
- 1 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

Manfred Paulini

Carnegie Mellon University

Hadron Collider Physics
Summer School 2012 

Fermilab, IL

August 6 - 17, 2012

Lecture 2
Aug 15, 2012 

Heavy Quarks



- 2 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

Lecture Outline

● Lecture 1
    - Introduction: Heavy Quarks

    - B Hadron Producers

    - Features of B Physics

    - B Hadron Properties

    - B Lifetimes

● Lecture 2
    - Bs

0  meson oscillations

    - CP Violation in Bs
0 system

    - Selected B Physics results

"God doesn't play dice with the universe."
                                         (Albert Einstein)

"If only god would give me some clear sign!
  Like making a large deposit 
  in my name at a Swiss bank."
                                               (Woody Allen)



- 3 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

B Meson Oscillations
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What are Oscillations?
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What are Oscillations?



- 6 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

What are Oscillations?
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Particle-Antiparticle Oscillations

● Established phenomenon in 
   neutral kaon system
● Basics of QM of particle 
   oscillations given by 
   ammonia molecule in 
   Feynman Lectures 

M. Gell-Mann & A. Pais, 
Phys. Rev., 97, 1387 (1955)
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Remember: Ammonia Molecule

Two state quantum mechanical system:

Energy eigenstates:   E1 = E2 = E0     (stationary states)

Allow tunneling between potential barrier of H-atoms:

Energy eigenstates:

|1〉

|2〉

Energy eigenvalues:   E0 + A,  E0 - A

Oscillations in Quantum Mechanics
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Time dependence:

Existence of tunneling has split energy eigenstates of NH3

Note: Neither in |I〉  nor |II〉,   N is above nor below plane but in superposition 

Probability to find |ψ(t) 〉 as |1〉 :

Oscillations in Quantum Mechanics
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B Meson Oscillations

Ammonia: Two energy eigenstates which are superpositions of |1〉  and |2〉  : 

System of neutral B mesons 
anti-particle
(anti-matter)

2 (energy-) mass eigenstates: (B heavy)

(B light)

Write masses 
(mass-eigenvalues) as: 

Express B states through 
mass-eigenstates:
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B Meson Oscillations

Time evolution:

|B0〉 state oscillates between particle and anti-particle state:
Probability to find state as |B0〉  at time t: 

Exponential decay
particle - antiparticle 
oscillation 

Oscillation frequency
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antiparticle exists 
at time t > 0

∆ms is oscillation frequency

Asymmetry

B Meson Oscillations
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?

Pop-Quiz !!!

? ?



- 14 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

2008 Nobel Prize in Physics
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Quark Transitions

Quark transition described
by  CKM  matrix  VCKM:

Quark spectrum:

       Q=2/3        Q=-1/3

Particular importance of b quark: Couples 
to all other quarks directly or via loops

Wolfenstein:
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Wolfenstein Parametrization
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CKM Matrix

● Individual CKM matrix elements are not 

   predicted by SM => have to be measured
● B decays determine 5 CKM matrix elements

● CKM triangle:

B mixing, radiative decays

B lifetimes

CP violation

b->u transitions

● Unitarity of CKM matrix  (                    )
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CKM Triangle and CP Violation

Recap:
● Flavour changing interactions generated by exchange of 
   virtual W, Z and t
● No flavour changing neutral currents on tree level => loops
● In SM flavour changing processes depend on CKM matrix
● Phase of CKM mixing matrix explains CP violation in SM
● CP violation related to matter-antimatter asymmetry in universe
● CP violation in SM not sufficient to explain matter/photon ratio

   in universe 
Goal of past, present and future B physics:
● Test flavour changing interactions in all possible ways

=> Theoretically clean modes versus 
           experimental accessibility
● Measure sides and angles of CKM triangle in many ways

=> Over-constrain triangle 
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CKM Triangle Today
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CKM Triangle Today

Zoomed in:

Overwhelming success
   of Standard Model!
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CKM Triangle Today

CP conserving
quantities:

CP violating
quantities:
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Back to
B Meson Oscillations
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B Meson Oscillations

Why are we interested in BS mixing?

