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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



  

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 >>Λ QCD 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

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



  

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:

Discrete symmetries



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  

There are many other measurements for 
the angles of the triangle



  



  



  



  



  



  



  



  

Example of LHCb physics: Bs oscillations

Only using 1/fb of 2011 data.

The B0s meson decays into D-
sπ+ were used in this analysis 
with D-s decays into five different 
channels.

The parameter φs can be studied 
using B0s decays into a J/ψφ and 
a J/ψππ. Combination of  
oscillation amplitude and phase is 
in agreement with SM

Δms = 17.768 ± 0.023 ± 0.006/ps

φs = 0.01 ± 0.07 ± 0.01 rad 

ΔΓs = 0.106 ± 0.011 ± 0.007/ps



  

Search for super-rare decays

Decay of Bs into two muons is 
very rare in the SM : 
(3.65±0.23)x10-9

New physics can enhance this 
ratio by large factors. 

Branching fraction B
s

0→ μ+μ- = 

(3.0±0.6+0.3-0.2)x10-9 

Compatible with SM prediction

Also search for even rarer 
decay of B0, but no evidence 
found so far:

 B0→ μ+μ- < 3.4x10-10



  

Anomalies ?



  

Branching ratios with muon final states



  

Branching ratios with muon final states



  

Angular analysis of B→K μμ



  

Fits for angular analysis to LHCb and Belle



  

Lepton universality violation:
R(K(*)) = B→K(*)μ+μ -/B→K(*)e+e-



  

ATLAS and CMS: production of 
heavy quark-antiquark systems



  

Prompt-non prompt quarkonia



  

The bottomonium system



  

The bottomonium system



  

B± and Bc production



  

Cross-section results



  

Beyond baryons and mesons: tetraquarks



  

Conclusions

Particles with b and c quarks can be relatively easily identified, and 
perturbative models allow quite precise theory predictions

B meson decays, oscillations and interference allow over-constraining 
the CKM parameters and clarify our understanding for CP violation

So far multiple observations give a consistent picture for CP 
violation and mixing- the unitarity triangle closes!

However, some measurements of b→ s decays show very 
interesting deviations from the SM, being followed up very closely

Heavy flavor production in pp colliders used to search for QCD 
tests, PDF determination and search for rare decays

In the future LHCb will be upgraded, and a super-b factory is being 
built to upgrade Belle
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