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    - 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
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Introduction: Heavy Quarks
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Discovery of 1st Elementary Particle

1895:  X-ray (photon) by Wilhelm Röntgen
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Electron

1897:  J.J. Thompson
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Muon

1937:  Neddermeyer & Anderson

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



- 7 - 

Pion & Kaon

1947:  Pion: Powell, Kaon: Rochester & Butler
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Charm Quark

1974:  J/Ψ discovery by Ting and Richter
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Bottom Quark

1977:  Υ discovery by Lederman
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B Mesons

First fully reconstructed
B mesons:

PRL 68, 3403 (1992)

 B+ → J/ψ K+ 

First fully reconstructed
B mesons at a hadron collider

            CDF 1992CLEO 1983
PRL 50, 881 (1983)

ARGUS 1986
Phys.Lett. B185, 218 (1986)
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Top Quark

1995:  Top discovery by CDF & D0
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Heavy Quarks
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Quarks

● Today established B meson states:

Mesons:

Baryons:

● Rest mass: 5.3 - 6.5 GeV  (~6 x mass of proton)

● All B hadrons decay via weak interaction

Fermion masses
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B meson decay:

● All B hadrons decay via weak interaction

Neutron beta decay:

B Meson Decays

● Higher order diagrams describe e.g. particle oscillations:

Particle Anti-Particle
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Overview of B Decay Diagrams



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

B Hadron Producers
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B Hadron Producers

ARGUS:

The Players:
ARGUS & CLEO (Pioneers)
BaBar & Belle (B Factories)
The Future: Super-Belle, Super-B
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B Hadron Producers

The Players:
ALEPH, DELPHI, L3, OPAL 
SLD

SLD:
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B Hadron Producers

CDF:

The Players:
LHCb, Atlas, CMS, CDF & D0
Other B producers: 
Hera-B, FNAL fixed target
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B Hadron Producers

Top view

(24mx12m)

Face view

(1mx0.5m)

Collision region

(0.7mmx10mm)

LHCb
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Features of B Physics
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Elements for successful B physics:

1.High Rate B Production
   LEP: ~ 0.9x106 bb= events per experiment (1991-1995)
   CLEO: ~10x106 BB= events (9.3 fb-1 in 1993-1999)
   CDF: 5x1011 bb= events produced (100 pb-1 in 1992-1995, Run I;
             Run II: ~10 fb-1 in 2001-2011) 
   D0: no B physics in Run I, Run II similar to CDF
   BaBar: ~500 fb-1 (~500x106 BB= events in 1999-2008) 
   Belle: ~1000 fb-1 (~770x106 BB= events in 1999-2010) 
   LHCb: ~1 fb-1 @ 7 TeV in 2011; 
              expect  ~2 fb-1 @ 8 TeV 
              in 2012

Features of B Physics

Belle & BaBar
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2. Excellent Track Reconstruction with Tracking Chamber

Excellent momentum resolution gives excellent invariant mass resolution

CDF: dimuon mass resolution
          ~ 16 MeV

D0: No tracking chamber in Run I
       muon momentum from 
       muon chambers

(A -> a1 a2 )

Features of B Physics
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CDF

2. Excellent Track Reconstruction with Tracking Chamber

Reconstruction of B mesons:

Features of B Physics

CLEO

● CDF: B+ → J/ψ K+ 

● Typical B mass resolution: ~20-30 MeV

 ℒ = 110 pb-1  =>  N(B)=(998 ± 51)

● CLEO: B+ → J/ψ  K+ 

●  Beam constraint: 
● Typical B mass resolution: ~2-3 MeV

  ℒ = 3100 pb-1  =>  N(B)=(198 ± 15)



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

3. Superb Vertexing with Silicon Vertex Detectors

Exploit 'long' lifetime of B hadrons:

Features of B Physics

Belle

CDF

(Note: vertexing resolutions)
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3. Superb Vertexing with Silicon Vertex Detectors

Features of B Physics

CDF: Decay length of J/Ψ mesons

CDF Transverse decay length:



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

CDF

CDF

4. Good Calorimeter to Detect Low Energy Neutrals

Crystal calorimeters (CsI, BGO, ...)

