
Heavy Flavour Physics: from CP violation 

to intensity frontiers, a new paradigm
V. Tisserand, LPC-Clermont Ferrand, France

Journées des 2 Infinis de l’IN2P3

October 2023, Monday 30th - Tuesday 31st  

Credits to C. Agapopoulou, J. Charles, O. Deschamps, 
G. Dujany,  S. Monteil, & L. Vale Silva. 



2

Blaise Pascal 400 ans (1623-1662)
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“After all, what are humans in Nature? A nothingness 

with respect to infinity, a whole with respect to 

nothingness, a middle ground between nothing and 

everything. Infinitely far from comprehending extremes, 

the end of things and their principle are for him invincibly 

hidden in an impenetrable secret, equally incapable of 

seeing the nothingness from which he is drawn, and the 

infinity into which he is engulfed.” Blaise Pascal 

(Thoughts, 1669) 

Blaise Pascal 400 years (1623-1662)
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Discrete Symmetries (CPT): why bothering ? 

➔ a very important topic! 

One could/should also mention:
1945: Pauli, 1949: Yukawa, 1959: Segrè & Chamberlain (anti-proton), 1960: Glaser 
(bubble chamber), 1965: Tomaga, Schwinger,& Feynman (QED), 1968: Alvarez 
(Accelerators), 1969: Gell-Mann (classification of hadrons and quarks!), 1976:  Richter 
& Ting (the charm quark), 1978: Penzias & Wilson (cosmic ray background), 1979: 
Glashow, Salam, & Weinberg (EW), 1984: Rubbia & Van der Meer (W & Z), 1988: 
Lederman, Schwartz, & Steinberger (the neutrino mu), 1990 : Friedman, Kendall, & 
Taylor (dev. of quark model), 1992: Charpak (Drift Chambers), 1995: Perl & Reines 
(the lepton tau & neutrino detection), 1999: t’Hoft & Veltman (EW again), 2004: Gross, 
Politzer, & Wilczek (QCD).     
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Discrete Symmetries (CPT) 

Lewis Carroll (1871)

“Through the Looking-Glass, and 

What Alice Found There” 

Louis Pasteur and the  molecular chirality 

(1847-1856) [polarized light & 

crystallography]

parity

● Parity: is an event seen in a mirror as realistic as the original one?

● Time reversal: watching the film of an event backwards results in a realistic event?

● Charge conjugation: can we distinguish matter from antimatter?

https://www.refletsdelaphysique.fr/articles/refdp/pdf/2022/03/refdp202273p5.pdf
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Discrete Symmetries (CPT) 

● Parity: is an event seen in a mirror as realistic as the original one?

● Time reversal: watching the film of an event backwards results in a realistic event?

● Charge conjugation: can we distinguish matter from antimatter?

Anti-matter reactors/containers 

Time reversal machines

V. T., LHCb/CKMfitter, LPC Clermont FD
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Discrete Symmetries (CPT):  Some readings 

● Parity

● Time reversal

● Charge conjugation

V. T., LHCb/CKMfitter, LPC Clermont FD

Tomes 1 & 2
World Averages & Global Fits:
• Particle Data Group:

https://pdg.lbl.gov/index.html
• Heavy Flavour Averaging Group:

https://hflav.web.cern.ch
• CKMfitter: 

http://ckmfitter.in2p3.fr
• UTFit: 

http://www.utfit.org  

https://pdg.lbl.gov/index.html
https://hflav.web.cern.ch/
http://ckmfitter.in2p3.fr/
http://www.utfit.org/
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Discrete Symmetries (CPT) 

● Parity

● Time reversal

● Charge conjugation

V. T., LHCb/CKMfitter, LPC Clermont FD

Some readings 

Includes problems and solutions 

https://arxiv.org/pdf/hep-ph/9807516.pdf
https://www.nikhef.nl/~jo/CP_course.pdf


The Tau-Theta puzzle(60s), R.Dalitz, N. Cabibbo’s mixing 

angle  (’63)  & Evidence for CP violation in the decay of 

neutral K-mesons observed 

by J. Cronin & V. Fitch  (’64)+ 

J.H. Christenson, & R. Turlay
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- E. Noether's first theorem (1915) states that every

differentiable symmetry of the action of a physical

system with conservative forces has a corresponding

conservation law.

