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Recap
• B mixing and CPV: detailed pattern of SM (CKM) 

predictions, many channels
– Typical expectations: O(10%) asymmetries in rare (10-4 and less) 

decays
– need many reconstructed and tagged B mesons ⇒ high luminosity!

• Measurements to be discussed in lectures 3 - 5:
– Tevatron:  Bs mixing ( ∆Γs , ∆ms )
– B factories: CPV in Bd, B±

“direct” in decays, 
“indirect” in mixing, and 
“mixing-induced”
⇒ CKM Unitarity Angles α(φ2), β(φ1), γ(φ3)
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Lecture 3 - Outline
• Experimental facilities

• Bs mixing at the Tevatron
– ∆Γs , ∆ms

• Detectors at the B-factories 
– design criteria and performance

• Direct CPV 
– B → Kπ

• Limits on indirect CPV
– ASL = (N(l+l+) − N(l-l-)) / (N(l+l+) + N(l-l-))

- Methods
- Results
- Statistics, 
systematics
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Experimental facilities (B physics)

Past:      LEP, CESR
Present: Tevatron, PEP-II, KEK-B
Future:   LHC;  Super B-Factory? 

Tevatron KEK-BPEP-II



Recent past: LEP, SLC  and CLEO
• e+e− → Z0 → bb

– LEP (Aleph, Delphi, L3, OPAL)
• 4 M Z0 ⇒ 1.4 M Bu,d ; Bs, b-baryons, …; σbb / σhad  ≅ 0.2
• plab ≅ 30GeV  ⇒ boost γβcτ ≅ 3 mm
• Silicon vertex detectors, particle identification
• Lifetimes, mixing, b-tags

– SLC (linear collider: SLD)
• 400K Z0 ⇒ 140K Bu,,d ; Polarized beam (AFB  measurement!)
• Smaller diameter vacuum pipe, pixel vertex detector

• e+e− → Υ(4S) → B0B0, B+B−

– CESR (CLEO, several upgrades) until 2001
• 17 M events, Bu,d only;  σbb / σhad  ≅ 0.25
• Monochromatic B mesons, small boost: γβ ≅ 0.06 
• Vertex detector, particle identification; many important results!
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Decay vertex technology
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An e+e-→ Z0→bb event
recorded by ALEPH

One b hadronizes to Bs
fully reconstructed 
with detached decay
vertex



Present (1): Tevatron, Run II
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• Tevatron @ FNAL: pp collider (CDF, D0)
– Large cross section and backgrounds, at Ecm = 1.96 TeV: 

σbb  ≅ 105 nb ,      σbb / σhad  ≅ 0.001
– All species of b-hadrons: B±, B0, BS, BC, Λb, Ξb ;      γβcτ ≅ 3 mm
– Present peak luminosity: ≅ 1032 cm-2 s-1 ; integrated about 1 fb-1

Max. recordable rate, 
all processes ≈ 50 Hz

B rate ≈ 300 Hz !

⇒ a selective trigger 
is essential !
also on hadrons, 
not only on leptons
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Tevatron, Run II
Ambitious program: 

luminosity up to 4-8 fb-1 by 2009
upgraded CDF and D0 detectors

Physics reach:
top, W, searches, QCD
B-physics, including:

Rare decays, CPV, CKM, Bc

Bs mixing: (∆Γ/Γ)s, (∆m/Γ)s
unique opportunity!

Bs mixing (old upgrade proposal, 2fb-1)
20000 Bs → Ds

+π-, Ds
+π-π+π-

Tag efficiency:   εD2 =5.7÷11.3%

Pretty tough … ! 



Present (2): the B-factory approach
Effective cross sections:
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• CM energy = 10.580 GeV

• Asymmetric energy beams: boost the B pair 
to measure ∆t
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Υ(4S)→BB events are simpler…
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CP eigenstate

Flavour eigenstate

( ) 000 )2( SKSBB ψ→

−+→ π*0 DB

Fish-eye view:
(       )



B-Factories: PEP-II and KEK-B
– e+e- → Υ(4s) → B0

d B0
d with asymmetric energy to boost the B mesons: 

PEP-II at SLAC and KEK-B at KEK
– clean environment, low backgrounds, high efficiency; small cross section   

(≈ 1nb): luminosity is the key factor. KEK-B record: 15.8 events/(nb s)
– > 700 M B-meson pairs recorded in total by Belle and BaBar !
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244 fb-1

+21 fb-1

287 fb-1

+181 fb-1

PEP-II Last summer: 244 fb-1

Now:              265 fb-1 KEK-B Last summer: 287 fb-1

Now:              468 fb-1



Future: LHC & Super B-Factories?
• Dedicated seminars:

J.N.Butler, “Future experiments on CP violation in the B system at hadron
machines”

M.Giorgi, “Possibilities for future experiments on CP violation in the B 
system at super B-factories”