● Theory:  In Standard Model

Experiment

CKM element

Lattice QCD

Better to measure:     from 
lattice QCD
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Analysis Strategy

What do we need for measurement of BS mixing?
(1) B signal reconstruction
(2) Determination of B decay time from decay length and momentum 
(3) Determination of B production flavour ("flavour tagging")

Decay mode
tags b flavour
at decay

2nd B tags production flavour
Proper decay time
from displacement (L)
and momentum (p)
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Measurement of BS Mixing
Time Domain

● Two domains to measure oscillation:

Time domain:

● Fit for ∆ms in   
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● Two domains to measure oscillation:

Time domain:

● Fit for ∆ms in   

Frequency domain: 
● Fourier transform 
● "Amplitude scan" method 

Introduce amplitude                 

      - Fit for        at different ∆ms :

      -       = 1 for mixing at true ∆ms 

      -       = 0 else in case of no mixing  

2Γ

Frequency Domain

In reality: 
expected 
amplitude

Measurement of BS Mixing
Time Domain
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Result: Amplitude Scan

Hadronic & Semileptonic: Combined

A/σ = 6.1

Sensitivity: 
   31.3 ps-1
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Hypothesis of A=1 compared to A=0
Measured Value of ∆ms 

Result: Fit for Oscillation

Corresponds to frequency of 3 trillion times a second
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Oscillation in Time Domain

2006: BS
0 oscillation: ~0.3 ps

2002: B0 oscillation: ~10 ps

1974: K0 oscillation: ~1000 ps
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Measurement of CKM Matrix Elements

Determination of |Vts| / |Vtd| :

The new world order in 2006:
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CP Violation in Bs
0 Mesons
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Neutral Bs
0 System

Bs
0 System: 2 flavour eigenstates:

Time evolution of states governed by Schrödinger equation:

Mass eigenstates are admixture of Bs
0 flavour eigenstates:

Experimental observables describing system:
mH, mL => Δms ,   Γs = (ΓH+ΓL)/2 = 1/τs  ,   ΔΓs ,  φs 

where Δms = mH - mL ~ 2|M12|  Oscillations between 

           ΔΓs = ΓL - ΓH ~ 2 |Γ12| cos(φs)    Lifetime / width difference

         φs = arg(-M12/ Γ12)    CP phase
Assume no CP violation (φs

SM
 ~ 0.004) => mass eigenstate = CP eigenstate

=>  ΓL ~ CP even (short lived)   &  ΓH ~ CP odd (long lived)
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∆Γand ∆m in Neutral Meson Systems

Numbers
just for

illustration
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Bs
0 Lifetimes

Since  ∆Γ ≠ 0: Different measurements have different meanings
1) Flavour specific lifetime: 
    - Equal mix of Bs

H & Bs
L  at t=0

      e.g. semileptonic decays Bs
0 -> DslνX

    - Fit of single exponential measures
   - τ(Bs

0) = (1.463 ± 0.032) ps  [PDG 2012] 

2) CP specific lifetime: 
    - Assumed to be either CP even or odd
      e.g. Bs

0 -> K+K- or Ds
+Ds

-  assumed CP even or Bs
0 -> -> J/ψ f0(980) is CP odd

             => lifetime measures ΓL or ΓH

3) Disentangle mixed CP state
    - e.g. Bs

0 -> J/ψ φ  :  Fit for CP components

   - τ(Bs
0) = (1.429 ± 0.088) ps  [PDG 2012] 
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Bs
0 -> J/ψ φ Lifetime Example

Results:
● Measurement of lifetime and ∆Γ     

τs=1/Γs= (1.53 ± 0.06 ± 0.01) ps

ΔΓs = (0.14 ± 0.07 ± 0.02) ps-1

τs=1/Γs= (1.53 ± 0.04 ± 0.01) ps

ΔΓs = (0.02 ± 0.05 ± 0.01) ps-1

arXiv:0802.2255 [hep-ex]

CP even
CP odd
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∆Γs Summary

PDG 2012 averages:
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● Decay                      
   (spin-0 -> spin-1 + spin-1) 
   leads to 3 different angular 
   momentum final states:
   - L=0 (S-wave), L=2 (D-wave)  -> CP even
   - L=1 (P-wave)                          -> CP odd  

● Use decay angular 
   distribution in
   transversity basis

   to disentangle
   CP states
   => mainly 
        CP even !