- (‘32) C.D. Anderson & P.A.M. Dirac the positive

electron (positron): antiparticles exist !

- CPT invariance theorem J. Wigner (‘51) +

G. Lüders & W. Pauli (‘54) + J.S. Bell (‘55)

Just after T.-D.Yang & C.-N.Lee

The experiments of Particle-Nuclear physicist 

C.-S. Wu (‘57) and M. Goldhaber (‘58) proved 

that weak interactions are not P-invariant.

V. T., LHCb/CKMfitter, LPC Clermont FD

Discrete Symmetries (CPT): a bit of history (how was this built?)
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Anti-matter exits !

• In 1929, P.A.M. Dirac solves the free
motion of a relativistic spin 1/2
particle (electron or proton). It
happened that there should exist a
solution of negative energy, which he
interpreted as an antiparticle.

• Anderson at work: discovery of the
positron in 1932.
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The C, P, and T symmetries 
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Parity violation in Cobalt weak decay

+ Γ(π⁺→e⁺ νe)/Γ(π⁺→μ⁺ νμ)= (1.230±0.004)x10-4 

➔V-A interactions (helicity suppression) [LINK] 
(see also B0 to l+ν decays !) 

Immediately confirmed by Lederman 
& Garwin in pion decay by measuring 
muon magnetic moments 

https://www.hep.phy.cam.ac.uk/~thomson/lectures/partIIIparticles/Handout9_2009.pdf
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Parity violation in weak interaction

Both decays 
are not 
possible! 

The spins of all final state particles are constrained. The gammas aligned
with the 152Sm are selected and their polarization is measured.

Neutrinos are definitely left-handed!
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Is CP an exact symmetry ? 

Well,  it’s a good 
symmetry in   decay !
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MIXING of neutral mesons 
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Discovery of CP violation in the MIXING of neutral kaons 
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Discovery of CP violation in the MIXING of neutral kaons 

|q/p| differs 
from 1 
➔ CPV in 

mixing ! 
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Summary on Discovery of CP violation in the MIXING

of neutral kaons 

See KTeV@FNAL and NA48@CERN 



The beauty of Lederman (‘77) 

Oups Leon: 
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A. Sakahrov conditions Cosmological baryongenesis (‘67):
• Baryon number B violation. 

• C-symmetry and CP-symmetry violation. 

• Interactions out of thermal equilibrium.

+ Kuzmin, Rubakov, Shaposhnikov '85

GIM Mechanism (‘70)

M.K. Gaillard & B.W. Lee  rare kaons (‘74) 

➔ a VIP (very important paper, 

a must read)

The Charm of B. Richter 

and S. Ting (‘74) J/

Kobayashi & 

Maskawa (‘73)

The top 

discovery

at FermiLab

(’94) & CDF in 

2006 measures

the Bs oscillation

 ms

B0-B0bar oscillation

UA1 and Argus 

(‘87):  & md

V. T., LHCb/CKMfitter, LPC Clermont FD

HEP Big-Bang

Strong CP problem 

Axion (’77) Peccei-

Quinn

Discrete Symmetries (CPT): a bit of history (how was this built?)
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About 3 minutes about the Big Bang
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The Big Bang (expression by F. Hoyle at the BBC 1950)

The cosmological model of the Big Bang, or the expansion of the Universe, was
introduced by physicists A. Friedman and G. Lemaître in the 1920s, following Einstein’s
theory of general relativity. It was later experimentally confirmed by astronomer E. Hubble
in 1929 (RedShift), paper in 1948 by R. Alpher & G. Gamow on formation of elements in the
early Universe (nucleosynthesis) and again in 1965 by A.A. Penzias and R.W. Wilson (a relic
3°K cosmic background radiation).
The fact that our Universe is mainly made of matter is then a quite long-standing enigma
confronting the Big Bang theory, which naively predicts that the same amount of matter and
anti-matter was evident in the early Universe.