D.Hitlin, “The asymmetric B factories”

Super B Workshop
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Detectors

CDF and D0
(BABAR and BELLE : next lecture)
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CDF and D0
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(Rick Jesik, LP2005)
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(Rick Jesik, LP2005)



Bs mixing at the Tevatron



Bs mixing: an open issue
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• Bs mixing:

LEP, SLD, CDF-I

• ∆Γs and ∆ms: expectations
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Triggering at the Tevatron
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• Dimuons: J/ψ modes
pT > 1.5 – 3.0 GeV
CDF central, D0 out to |η| < 3.0

• Single muons: semileptonic & tag
D0: track-matched, pT > 4 GeV
CDF: also pT > 2 GeV, with                

120 µm < d < 1 mm (*)
• CDF only: two displaced vertex 

tracks: hadronic samples!
pT > 2GeV, 120 µm < d < 1 mm (*)
ΣpT > 5.5 GeV

(*) CDF Silicon Vertex Trigger (lev.2)
Beamspot reconstruction, updated 

every 30 s;  d  resolution ≈ 50µm
Trigger on displaced tracks
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b-hadron samples at the Tevatron
D0 b-hadron samplesCDF

Bs→Dslν

N = 4355 ± 94

Lumi = 355 pb-1

CDF
Bs→Dsπ

N = 526 ± 33

Lumi = 355 pb-1



∆Γs from Bs → J/ψφ



∆Γs from Bs → J/ψφ : method
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Phys.Rev.Lett. 94 (2005) 101803



Bs → J/ψφ : transversity analysis

From an unbinned Max. Likelihood fit 
to decay time-and-angles distribution:

Angles and proper decay time: 

sHL ccAAA ∆Γ⊥ ,,,,, ||0 ττ
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∆Γs from Bs → J/ψφ : recent results
CDF published: L = 260 pb-1, N = 203±15

D0 preliminary: Lumi = 450 pb-1, N = 483±32
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∆Γs : status and outlook
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D0 vs CDF and (∆Γ/Γ)theor = (12±6)%

D0, with lifetime constraint:

HFAG 
Winter 2005:
LEP & CDF

D0 sensitivity 
for 4 fb-1



∆ms from Bs → Dslν , Dsπ



∆ms from Bs → Dslν (Dsπ ): method
Ds• Take a lepton and a “seed”-track for Ds

reconstruction (φπ, etc.) from SVT data
• Vertex the Ds and then the (Ds-lepton)
• Compute “transverse decay length” LB

xy
and the proper decay time ct 

• “opposite side” flavour tag               
⇒ cl
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assify “mixed”/”unmixed” event 

Electron or muon tag
Jet charge tag

lepton

ν
Bs

Jet charge

Bs vertex

primary vertex
LB

xy

( )22 21 wD −= εε

back-of-the-envelope
calculation of significance S:

( ) 2
2

2

2
tsm

BS

S e
NN

NDS σε ∆−

+
≈

tags
lepton

ct exponential distribution:
See periodic wiggles by eye?
Likelihood fits, limits



∆ms : Bs decays, reconstruction
CDF
Bs→Dslν

N = 4355 ± 94

Lumi = 355 pb-1

D0 
Semileptonic decay
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CDF
Bs→Dsπ

N = 526 ± 33

Lumi = 355 pb-1



∆ms : CDF semileptonic analysis
Luminosity = 355 pb-1
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∆ms : Likelihood and “amplitude scan”
Signal PDF

( ) ( )( )[ ] ( ) ( )tttGtmSDAeNtP sD
t

mix ′Ε×′⊗∆−Γ=′′ Γ− σ,cos121

“Amplitude” Tag dilution Proper time 
resolution

Proper time 
efficiency

The complete likelihood function includes terms for four different types 
of backgrounds; their parameters are determined by control samples 
(sidebands) and simulations.  Perform an “amplitude A scan” vs ∆ms values

“Amplitude scan”
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If ∆ms ≈ true value, A=1 is expected within its uncertainty σA

If ∆ms far from the true value, A = 0 is expected

The ∆ms value can be excluded at 95% CL if  (A + 1.645 σA )< 1



∆ms : CDF results
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∆ms : World Average and CDF
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∆ms : expected improvements

CDF

D0
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B-factory detectors

BABAR and BELLE:
Optimized for time-dependent CP asymmetries



µ∆z ~ 260 m

0
tagB

+e−e

( )ϒ 4S
0

recB

−l

−K

Exclusive 
B Meson 

Reconstruction
CP eigenstate

−π
0

SK

+π
+µψ/J

−µ

Time-Dependent CP Asymmetry Measurement

Y(4S) produces 
coherent B pair:

t → ∆t

∆t ≈ ∆z / <βγ>c
B-flavor tagging

B-flavor tagging efficiency and ∆t resolution function are obtained from data 
(measurement of mixing, with exclusively reconstructed self-tagging flavor states)
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µ∆z ~ 260 m