Features of B Physics

Excellent energy resolution translates into excellent 
di-photon invariant mass resolution

CLEO

CDF not well
suited for detection
of neutrals but not 
impossible
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4. Good Calorimeter to Detect Low Energy Neutrals

Features of B Physics

If  calorimeter not well suited for low energy photons

=> Photon conversion: γ → e+e-  (low efficiency)

CDF: X-ray of inner 
          detector 

Example:

χC → J/ψ γ
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5. Good Particle identification

Cerenkov detector for
pion-kaon separation

Time-of-Flight

specific
energy loss
dE/dx

DELPHI

CDF

Features of B Physics
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Summary of Elements for Successful B Physics:

● High rate B production

● Excellent tracking in tracking chamber and silicon detector

● Superb vertexing with silicon vertex detector

● Good calorimeter to detect low energy neutral particles

● Particle identification (pion/kaon separation)

● Efficient identification of electrons and muons

● Large coverage of solid angle (4  coverage / hermiticity)

Features of B Physics
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µ / KL detection
 14/15 lyr. RPC+Fe

Tracking + dE/dx
  small cell + He/C2H5

CsI(Tl) 16X0

 Aerogel Cherenkov cnt.
 n=1.015~1.030

Si vtx. det.
 3 lyr. DSSD

TOF counter

SC solenoid
1.5T

Belle DetectorBelle Detector

8GeV e−

3.5GeV e+

Example
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The CDF Experiment
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pp collision Point

Vertex Locator

VELO

Tracking System

Muon System RICH Detectors

Calorimeters

~ 1 cm

•B

Movable device

35 mm from beam out of physics /

 7 mm from beam in physics

LHCb Experiment
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B Particle Properties
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B Hadrons

0+ 1+ 2+1- JP

- Mesons         

0-
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0+ 1/2+ 3/2+1+ 2+1-

- Mesons
- Baryons

B Hadrons

0-
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Properties

Focus on: Masses, Lifetimes  (Decays)

Why study B hadrons? 

            From 
    hydrogen atom 
                to 
        B hadron 
      spectroscopy 

● Heavy quark hadrons are the hydrogen atom of QCD
   => study of B hadron states = study of (non-perturbative) QCD
● Measurements of B hadron masses provide sensitive tests of 
   potential models, HQET and all aspects of QCD including 
   lattice gauge calculations
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B Meson States
          - B**, BS**

          - Bc
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B Excited States

●  Until ~2005 only ground states B0, B+, Bs 

   or excited state B* well established
● HQET predicts 4 P-wave states for the  
   excited Bu/d** & Bs**

   - Two decay via S-wave => wide (~100 MeV)
   - Two decay via D wave => narrow (~10 MeV)

Reconstruct B in J/ψ  and D0 modes
and add pion

Fit mass difference 
         ∆m(B**) = m(B**) - m(B) - m(π)

~23k

~37k

not 
reconstructed
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Narrow Bd** States

Results:

Measurements in agreement

(shifted)

(shifted)

PRL 99, 172001 (2007)

N=662±91
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Narrow Bs** States

● Decay BS** to BS π   isospin suppressed
● Reconstruct BS** --> B+K-  with B+ --> J/ψ  K+ & B+ --> D0π+  

(Bs1 not significant enough, < 3 σ)

PRL 100, 082001 (2008)

PRL 100, 082002 (2008)

N=125±25

N=95±23
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Bc
+
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Bc Meson

● Weakly decaying particle which contains 2 heavy quarks
● Both quarks contribute to decay width

   - via b quark: 

   - via c quark:

   - via annihilation:

● Theory predicts lifetime of ~0.5 ps

discovery mode
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Bc Mass

● Use fully reconstructed
   
   for precise mass measurement
● 2012 world average Bc mass:

      m(Bc) = (6277 ± 6) MeV/c2 
● Comparison to predictions:
Experimental measurements with small 
uncertainties start to challenge theoretical 
models and lattice techniques

m(Bc) = (6275.6 ± 2.9 ± 2.5) MeV/c2 

m(Bc) = (6300 ± 14 ± 5) MeV/c2 

PRL 100, 182002 (2008)

N=54±12

N=108±15

average M(Bc)LAT = 6304 ± 12 +18
-0 MeV/c2

-- D0

PRL 101, 012001 (2008)
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Bottom Baryons
Σb   -   Ξb   -   Ωb
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Heavy B Baryons