As seen by cosmologists
As seen by subatomic physicists
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Well, is CP-violation a fundamental phenomenon ?

See International Workshop on the Origin of Matter-Antimatter Asymmetry, 

École de Physique des Houches, 12-17 February 2023 

Peace Nobel prize 1975

https://indico.in2p3.fr/event/27893/


Take home message ➔ The SM is short by several orders of

magnitude to explain what we observe. There must be additional
CP-violating phases / phenomena.
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Is our Universe telling us something, 

is CP violation we observe large enough ?

▪ a key parameter to measure how badly/happily asymmetric is the
situation. The ratio of baryons to photons. It is observed to be an
apparently small number:

▪ I choose here heuristic arguments to predict the baryon abundance from 

the magnitude of CP violation (using the Jarlskog parameter J∼𝒪(10⁻⁵),
don’t worry we will be back on it soon) 

[A convincing derivation can be found in https://arxiv.org/pdf/hep-ph/9312215.pdf ]:

https://arxiv.org/pdf/hep-ph/9312215.pdf
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About 3 minutes about the Big Bang

« Une des plus grandes découvertes
scientifiques est que l’Univers a une histoire.
Depuis Aristote, on pensait l’Univers éternel et
statique, existant depuis toujours et se
répétant indéfiniment. Mais depuis le début du
XXème siècle, on sait que l’Univers n'a pas
toujours existé, qu'il a un âge et évolue. »

H. Reeves
(1932-2023)
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About 3 minutes about the Big Bang

«One of the greatest scientific discoveries is that 
the Universe has a history. Since Aristotle, the 
Universe has been thought to be eternal and 
static, existing forever and repeating itself 
indefinitely. But since the beginning of the 
twentieth century, we know that the Universe has 
not always existed, that it has an age and is 
evolving. »

H. Reeves
(1932-2023)
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CP-violation



27V. T., LHCb/CKMfitter, LPC Clermont FD

There are 3 types of CP-violations !

• CP-violation in mixing, or indirect CPV:

Unequal transition probabilities between flavour eigenstates

➔ P(K⁰→K ̅⁰)≠P(K̅⁰→K⁰) 

|q/p| 1 (seen in kaons 1964)

• CP-violation in decay, or direct CPV: 

Unequal CP-conjugate decay rates ➔ (B⁰→f)≠(B̅⁰→f ̅)

(seen in kaons, B0, B+, Bs, not yet in B-baryons)

• CP-violation in the interference between 

mixing and decay: Time-dependent or time-integrated 

difference of decay rates of initial flavour eigenstates ➔

(seen in Kaons and in B0 (BaBar and Belle 2002))
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CP-violation in neutral B-mesons mixing ?

B-hadrons are produced as bb ̅ at (4S) B-factories and TeVatron/LHC proton machines  
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CP-violation in neutral B-mesons mixing ?

WA BaBar, Belle,
Cleo, D (?), LHCb 29

https://lhcb-outreach.web.cern.ch/2016/05/09/the-most-precise-measurement-of-the-assl-asymmetry/
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CP-violation in B-mesons decays
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CP-violation in B-mesons decays has been observed!

Direct CP violation has been observed in several flavour-specific decay
modes of B0, B+ (BaBar, Belle(2002), LHCb) or Bs decays (LHCb, 2013)

e.g. LHCb 2013 : B⁰→ K⁺π⁻ and Bₛ→ K⁻π⁺

ACP(B⁰→ K⁺π⁻)=
-(8.0±0.7±0.3)%

ACP(Bs→ K-π+)=
+(27±4±1)%
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CP-violation in interference between mixing and decay
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CP-violation in interference between mixing and decay
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CP-violation in interference between mixing and decay

in a more compact view 
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CP-violation in interference between mixing and decay

Typical experimental performance drivers, to extract the 

observables   
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Observation of CP-violation in interference in B0 decays

BaBar 2009 

Sf x dilution
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Observation of CP-violation in interference in B0 decays

Hot off the  press LHCb CERN seminar June 
2023: https://indico.cern.ch/event/1281612/