0
tagB

+e−e

( )ϒ 4S
0

recB

−l

−K
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Exclusive 
B Meson 

Reconstruction
Self-tagging 
Flavor state−π

+π

Time-Dependent Mixing Measurement

−K

+π

D*−

D0

Y(4S) produces 
coherent B pair:

t → ∆t

∆t ≈ ∆z / <βγ>c
B-flavor tagging

B-flavor tagging efficiency and ∆t resolution function are obtained from data 
(measurement of mixing, with exclusively reconstructed self-tagging flavor states)



“Back-of-the-envelope” sensitivity
• CP asymmetry: sensitivity

– Observed asymmetry: diluted!  Aobs = D ACP
– Uncertainty on ACP = Aobs / D :

examples and numbers:
see for instance
BaBar Physics Book

• Figures of merit
– Number of produced events

– Efficiencies

– Dilution factors

02 fLdtN bbprod ××= ∫ σ

tagCP εεεε ××= det

bkgtagmix dddD ××=

November 2005 L.Lanceri - CP Violation and Flavour 37

dmix = x/(1+x)2 ≈ 0.47 , for time-integrated 
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DIRC (PID)
144 quartz bars

11000 PMs

1.5T solenoid

EMC
6580 CsI(Tl) crystals

Drift Chamber
24 stereo layers
16 axial layers

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips

e+ (3.1GeV)

e- (9GeV)

BaBar Detector

SVT:    vertexing and tracking: crucial for ∆t and low pT tracks
DCH:  main tracking device, also dE/dx for particle ID
DIRC:   K-π separation > 3.4σ for P < 3.5GeV/c
EMC:   very good energy resolution; electron ID, π0 and γ reco.
IFR:     Muon and neutral hadrons (K0

L) ID



BaBar: the Silicon Vertex Tracker
double-sided Si microstrip

detectors
5 layers: 340 wafers, 150000 

readout channels
20o <  θ < 150o

σpoint ≈ 10-15 µm for the inner 
layers
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Particle identification: the DIRC
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• Detector of Internally 
Reflected Cherenkov 
light

144 quartz bars (1.5 cm thick)
11000 PMTs,  25-50 

p.e./particle,
9mrad single photon resolution



K identification performance
Charged K identified by

DIRC:  Cerenkov angle
DCH:   dE/dx (p < 0.7 GeV/c)

Efficiency and purity measured on 
control samples (soft pion tag)
D*+ → D0π+,    D0 → K-π+

> 3.4σ π/K separation up to ≈
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3.5 GeV/c



Lepton identification performance
electrons

Ingredients: track matching, E/p, 
EMC cluster shape, dE/dx

consistency
Typical tight selection efficiency 

(E>0.5GeV):   
ε ≈ 92%,     0.1% π misID

Measured on control samples

muons
IFR penetration and hit pattern, MIP 

consistency in EMC
Typical tight selection efficiency 

(E>1.5GeV):
ε ≈ 75%,     3% π misID
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Belle detector at KEK
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Both BaBar and Belle: optimized for CP asymmetries



∆t  from (∆z)LAB K.Abe
LP 2005
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∆t resolution effect
CP time-dependent asymmetry (C=0, S≠0)

perfect resolution

∆t/τ ∆t/τ

B0

tag

smeared resolution

B0

tagTag from
“other B”

∆t resolution dominated 
by tag side:
∼1 ps ⇔ 170 µm

Time-integrated asymmetry = 0
⇒ Need both ∆t and tag !
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( ) CPfBB →00

τB ∼ 1.6 ps ⇔ 250 µm



∆t resolution effect
time-dependent mixing

perfect resolution

∆t/τ ∆t/τ

smeared resolution

B0

tagTag from
“other B” B0

tag

Measure mixing 
and tag efficiency
using self-tagging decays

∆t resolution dominated 
by tag side:
∼1 ps ⇔ 170 µm
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tagself
0

−→ fB τB ∼ 1.6 ps ⇔ 250 µm



Exclusive B decay reconstruction
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• Likelihood fits with 
discriminating variables:
– Kinematics:

– Particle ID: π, K, e, µ, …
– Event shape variables, to 

separate the continuum bkgd
(use “off-resonance” data as 
control sample!!!)