Motivation:
Until 2006 
was only established B baryon 
=> Search at Tevatron for

Σb: b{qq}, q = u,d; JP = SQ + sqq

= 3/2+ (Σb*)

= 1/2+ 
(Σb)

Example: Σb

H-atom: spin-spin interaction
 = hyperfine splitting

J = 3/2

J = 1/2
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Σb Baryon

Search Strategy:
Use CDF two-track trigger to reconstruct:

● Σb decays at primary vertex 

● Combine Λb with a prompt track

   to form a Σb candidate

● Separate Σb
- and Σb

+ 

Searching for:

difficult for 
hadron collider
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Λb Mass Plot

CDF uses large sample of Λb: ~3000

Σb Baryon

Observe peaks with >5σ w.r.t. 
no signal

PRL 99, 202001 (2007)
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  Possible decay modes:

Ξb
− Baryon

Search for Ξb:
- Decays weakly through b-quark decay
  Expect lifetime similar to B lifetime 
  (DELPHI: 1.4 ± 0.3 ps)
- Reconstruct at Tevatron

difficult for 
hadron collider
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Both experiments see significant Ξb signals (D0: 5.5σ, CDF: 7.7σ)
● CDF: m(Ξb) = (5792.9 ± 2.5 ± 1.7) MeV/c2

● D0: m(Ξb) = (5774 ± 11 ± 15) MeV/c2

● 2011 World avg: M(Ξb) = 5790.5 ± 2.7 MeV/c2

● D0: Lifetime 
   consistent 
   with 
   expectations

PRL 99, 052001 (2007)

PRL 99, 052002 (2007)

N=15.2±4.4+1.9
-0.4

N=17.5 ± 4.3

Ξb
− Baryon
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Ωb Baryon

● Observation by D0 in Aug'08 with 1.3 fb-1 data
   (Builds on previous observation of Ξb)
● Observe 17.8 ± 4.9 ± 0.8 events
● Report signal significance:  5.4σ

● m(Ωb) = (6165 ± 10 ± 13) MeV/c2

                                              (expect 5.94-6.12 GeV/c2)

●
PRL 99, 052001 (2007)

14.0
22.032.080.0

)/()(

)/()( +
−−−−

−−−

±=
Ξ→ΞΞ→
Ω→ΩΩ→

ψ
ψ

JBbf

JBbf

bb

bb
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Ωb Baryon

● Comprehensive reconstruction of bottom baryons into J/ψ

● Measurement of B0 properties provides cross check:

CDF 2009

● Observe structure of 16 signal events in J/ψ Ω with 5.5σ signif.

wrong-sign

Ω- sidebands
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Ωb Baryon

● CDF observes Ωb Baryon

● Relative rate measurement (assume kinematics identical to Λ
b
)

<-- First fully rec.

.)(012.0.)(167.0
)/(

)/( 037.0
025.00

syststat
JB

JB

b

b ±=
Λ→Λ
Ξ→Ξ +

−

−−

ψσ
ψσ

.)(004.0.)(045.0
)/(

)/( 017.0
012.00

syststat
JB

JB

b

b ±=
Λ→Λ
Ω→Ω +

−

−−

ψσ
ψσ

● Summary of mass measurement

● Summary of lifetime measurement

<-- First !
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Ωb Baryon

Comparison with D0 result:

● D0: m(Ωb) = (6165 ± 10 ± 13) MeV/c2

    => Δm = (111 ± 12 ± 14) MeV/c2

Significant disagreement !

14.0
22.032.080.0

)/()(

)/()( +
−−−−

−−−

±=
Ξ→ΞΞ→
Ω→ΩΩ→

ψ
ψ

JBbf

JBbf

bb

bbD0: 

CDF: 

Rate measurements:

01.012.027.0
)/(

)/( ±±=
Ξ→Ξ
Ω→Ω

−−

−−

ψσ
ψσ

JB

JB

b

b

In agreement ? Resolved by LHCb?
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Ξb
− and Ωb Baryons from LHCb
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Ξb
− and Ωb Baryons from LHCb

LHCb agrees with CDF

LHCb: 

m(Ωb) = (6050 ± 5 ± 2) MeV/c2

m(Ξb) = (5796.5 ± 1.2 ± 1.2) MeV/c2
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Ξb
0 Baryon