Bs
0 -> J/ψ φ Analysis
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Bs
0 -> J/ψ φ Analysis

● With flavor tagging measure time dep. CP asym. => determ. βs 

   Analogy to measurement of CKM angle β in B0 -> J/ψKS
0  

Expect βs to be small in SM (|βs
SM| ≈ 0.02) - beyond current reach

=> Current interest: Search for enhanced CP violation through 
     new physics: 

=> sin 2βs
SM => sin 2β

not to scale
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Analysis Strategy

● Reconstruct BS
0  -> J/ψφ

● Use angular information 
   to disentangle CP eigenstates
● Identify initial state of BS

0 meson

   (flavour tagging)
● Perform unbinned maximum 
   likelihood fit
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Some History

2004: CDF measures with 0.27 fb-1:  

ΔΓs / Γs = 0.65 +0.25
-0.33

=> Δm
S
 ~ 125 ps-1 !!

In the beginning: Measurement of ΔΓs 

PRL 94, 101803 (2005)
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Some History

2004: Didn't know  Δm
S
 => no need for flavour tagging 

At that time life was simpler ….



- 42 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

Some History

Check angular fit with  B0  -> J/ψΚ*0  
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Some History

2005: D0 measures with 0.45 fb-1:  

ΔΓs / Γs = 0.24 +0.28
-0.38

closer to expectation of ~0.15

D0 measurement of ΔΓs followed soon

PRL 95, 171801 (2005)
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Some History

D0 includes fit to CP phase βs 
      => likelihood gets more complicated

Previously ignored 

these, 2βs ~ 0 in SM

● δ║ = arg(A║(0) A0*(0)) 
● δ ⊥ = arg(A ⊥ (0) A0*(0))
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Some History

D0 includes fit to CP phase βs 

Dotted line 
indicates 
39% CL 

No flavour tagging 
=> four-fold ambiguity in

determination of CP phase βs 

2006: D0 measures with 1.1 fb-1:  

ΔΓs = 0.17 ± 0.08 ± 0.01 ps-1 

PRL 98, 121801 (2007)
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Some History

● CDF finds that things are not so simple:
● When 2βs floats freely in fit, CDF sees significant biases and

   non-Gaussian errors in pseudo-experiments at low statistics
● Can reliably quote some point estimates only with 2βs fixed

   to standard model prediction
● Quote confidence regions, rather 
   than point estimates, 

   when 2βs floats freely 

2007:  
CDF measures with 1.7 fb-1 for 
CP phase 2βs fixed to zero 

ΔΓs = 0.076 +0.059
-0.063 

± 0.01 ps-1 

PRL 100, 121803 (2008)



- 47 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

Some History

● Meanwhile everything changes:
● CDF observes B

S
 mixing in 2006 

   => measures Δm
S
 

● Time dependence on ΔΓs , Δm
S
, 2βs 

CP asymmetry

Dependence 
on cos(∆mS t)

η = +1 Bs0, η = -1 Bs0 
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CP Violation in Bs
0 -> J/ψ φ 

Winter Conferences 2008:
● First results from CDF (1.35 fb-1) & D0 (2.8 fb-1) presented
● Expressed as confidence regions in βs-∆Γs plane  

Use external constraints on strong phases
      p-value(SM): 0.066 (~1.8σ) 

p-value(SM): 0.15 (~1.5σ) 

Mild inconsistency with SM (but in same direction)

PRL 100, 161802 (2008)

PRL 101, 241801 (2008)



- 49 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

CP Violation in Bs
0 -> J/ψ φ 

Next: D0 released data with no constraint for average with CDF

βs in [0.14,0.73] or [0.83,1.42] at 90% CL

Combined p-value(SM): 0.031 (~2.2σ) 
PRL 100, 161802 (2008)

PRL 101, 241801 (2008)
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Some History

● These results have created quite some excitement
● Utfit collaboration released a paper claiming evidence of
   new physics in Mar. 2008
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CP Violation in Bs
0 -> J/ψ φ 

Where things are today ….