• Efficiency
– Typically ε ≈ 15÷40%

• Purity
– Up to 97% (for J/ψKS)

**

2*2*

beamB

BbeamES

EEE

pEm
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B Flavour Tagging

Overall tagging performance

recently improved to 30.5%

BaBar

yprobabilit  tagwrong
efficiency tag

i

i

ω
ε

( ) %2821 2 ≈−∑ i
i

i ωε



Direct CP Violation
in B decays



B0 → h+h− : direct CPV ?
π+ −

−
→ =

± ×

0

6
( )

(18.5 1.0) 10
BF B K

November 2005 L.Lanceri - CP Violation and Flavour 50

s

K+

π-B0

Tree-level b→u = T

CKM 
suppressed

Penguin dominated:
2 i

KA e T Pγ
π λ= +

Expect direct CPV asymmetry and 
constraints on γ (theoretically difficult!)

Vub
( ) ( )
( ) ( )

γδ

γδ

coscos2

sinsin2
22 PTPT

PT
fBfB
fBfBA

++
=

=
→Γ+→Γ
→Γ−→Γ

=

s
K+

π-

B0

Internal Penguin = P
Large!

(where δ = CP-conserving strong phase
complicated by long-distance & re-scattering)

Look for direct CPV!



Direct CP asymmetry in B0 → K+π− !
(Likelihood Projection !)• BaBar analysis (2004)

– 227 M BB events
– 68030 selected events

• Extended ML fit: 
– discriminating variables:

– Fisher, Cherenkov angles
• Fitted parameters

– Yields for Kπ, ππ, KK

– asymmetries for signal and 
background AKπ , AKπ

b

123
33467
511606

±=
±=
±=

KK

K

n
n
n

ππ

π

−+→ πKB0

+−→ πKB 0

BABAR
227M BB
BBAABBARAR
227M BB227M BBhep-ex/04070570 
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Observation in 2004
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• BaBar result (significance: 4.3σ), soon confirmed by Belle

• Systematic uncertainty
– Dominated by the asymmetry of identified charged tracks
– Controlled by the background asymmetry, compatible with zero; the 

bkgd is from real K and π with the correct kinematics, from opposite 
jets of continuum cc events

• Coherent results in all subsamples

( ) ( )
( ) ( ) ( ) ( )syst009.0stat030.0133.0 ±±−=

+
−

= −++−

−++−

ππ
ππ

π KnKn
KnKnAK

008.0001.0 ±−=b
KA π



K-π separation
Crucial ingredient to distinguish B → Kπ from B→ ππ
particle identification: K/π separation > 3σ up to 3.5 GeV
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Update at LP 2005 K.Abe
LP 2005



“direct” ACP: experimental status

No other evidence up to now
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ACP in charmless B → PP
K.Abe, LP05
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Bd : limits on CPV in mixing



Bd lifetime and mixing: status
HFAG, Winter 2005              

(from all ALEPH, DELPHI, L3, 
OPAL, CDF, D0, BABAR, 
BELLE, ARGUS and CLEO 
measurements) 

assuming
ps009.0528.1 ±=dBτ

002.0189.0
008.0778.0

ps004.0509.0 1

±=
±=

±=∆

d

d

-
d

x
m

χ

November 2005 L.Lanceri - CP Violation and Flavour 58



ASL and CPV in mixing
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ASL , |q/p| , εB are related
ASL observable and CP parameters: 
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CPV in Bd mixing: ASL
Experimental status: 
from measurements at LEP, CLEO, BaBar and Belle:  

0017.00007.0
1
Re

0034.00026.0
0067.00013.1

±−=
+

±−=Α

±=

B

B

SL

pq

ε
ε

HFAG, Winter’05 average

Not easy to improve: systematics! 
For example, the most recent paper: BELLE, hep-ex/0505017:
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BELLE 2005 
(78 + 9) fb-1

< 1/5 of the 
available data !



ASL : what does it take?
To measure the charge asymmetry in dilepton events,

Quoting from BELLE, hep-ex/0505017:
careful charge-dependent corrections, in several steps. 

Subtraction of the background from continuum e+e− → qq
(where q = u, d, s or c), using off-resonance data. 

From control samples: corrections of all detected lepton tracks: 
charge asymmetries in the efficiencies for track finding (< 1%) 

and for lepton identification (< 1%)
charge-dependent probabilities of mis-identifying hadrons as 

leptons (main effect: 2% “fake” µ± are K±, with 0.02×0.5 ≈
1% charge asymmetry)

Separation of the remaining backgrounds from B0B0 and B+B-

using their different behavior in the ∆t (∆z) distributions.
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ASL : typical systematic uncertainties
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Control samples:
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,
,

,,
datain  embedded simulation
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ASL: 
systematic uncertainty
BELLE, hep-ex/0505017
0.007 = 7×10−3



Older BaBar result (23 M B-pairs)
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PRL 88, 231801 (2002)

∆z (µm)

Same-sign dileptons
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Lecture 3: Summary
• Bs mixing from CDF and D0:

Still xs > 21 , significant work needed to improve (…LHCb ?)

• “Direct” CPV seen in Bd → Kπ !

• “Indirect” CPV in mixing (ASL) not seen yet

Next: … Unitarity Angles!
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