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compatible with high end of 
SM predictions



The Heart of SM Flavour Physics:
The Cabibbo Kobayashi Maskawa Matrix
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Origin of the CKM-Matrix:  Higgs-Sector

•consequence of mass generation of fermions

•source of SM CP Violation
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Fermion-Masses in the Standard Model

Gauge invariance requires that fermion mass terms in the Standard Model 
Lagragian enter via a Yukawa coupling to the Higgs field

Erweiterung auf 3 Familien: (masselose Neutrinos)
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(3 families)

arbitrary 3x3 Matrices (contain coupling constants)
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Invariant under unitary transformations in the 3-Families-space:
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+→ 21 UCUC llLeptons:

Assuming massless neutrinos

One can always find 2 transformations which diagonalize Cl !

Leptons: 
mass-eigenstates
are
weak eigenstates!
(mν=0 assumed)
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RR uUu ′→

3 unitary Transformations:

′ 3

RR dUd ′→′ 4
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4 transformations are needed to 
diagonalize both matrices

Quarks: up-type and down-type quarks have masses!

Convention: diogonalize up-type matrix:
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Down-type matrix
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CP-Violation in the Standard Model
Standard model: Origin of CP-Violation: Higgs-Sector!

by Cabibbo Kobayashi Maskawa (CKM) Matrix
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CKM Matrix:

• complex
• unitary

• 4 parameters: 
• 3 Euler angles
• 1 Phase CP

weak eigenstates

mass eigenstates

⇒ difference for quarks and antiquarks
⇒ origin of CP violation
⇒ CP violation will only show up due to interference

*
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CP-Violation in the Standard Model
Unitarity test of the CKM-Matrix:

6 unitarity conditions:
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CP-Violation in the Standard Model
Unitarity test of the CKM-Matrix:
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CKM Parametrizations
V has 4 observable parameters and an infinite number of choices for these 4

L. Wolfenstein 1983:
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CKM Parametrizations
V has 4 observable parameters and an infinite number of choices for these 4
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Unitarity Triangles
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Constraints

β
α

γ

B-Mesons (e.g. B0 ≡bd):
Measurement of:
Vub, Vcb, Vtd, β,α,γ
possible!
⇒sensitive Unitarity test



CP Violation
Three types of CP Violation:

CP Violation in Mixing → „Indirect“ CP Violation

Neutral decays

CP Violation in Decay → „Direct“ CP Violation

Charged and neutral decays

CP Violation in Interference between Decays with and without Mixing

neutral B-meson-system: e.g. sin2β measurement at B-Factories

K0,B0 ⇒ particle ⇔ antiparticle oscillations
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B0B0-Oscillations
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L : light,  H : heavy

mass eigenstates:

⇒mass eigenstates
BH and BL with ∆m and ∆Γ
(mH > mL , sign of ∆Γ not defined)
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B0B0-Oscillations

Time evolution of rates:
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B0B0-Oscillations

µνµ +−→ *0 DB
−
SD π0

−+πK

µνµ +−→ *0 DB
0π−D
γγ

−−+ ππK

ARGUS 1987
(H. Schröder)

−l
ν

−W
b

d

uc,

d
0B ++ *,DD

Mtop > 52 GeV/c2

Loop mediated processes are sensitive to 
effects of particles with very large masses!

Precision measurements needed!
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CP in Interference between
Mixing and Decay

0B CPf
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1, ≈
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p
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Amplitude: CPfA
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B mesons
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≈ sin2α(eff) for e.g. B0→π+π−

indicates direct CP violation
if |q/p|=1



SLAC, PEP-II & BABAR

San Francisco

BABAR

Linear Accelerator

PEP-II

1993 PEP-II approval
1995 TDR-approval
1998 BABAR completed
1999 May 26.: First collision data
2000 February:

First PRL publication
2001 July: 

Observation of CP violation
2008 April 7th.: End of Running



BABAR at SLAC

Cherenkov Detector
(DIRC)

1.5 T solenoid Electromagnetic Calorimeter

Drift 
Chamber

Instrumented Flux Return

Silicon Vertex Tracker

e+ (3.1 GeV)

e- (9 GeV)



BaBar Data Taking
Data collected

Run 1-6:
• 480M  BB pairs,
• 630M cc events,
• 880M τ+τ−, etc.