HFLAV 23:
SWA= 0.708±0.011
CWA= 0.006±0.010
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Observation of CP-violation in interference in B0 decays
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Observation of CP-violation in interference in B0 decays
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Evidence of CP-violation in interference in Bs decays

s-2s is a very small angle in Bs 
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Observation of CP-violation also in Charmed D0 meson decays !
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Observation of CP-violation also in Charmed meson decays !
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Summary of 3 types of CP-violations 

D
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Flavour Physics (rewind): a bit of history
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Quark Flavour Physics : the various 

experiments for the last 60 years 
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Discrete Symmetries (CPT) 

+ D oscillation BaBar 2007

Stockholm ‘08

LHCb Moriond EW ‘19

V. T., LHCb/CKMfitter, LPC Clermont FD
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The CKM MATRIX

Cabibbo-Kobayashi-

Maskawa

V. T., LHCb/CKMfitter, LPC Clermont FD

The Rubik's Cube is a 3-D combination puzzle 
originally invented in 1974 by Hungarian sculptor 
and professor of architecture Ernő Rubik.
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The Cabibbo 2x2 MATRIX

V. T., LHCb/CKMfitter, LPC Clermont FD



49V. T., LHCb/CKMfitter, LPC Clermont FD

Glashow Illiopoulos Maiani: GIM mechanism (1970) 

The November 1974 Revolution 

the GIM mechanism is the mechanism through which flavour-changing neutral currents
(FCNCs) are suppressed in loop diagrams. It also explains why weak interactions that change
strangeness by 2 (ΔS = 2 transitions) are suppressed, while those that change strangeness by 1
(ΔS = 1 transitions) are allowed, but only in charged current interactions.

https://cds.cern.ch/record/1733577/files/vol44-issue10-p025-e.pdf
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Kaon Mixing, again, and GIM !

M.K. Gaillard & B.W. Lee  rare kaons (‘74) 

➔ a VIP (very important paper, a must read)

The smallness is set by the mass-squared difference of the 
different virtual quarks exchanged in the box diagram, 
originally the u-c quarks, on the scale of the W mass. 
The smallness of this quantity accounts for the suppressed 
induced FCNC, dictating a rare decay KL→-+, illustrated.
If that mass difference were ignorable, the minus sign
between the two interfering box diagrams (itself a
consequence of unitarity of the Cabibbo matrix) would
lead to a complete cancellation, and thus a null effect.

Rare decay modes of the K mesons in gauge theories
Phys. Rev. D 10, 897 – Published 1 August 1974
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CPV in the Electroweak model of particle physics
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The Kobayashi-Maskawa mechanism : CKM 1972-1973 

It predicted 3 families of quarks, 
while, only u, d, s were seen !
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3 families !

From parameter counting n = 3 is the minimal number of families that are 
needed to generate CP-violation through the KM mechanism.
It also happens that n = 3 is the number of massless neutrinos found at LEP, 
and more generally the number of observed fermion generation: is it a 
coincidence ?

Nν=2.984±0.008
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The Kobayashi-Maskawa mechanism : CKM1973 
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Parametrisation of the CKM Matrix 
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CKM is a mixing matrix CKM ➔ unitarity relations 

Jarlskog 
invariant



57V. T., LHCb/CKMfitter, LPC Clermont FD

Quantifying the level of CPV: 

it’s driven by the Jarlskog invariant ! 
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The “natural” Unitarity Triangle of the CKM Matrix 

This triangle has angles/
sides of similar sizes
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Determining the elements of the CMK matrix
Explores a large physics range !

V. T., LHCb/CKMfitter, LPC Clermont FD
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Strong hierarchy in couplings 

Note: the Yukawa 
of the quark top is 
almost 1 (this is 
the natural particle 
of EW !) 
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The CKM MATRIX

Cabibbo-Kobayashi-

Maskawa

V. T., LHCb/CKMfitter, LPC Clermont FD

END OF 
DAY 1

The Rubik's Cube is a 3-D combination puzzle originally 
invented in 1974 by Hungarian sculptor and professor of 
architecture Ernő Rubik.
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