDF and D0 
experiments at FNAL collected large amounts 
of heavy-flavoured-hadron decays, performing 
some high precision measurements, notably 
including the first observation of Bs-meson 
mixing in 2006
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Challenges
• Bs reconstruction/selection
• Proper time measurement
• Flavour tagging (major challenge at hadron colliders)

Bs-Bs mixing at the Tevatron

significance ∝
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• Excellent vertex and momentum 
resolutions

• Large number of signal events
• Relatively good tagging performance

Bs-Bs mixing is very fast
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Finally, the LHC!
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