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Outline of this Lecture

Introduction to diagrams
Catalog of B decays

Primer of B meson reconstruction at B Factories
Kinematic variables
Background suppression

Measurement of Vub and Vcb and Vtb in details

Challenges of measuring Vtd and Vts
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Catalog of B decays

Introduction to Diagram Jargon!
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Tree Diagrams

Gluonic Penguin

W-Exchange

Spectator Color Suppressed
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B0 Oscillation

W

Annihilation Semileptonic

Radiative Penguin
Z Penguin
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Penguins in B Decays!?
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Topology of Tree Decay Amplitudes
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Summary of b-quark Decay
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Brief Primer of B Reconstruction
at e+e− B Factory
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PEP-II Asymmetric B-Factory at SLAC
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B0 → D∗−π+B0 → D∗−π+

Snapshot of BB Event at BaBar
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Inclusive Reconstruction: Look at some of decay
products carrying information about their mother

Exclusive Reconstruction: All particles
in final state are identified
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Exclusive or Inclusive?
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Ingredients of B Reconstruction
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Kinematic Variables
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Continuum Background Rejection
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Event Topology at LEP/SLD vs. B Factories
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Background Fighting: Sphericity Angle
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2nd Fox-Wolfram Moment
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Background Fighting: Fisher Discriminant
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A Completely Reconstructed ϒ(4S) event at BaBar
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Measurement of |Vub| and |Vcb|
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|Vcb| Exclusive
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2 ( ( ))cb wd V
dw

wΓ
∝ 2F G

|Vcb| from B0→D(∗)lν Decays

Differential measurement of B(B0→D*lν) allows for the extraction
of |Vcb| through the expression:

Form factor of B → D* transition Known kinematic factor
HQET and LQCD provide calculation at zero recoil

In reality the formula is slightly more 

complicated:
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B0→D(∗)lν Decays
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D∗+−D0 mass difference

D0 mass: 1864 MeV
D* mass: 2010 MeV

Fixed momentum for soft pion
Only experimental resolution

D*−→ D0 π−



Corso di Fisica delle Particelle Elementari 27

Angular Variables for B0→D(∗)lν Selection

Angle between D* and lepton

Angle between B0 and the D*l system
From kinematic quantities since B direction
not measured 

Background

Background

Signal

Signal
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Extraction of |Vcb|

Measurement:
• Determine number of 

B0→ D∗− l+ ν candidates as 
function of w

• Obtain hA1(w)|Vcb| distribution 
• Fit differential spectrum and 

extrapolate to w=1

In BaBar:

and using
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|Vub| Inclusive
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|Vub| from Inclusive Semileptonic B Decays

Inclusive charmless semileptonic B decays,

B→Xulν, allow for the measurement of |Vub|

Theoretically relatively simple, but
• hadronization effects and Fermi motion of b quark
• non-perturbative parametrizations (Shape Function, SF) 

affected by large uncertainties

Experimentally challenging, because 
• B→Xclν background (60 times higher) separated in limited region of phase space 
• extrapolation to full phase space introduces uncertainties

( ) 1.610.00424 (1 0.028 0.039 )
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Lots of Theory Needed as Input for Interpretation
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|Vub| inclusive from mX and recoil 

ν

π−

π+

D0

π+

l-
Y(4S)Y(4S) ν

Reco’ed
Missed

Background B→Xclν separated using invariant mass of the X 
system (MX)

Full reconstruction of one B meson to improve 
signal/background ratio

Look for semileptonic decay on the recoil side
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Fully Reconstructed B Mesons with Leptons in Recoil

Fully reconstruct as many
decay modes as possible 
on one side

On the other side use
lepton identification to
clean up the sample:
p*>0.5 GeV for electrons
p*>0.8 GeV for muons
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Kinematic Variables Useful for |Vub|
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Mx to separate b→clν from b→ulν

reconstructed

reconstructed

About 60-80% of signal for MX < MD

B→D*lν
B→D*lν
B→D**lν

B→πlν
B→ρlν
B→ηlν
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q2 Spectrum
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Lepton spectrum in Semileptonic Decays

Cascade (secondary) leptons
have lower momentum

Requirement on momentum 
of leptons provides good 
separation between signal 
and cascade leptons

Higher end of the spectrum 
mostly from decays mediated 
by Vub

Lighter hadrons allows more 
momentum for leptons
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|Vub| inclusive from mX vs q2hep-ex/0507017

• Results vary slightly depending on particular calculation or experimental
input to shape functions

• Uncertainty dominated by theory!
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Measurement of |Vtb|

ud us ub

CKM cd cs cb

td ts tb

V V V
V V V
V V V

⎛ ⎞
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎝ ⎠

V

2 31 /2 ( )
2 21 /2

3 2(1 ) 1

A i

ACKM
A i A

λ λ λ ρ η

λ λ λ

λ ρ η λ

⎛ ⎞− −⎜ ⎟
⎜ ⎟= − −⎜ ⎟
⎜ ⎟− − −⎜ ⎟
⎝ ⎠

V



Corso di Fisica delle Particelle Elementari 40

|Vtb| measured with CDF at Tevatron

|Vtb| expected to be unity to order o(λ4)

Measurements of all other CKM elements and unitarity of the matrix 
provide strong constraints on |Vtb|

Top quark was discovered in 1995 by both CDF and D0

Only measurement from CDF in (surprise!) semileptonic decays
Distinguish t b transitions from t decays to lighter d and s quarks
Count number of events with multiple b tags

Statistical  ⊕ Systematic
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Measurement of |Vtd| and |Vts|
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No Trees for Top! Bottom Help Us!

Top quark is very heavy with very short lifetime

Top decays too quickly before forming top-flavored hadrons or 
toponium (tt quarkonium)

None of tree diagrams used for measurement of other CKM elements

Use higher order processes involving top quark. But which ones?
Loop diagram Rare processes in Standard Model
Sensitive to new particles and New Physics 

Since |Vtb| ~ 1, use loop diagrams with b quark will certainly have a top 
quark!
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Penguin Decays of B Mesons
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Radiative Penguin Decays
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Limits on radiative decays
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B0
d-B0

d Oscillation

We will discuss the oscillation phenomenon in great detail in the next 2 
lectures

A necessary ingredient for 2 types of CP Violation

Oscillation occurs because flavor eigenstates are not eigenstates of weak 
interactions

Nature produces mesons in flavor eigenstates (i.e. quark content): B0 = bd

A physical state B0 at t=0 can become B0 at t’ > t

Frequency of oscillation given by mass difference
∆m := mH – mL = 0.502±0.007 ps-1
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|Vtd| from ∆md
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|Vts| from ∆ms
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Combining ∆md and ∆ms

By measuring both oscillation frequencies can obtain constraints on |Vtd| 
and |Vts|

But what about the B decay constant?

Can be measured from data!
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B Decay Constant fB
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fB from Rare Decay B → τν