Run 7:
• 30/fb at ϒ(3S)
• 14/fb at ϒ(2S) and 

above 4S scan

>340 paper submitted !

Run 7
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sin2β from B0→J/ψKS

W

tb s

c

g

dd
0
SK

Penguins: e.g.

0B

c
ψ/J

b c
c

s

W

dd

0B

Tree

0
SK

ψ/J

same weak phases⇒ measure sin2β
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dominant



ϒ(4S) B0

B0

e+

J/ψ

π−

π+
Ks

0
π+

νµ

D*+

µ−
D0

Κ−

π+

∆z ∆t

4: Determination of ∆t = ∆z/βγc
5: Determination of ∆z (∆t) 

resolution function R

2: Flavour-determination of 
other B meson („tag“)

1: Exclusive B-reconstruction
(e.g. CP Eigenstates)

3: Determination of 
mistag fraction w
⇒Dilution D: D = (1-2w)
reduces visible asymmetry

e-

Time Resolved Measurements
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tBB
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tagB

6: fit to ∆t distribution

(flavor eigenstates)
(CP eigenstates)00

CPrec BB =

00
flavrec BB =

CP analysis
lifetime, mixing analyses



Reconstruction of B-Mesons
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Reconstruction of CP-Eigenstates

CP odd CP even

CP Odd CP even
N signal (purity) 6900 (92%) 3700 (55%)



sin2β - Measurement

Pairs-BB610383 ⋅

& no evidence for direct
CP-Violation

PRL 99,171803 (2007)

018.0032.0714.02sin ±±+=β



Summary: sin2β measurements from (cc)K0

0.681 ± 0.025 0.012 ± 0.020

Both experiments agree very well

Experimental uncertainty on sin2β ~ 4% == Precision Experiment

Small theoretical uncertainty in the Standard Model

No evidence for direct CP-Violation



Unitarity Triangle

γ: will remain a 
challenge for the B-
factories

New Experiments 
needed!

Excellent agreement
with Standard Model

Thanks to Stephane t‘Jampens

Super-B?



Penguins & Co

B0→J/ψKS

W

tb s

g

dd

0
SK0B

s φ
s W

t
b

g

dd

0B s

φs
s

Pure Penguin (b→sss) – same weak phase as in b→ccs → should yield sin2β

Difference to sin2β from B→J/ψKS ⇒ Hints for New Physics??

W

t s

c

g

dd
0
SK0B

c
ψ/J

b c
c

s

W

dd

0B Tree
0
SK

ψ/J

B0→φKS

new
particle

loop

new
particle

loop

new
particle

loop

rare )10( 5−<≈ OBF

⇒ large potential for detection of New Physics in modes with
penguin contribution ⇒ need high statistics ⇒ LHCb, Super-B



b→ccs vs b→qqs (Penguin)
Winter 2005

sin 2βeff ≅ 0.43±0.07 3.7σ DiscrepancyNaïve average



b→ccs vs b→qqs (Penguin)

Naïve average 0406802sin . ± .avg
sqqb
=

→
β

∆sin2β≅ 2.1σ

Need more precision!

0505602sin . ± .avg
sqqb
=

→
βExcluding f0K0



Direct CP Violation

Consider decay amplitudes for a decays into final state f

e.g. 
f

f

AfB

AfB

  

  

⇒→

⇒→
1≠

f

f

A
A )()( fBfB →≠→⇒ ProbProb⇒ CP Violation if

Several possible contributions
to ff AA  and 

Direct CP violation requires ≥ 2 different contributions
with different weak phases and different strong phases

Phases: weak &  strong

)sin()sin(2
,

22

jij
ji

ijiff AAAA δδφφ −−−=−⇒ ∑

For neutral modes, direct CP competes with other types of  CP violation

W

t
b s

u

u

g

dd
+π

−K

Penguin

0B b u

u

s
W

dd
0B +π

−K
Treee.g. B0→K+π- direct

CP violation
possible!