Much less disagreement
 with SM
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CP Violation in Bs
0 -> J/ψ φ 

Where things are today …. LHCb dominates ...

Another result in good agreement with SM ...
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What's Next?
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Back to B Decay Diagrams
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Loop diagrams:
Hiding place for new particles?

Back to B Decay Diagrams
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 SM cannot be the ultimate theory
● Must be a low-energy effective theory of a more fundamental theory at a 

higher energy scale, expected to be in the TeV region (accessible at LHC !)

 How can New Physics be discovered and studied ? 
● New physics models introduce new particles, dynamics and/or symmetries 

at the higher scale. These new particles could
● Be produced and observed as real particles at energy frontier machines (e.g LHC)
● Appear as virtual particles (e.g. in loop processes), leading to observable 

deviations from the pure SM expectations in flavour physics and  CP violation

Loop Processes

How to continue testing the Standard Model?
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● Can in principle access higher scales & therefore see effect earlier:
– Third quark family inferred by Kobayashi and Maskawa (1973) to 

explain small CP violation measured in kaon mixing (1964), but only 
directly observed in 1977 (b) and 1995 (t)

– Neutral currents discovered in 1973, but real Z discovered in 1983

● Can in principle also access the phases of the new couplings:
– New physics  at TeV scale needs to have a "flavour structure" to 

provide the suppression mechanism for already observed FCNC 
processes => once NP is discovered, it is important to measure this 
structure, including new phases

●  Complementarity with the "direct" approach: 
– If new physics is found in direct searches at LHC, B physics 

measurements will help understanding its nature and 
    flavour structure

Strength of Indirect Approach



- 58 - Manfred Paulini - HCPSS 2012, Fermilab,  8/15/12

Rare Loop Processes
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Rare Decays: Bs
0  → μ+μ-

Bs
0  → μ+μ- : FCNC, forbidden at tree level in SM

SM prediction for BR: (3.2±0.2) x 10-9

Enhancement to BR due to New Physics 
=> powerful probe to NP

box

penguin enhancement

penguin

Analysis Strategy:
● CDF & LHCb use multivariate 

   analysis and bin in m, topology, ...
● CDF & LHCb use B → hh to tune cuts
● Atlas and CMS use cut & count
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Rare Decays: Bs
0  → μ+μ-

Current limits on BR(Bs
0  → μ+μ-) @95% CL

Atlas + CMS + LHCb:  BR(Bs
0  → μ+μ-) < 4.2 x 10-9 @95% CL
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Conclusions

● Tevatron & B factories offered rich heavy flavour program 
● Many results from heavy quark physics (many not able to cover)
    - Lifetimes and ∆Γ in Bs

0
 decays

    - Discovery of Bs
0
  oscillations paved road to CP violation

    - CP violation excitement in Bs
0 -> J/ψ φ  resolved

    - Rare loop processes as search tool for new physics 

● Scene now dominated by LHC: LHCb plus Atlas & CMS
● Expect many more results from LHC in future
● YOU ARE THE FUTURE !!!
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"Anyone who keeps the ability 
  to see beauty
  never grows old.”
                             (Franz Kafka)

Conclusions II
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"You see things as they are
 and ask 'Why'?
 I see things as they never were
 and ask 'Why not'? "
               (George Bernard Shaw)

"Anyone who keeps the ability 
  to see beauty
  never grows old.”
                             (Franz Kafka)

Conclusions II
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