Observed by CDF in 2011:
●

difficult for 
hadron collider

● CDF uses hadronic track trigger data (4.2/fb) 
    to reconstruct:

● Also reconstruct as cross check:
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Ξb
0 Baryon

Observed by CDF in 2011:
● Mass measurements:

Ξc signals
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Ξb
0* Baryon

Ξb*0→Ξb-π+→Ξ-J/ψ π+
→Λπ-µ+µ−π+→p+π-π-µ+µ−π+

CMS 1st New Particle
Discovery

(not the one at 125 GeV)
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Ξb*0→Ξb-π+→Ξ-J/ψ π+→Λπ-µ+µ−π+→p+π-π-µ+µ−π+
Candidate event display

Λ0

π from Λ0

proton

π from Ξ−

muons

π from PV

Ξb
0* Baryon
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B Hadron Lifetimes
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● Spectator model: b quark decays like free particle

   => All B hadron lifetimes are equal ! 

● In Reality: QCD => Lifetimes of B hadrons study 

   interplay between strong and weak interaction

● Heavy quark expansion predicts B lifetimes:

B Hadron Lifetimes

meson vs baryon

spectator effects (B0 vs B+ vs B0
s)

Allow for precise predictions:
(e.g. Bigi, Uraltsev; Tarantino;
Gabbiani, Onishchenko, Petrov; Lenz, Nierste)

non-perturbative effects 
(sum rules, OPE, lattice)

=> Test validity of HQE => Supply input for extraction of CKM matrix elements
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A Brief History of (Life)Time(s)

τb = (1.20 +0.45  ± 0.30) psτb = (1.20  -0.36
  ± 0.30) ps

MARK II at SLAC in 1983!
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Bc Lifetime

● CDF/D0 use semilept. 
● Main issue: control backgrounds

Theory predictions: 
0.47 - 0.59 ps 
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Λb Lifetime

Λb Lifetime in 2006:
● World average: 

   τ(Λ
b
) = (1.230 ± 0.074) ps 

   τ(Λ
b
) / τ(B0) = (0.804 ± 0.049)

● Theory prediction:

   τ(Λb) / τ(B0) = [ (0.88± 0.05) , 0.94 ]

● Long-standing puzzle of

   Λb lifetime being smaller 

   than prediction
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Λb Lifetime in 2007

        Also fully rec. Λb -> J/ψ Λ  

τ(Λ
b
) = (1.580 ± 0.077 ± 0.012) ps 

τ(Λ
b
) / τ(B0) = (1.018±0.062±0.007)

τ(B0) = (1.551 ± 0.019 ± 0.011) ps 
 

BIG Surprise: ~3σ above PDG'06 
But:  τ(B0) comes out ok

             Fully reconst. Λb -> J/ψ Λ  

τ(Λ
b
) = (1.218 +0.130

-0.115
  ± 0.042) ps 

τ(Λ
b
) / τ(B0) = (0.811 +0.096

-0.087
  ± 0.034)

Semileptonic mode Λ
b 
-> Λ

c
µνX

τ(Λ
b
)= (1.290+0.119

-0.111
 +0.087

-0.091) ps 

Results in agreement with PDG'06
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Λb Lifetime in 2008

CDF: New precision measurement of
         Λ

b
 lifetime in hadronic mode Λ

b
 -> Λ

c
π

~2900 fully rec.  Λ
b
 -> Λ

c
π  signal events

τ(Λ
b
) = (1.401 ± 0.046 ± 0.035) ps 

τ(Λ
b
) / τ(B0) = (0.922 ± 0.039)    

                          (τ(B0) from PDG'07) 

● World best measurement in 2008
   => as precise as 2008 
        world average
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Λb Lifetime in 2012
● CDF result in good agreement with 
   world average and theory prediction
● Longstanding  puzzle resolved ?
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Ξb Lifetime in 2012
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Summary of Lecture 1

● B hadron properties of old and new particles (Ξb
0* )

● Measurements of properties of B hadrons not just bread & butter:
    - Precision B hadron mass measurements

    - Puzzle with Λb lifetime resolved?

    - Heavy baryons Σb, Ξb,  Ωb  established  

    - Next discoveries:  Ξbb  Ωbb  Ξbc  Ξcc  …  ?

● Not everything revolves around Higgs

J = 1/2
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"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)

Summary 2 of Lecture 1


	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
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71