δϕ ii eeAA −=′ 22

11 AA =′

CP Mirror

11 AA =
δϕ ii eeAA 22 =

21 AAA ′+′=′21 AAA +=

ϕ+
ϕ−

δ

2A

2A′
A′

A

O.b.d.A.:
A1: real
ϕ:  weak phase difference
δ:   strong phase difference 21 AA ↔

AA ′≠⇒≠≠ 0&0 ϕδ

11 AA ′=
Direkte CP-violaton!



δϕ ii eeAA −=′ 22

11 AA =′

CP Mirror

11 AA =
δϕ ii eeAA 22 =

21 AAA ′+′=′21 AAA +=

ϕ+
ϕ−

2A

2A′A′

A11 AA ′=

AA ′=⇒== 0||0 ϕδ

no direct CP-violation!



Direct CP Violation 

0

0

B
B K

K
π
π

+ −

− +
→
→0B K π+ −→

 0.133 0.030 0.009 CPA = − ± ±

ICHEP 2005

4.2σ

)()(
)()(

00

00

−++−

−++−

→+→
→−→

=
ππ
ππ

KBNKBN
KBNKBNACP

Phys. Rev Lett. 93 (131801) 2004.

First Observation of
direct CP-Verletzung!

ε
ε '  :System0 −K

008.0022.0113.0 ±±−=CPA

007.0039.0058.0 ±±−=CPAMoriond 2006



Direct CP violation

018.0018.0094.0
)()(
)()(

0

0

±±−=
→+→
→−→

= −++−−

−++−−

±

ππ
ππ

π KBNKBN
KBNKBNAK m

0π++ → KB0π−− → KB

+−→ πKB 0

535 M BB

01.003.007.00 ±±=±πKA

037.0164.00 ±=−=∆ ±± mππ KK AAA

Conclusion: different direct CP violation for charged and neutral B‘s!
is this New Physics?



Direct CP Violation
Perhaps….

But:

domiant

suppressed

Electroweak Penguin contributes only to charged B‘s.  It does not carry a 
different weak phase but potentially different strong phases. Although
suppressed it may be responsible for the effect.



LHCb



Searches for New Physics

Large potential for detecting New Physics: Penguin Modes

T. Hurth

Many attemps are being made to look inside the penguin…..



b

d b

dW

W

tcu ,, tcu ,, 0B

00BB

0B

Vtd
Vtb

dominated by top quark

tstbM

tdtbM

VV
VV

*

*

arg
arg

∝

∝

φ
φ

Wolfenstein: only „real“ CKM elements in decay → no weak phase

βφφ −→≈−⇒ )arg( tdAM V πχφφ +→≈−⇒ )arg( tsAM V

need to consider δV

0
dB
0
sB

CP in Interference between Mixing and Decay
B0→J/ψKS vs Bs→J/ψφ

0B CPf

0B

CPfA

CPfA
Mixing

Oscillations

New Physics may influence mixing Phase! ⇒β shifted!

new
particle

loop
"" Aφ

"" Mφ "" Aφ

Time resolved measurements! mtACP ∆∝ sin2sin χ tiny!



Bs→J/ψφ , Bs→φφ

Not trivial to extract information!

• Time resolved measurements of CP-Asymmetries needed
• take into account lifetime difference

• Pseudoscalar decaying into two Vector states
• l=0,1,2 possible (different CP eigenstates for l=0, 2 and l=1

• requires full angular analysis („transversity basis“)
• Strong phases are around

• can be dealt with as shown by measurements of B→J/ψK*0

arXiv: 0802.2255



b

s

dW

W

tcu ,, tcu ,, 0B0B

Vts
Vtb

dominated by top quark

tstbM VV *arg∝φ

0=−⇒ AM φφ

0
sB

Interference between Mixing and Decay
Bs→φφ

new
particle

loop

"" Aφ

"" Mφ

00BB Oscillations

W

t
b

g

ss

0B s

φs
s

s

VtsVtb

φ
tstbA VV *arg∝φ

new
particle

loop

Even better!

An Observation of CP Violation ⇒ New Physics! 



