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Outline
● What are heavy flavors and why they are 

interesting
● Discrete symmetries and CP violation
● CKM matrix and unitarity triangle
● Meson-antimeson oscillations
● b-production in ATLAS and CMS



  

What are heavy flavors?
● Matter comes in three generations of quarks 

and three of leptons, that we order in mass. A 
quark (or lepton) type (for quarks: u,d,c,s,t,b) 
is called flavor, to distinguish it from color.

● The heaviest quark is the top, so heavy that it 
decays before forming bound states. b and c 
are the heaviest to form mesons and baryons



  

Why interesting: Heavy Quark 
Effective Theory

● Quantum ChromoDynamics has an intrinsic scale, ΛQCD ~ 200 MeV, 
above which perturbative expansion can be applied, and below 
which (soft QCD) only empirical models can be used.

● For quark masses mQ >>ΛQCD Perturbative expansions can be used, 
and calculations easier

● For states with two heavy quarks (J/Ψ, Υ), Non-Relativistic QCD is 
used.

● No time to describe HQET here; refer to e.g. A.V. Manohar and M.B. 
Wise, Heavy Quark Physics, Cambridge University Press (2000)



  

Symmetries in Physics

● An operator can be applied to a Lagrangian representing a physical 
system; if the Lagrangian is invariant under this transformation, the 
operator corresponds to a conserved quantity (Noether's theorem).

● Ex. invariance of Lagrangian under translation

x → x+a leads to momentum conservation
● If the Lagrangian is not conserved under an operator, thesymmetry 

is broken, and the physics will be different. In some cases, 
symmetry breaking is subtle and can be treated as a perturbation



  

Discrete symmetries

Three discrete symmetries can be applied to a Lagrangian:

● Parity
● Charge conjugation
● Time reversal

In classical physics, all these symmetries are conserved at microscopic level; 
macroscopically, the concept of entropy breaks T-symmetry.

Things are more complicated in quantum mechanics



  

Partity: P



  

Charge Conjugation: C



  

Combining Charge and Parity: CP



  

Time Reversal: T



  

Combining all symmetries: CPT



  

Applying CP to physical states



  

Flavour interactions in the SM: the CKM matrix

● In the SM Lagrangian, charged-current interactions, 
mediated by the W boson, allow interactions between 
U-like and D-like quarks

● Where V is a non-diagonal mixing matrix 



  

How many parameters in the matrix?



  

The matrix in terms of angles
● There are many ways of writing the matrix as a function of 4 

parameters, but the most common (from PDG) uses 4 angles:

● Where cij = cosqij, sij = sinqij, with all angles real
● The only complex part of the matrix comes from the eid terms, 

and that is responsible for CP violation!
● Indeed, the CP swapping on the Lagrangian gives a different 

result if the matrix has one or more complex terms



  

Approximate parametrisation
● Experimentally, mixing is larger for nearby generations, 1 

>> q12 >> q23 >> q13. Wolfenstein expanded in l = sin q12 

● Diagonal terms ~1, V12,V21 ~ l, V23,V32 ~ l2, V13,V31 ~ l3

● At second order, use r = r (1  l– 2/2), η =  (1  lη – 2/2)
● Now the complex component is only in V13 and V31 

(third family!)



  

The CKM triangle
● The Wolfenstein parametrisation is graphycally 

represented as a triangle with base at (0,0) and (1,0) 
and apex at (r,η).



  

Measuring triangle angles



  

Measuring triangle sides



  

Current constraints on triangle (from 
www.pdg.org)

● Several ways to 
independently measure 
sides and angles

● All point to a coherent 
picture: CP violation well 
understood in the SM



  

Producing B mesons
● The “clean” way: e+e- 

collisions at the ¡(4S) peak, 
followed by decay into B+B- or 
B0B0 (Babar, BELLE)

● The “dirty” way: proton 
collisions followed by b-tagging 
(CDF, D0, LHCb, ATLAS, CMS)
– Advantages: large rates, can 

produce Bs, Bc etc.
– Disadvantages: large BG



  

Oscillations of neutral mesons in QM



  

Schroedinger equation for oscillation



  

Solutions for physical states



  

Oscillation probability
● Bd and Bs oscillations formally 

identical, frequency very different



  

Oscillations in e+e- collisions



  

Bd oscillations



  

Bs oscillations



  



  



  

Observations of bottomium systems



  

Mesons with beauty and charm: Bc



  

B jets at the LHC
4 main production 
mechanisms

Use vertex mass and 
distance to distinguish bb, b, 
c and light quarks in jet

Invariant mass of two jets each identified as b



  

g→ bb splitting with both b in a single jet

● Study composition of jets by 
fitting separately each bin and 
compare to theory



  

Finding Z→bb in a single jet
● Apply double b-tag photon + jet 

events
● Jet trimmed to remove piluep 

and underlying event
● Require two-prong structure
● Z peak visible in the jet mass 

despite huge background



  

Conclusions
● Heavy quarks a fundamental “laboratory” due to large mass 

(perturbative calculations) and long lifetime (reconstruction of 
secondary vertex)

● Also, CP-violating effects particularly relevant in third family
● Dedicated experiments (and accelerators!) built to extensively 

study the CKM matrix, all coherent with SM picture
● b and c production in jets studied in general-purpose LHC 

experiments
● More details on the dedicated experiment (LHCb) and its 

intriguing anomalies in Monica Pepe-Altarelli’s talk next week!

https://indico.cern.ch/event/812393/contributions/4362136/

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