Rare decays
Small 
Branching
Fractions,....,, (*)* llKKKB γπ→

More interesting penguin mediated modes:

e.g.

W

t
b

u

u

g

+π

−K

Penguin

0B

b u

u

sW

0B

−K
Tree

s

πKB →

b
tcu ,,

s

B (*)K

W
γ

b
tcu ,,

s

B (*)K

W
γ

+l

−l

b
tcu ,,

s

B (*)K

W
+l

−l

W
ν

Zll
(*)KB →γ*KB →

Need huge statistics!
⇒LHCb

+ look for other rare
Decays e.g. B→µ+µ−



LHCb Physics Programme

precision measurements
of CKM angles rare decays

Search for New Physics

measure rates, CP-Asymmetries, Forward-Backward-Asymmetries etc.

B production, 
Bc , b-baryon physics
Charm decays (e.g. D-mixing)
Tau Lepton flavour violation

e.g. search for τ→3µ

+



B production in pp Collisions
at √s = 14 TeV (LHC)

Interactions of 2 partons
(quarks, gluons) with
fractional momenta xi

p p
Parton 1

x1

Parton 2
x2

b

b

b

b

b

b

,....     00
bcsd Λ,B,B,B,B+

b

b

b

b b

„sea quarks“

p

p

Examples:

all b-hadron species are produced:
mb

b

inelastic

bb
80
500

≈
≈

σ
µσ

006.0≈⇒
inelastic

bb
σ
σ

compare with

000001.0≈ @

Challenge

~40% ~40% ~10% ~10%



B production

• B hadrons are mostly produced in the 
forward (beam) direction 

• Choose a forward spectrometer
10–≈300 mrad

• Both b and b in the acceptance: 
important for tagging the 
production state of the B hadron

• Efficient Trigger needed

(PYTHIA)

Boost

b

b

Pythia

100µb

230µb

η of B-hadron

P T
of

 B
-h

ad
ro

n



LHC environment
• Bunch crossing frequency: 40 MHz 
• σinelastic = 80 mb

→ at high L >> 1 pp collision/crossing
⇒ run at <L> ~ 2 × 1032 cm-2s-1

→ dominated by single interactions
• in acceptance region: σbb≅230 µb

⇒ collect 1012 bb events/a

• Beams are less focused locally to 
maintain optimum luminosity even when 
ATLAS and CMS run at <L> ~ 1034 cm-2s-1

• Reconstruction easier
– e.g. b-quark vertex identification

• Lower radiation level
• LHCb-detector must be able to operate in 

a high rate and high multiplicity 
environment

Inelastic pp collisions/crossing



From U. Nierste



Example: BS→µ+µ−
b s

W
s

Z γ
+µ

−µ
b W

W

+µ

−µ
tcu ,,

b s

W

Z γ
+µ

−µ

W

t

t

0
sB

0
sB

s

s

0
sB

SM Prediction
(3.4 ± 0.5) x 10-9

This decay could be strongly enhanced 
in some SUSY models. Example: MSSM:

00 / AH

+µ

−µs

b

b

t~

Branching ratio is ∝tan6β
⇒Enhancement of 100 is possible



b s

W
s

Z γ
+µ

−µ
b W

W

+µ

−µ
tcu ,,

b s

W

Z γ
+µ

−µ

W

t

t

0
sB

0
sB

s

s

0
sB

SM Prediction
(3.4 ± 0.5) x 10-9

Current limit from CDF

BR( Bs µµ) < 5.8×10-8

0.05/fb ⇒ overtake CDF, D0
0.5/fb ⇒ 90% exclusion of BR values

down to Standard Model

2/fb ⇒ 3σ sensitivity to Standard Model
Branching Ratio

BS→µ+µ−



Performance figures (1 year, 2 fb-1)



Conclusions

• B-Physics will remain an exciting field for many years coming!

• BABAR: data taking up to April 2008
•Many exciting results still expected
•Standard Model still holds…….

• LHCb: new Quality
• production rates
• Bs sector accessible with high precision

• has higher sensitivity to New Physics
• Complententary program to direct NP-searches at ATLAS,  
CMS
• waiting for data!
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