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New B Factory Experiments
BABAR at PEP-2 (SLAC)

BELLE at KEK-B (KEK)

and also: 
CLEO-3 at CESR (Cornell)

Started taking data in summer 1999
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Luminosities at the Y(4S)
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PEP-II Delivered  67.47/fb
BABAR Recorded  64.07/fb
BABAR off-peak  6.49/fb

Luminosity at PEP-II and KEK-B 
the key factor in new results
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ARGUS, 1987
Mixed full event and 
dilepton studies 
demonstrate mixing

Integrated luminosity 
1983-87:
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Part of Worldwide Effort
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Obtain precision measurements 

in the domain of the 
charged weak interactions
for testing the CKM sector 
of the Standard Model, and

probing the origin of the  
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Four Main Themes in B Physics
CP Violation in neutral B decays

o Due to decay amplitude interference or in mixing
o Due to interference of mixing and decay amplitudes
Studies and searches for rare decays

o Sensitive to physics beyond the Standard Model either in rate 
or direct CP violation

Precision determination of CKM matrix elements
o Need to significantly improve in order to determine whether 

observed CP violation is consistent with SM predictions
Improving our understanding of B decays

o Feeds back into precision SM tests and measurements

Roughly 100 journal and conference papers have been 
produced by CLEO, BABAR, and BELLE in the last year:
This talk will concentrate on CP violation and prospects!
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CP Violation in the Standard Model
MixingQuark sEigenstateWeaksEigenstate Mass ⇒≠

CKM Matrix
















=

tbtstd

cbcscd

ubusud

CKM

VVV
VVV
VVV

V Complex matrix described by 
4 independent real parameters

( )

( ) 















λ−η−ρ−λ
λλ−λ−

η−ρλλλ−
≈

1Ai1A
A2/1

iA2/1
V

23

22

32

CKM

Wolfenstein parameterization: phase

( ) 0VVVVImJ *
ij

*
jkik ≠= AA

CP Violation:

ηλ≈ 62AJ SMfromCPV  no ⇒=η 0



D.MacFarlane at WIN02

Unitarity Triangle
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Indirect Constraints on Unitarity Triangle
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Following Höcker et al, hep-ex/0104062

Present experimental knowledge:
(with a range of theor. inputs)
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CP Violation in the B System

CP Violation in Decay
CP Violation in Mixing
CP Violation in Interference Mixing & Decay
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CP Violation in Decay
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Interference of Decay Amplitudes
CP violation in decay (direct CPV) results from interference 
between various terms in the decay amplitude:

)fB(obPr)fB(obPr1A/A ff →≠→⇒≠
CP violation in decay amplitude

Time-independent CP observable:

ϕδ∝
→Γ+→Γ
→Γ−→Γ

= sinsin|A||A|2
)fB()fB(
)fB()fB(A 21CP

ϕ+

δ

fB → fB →
ϕ−

1A

2A
Strong phase 

difference

Weak phase 
difference

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

CP violation   ⇒=ϕ=δ 00  or  no CPV

Partial 
decay rate 
asymmetry

2 amplitudes A1 and A2
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ΒÆ Κπ and determination of g

PTe~A i2
K +λ γ

π

potentially large CP asymmetries

Expect significant interference 
of tree and penguin amplitudes

CP-averaged BF measurements can lead to non-trivial 
constraints (bounds) on CP angle γ

Fleischer & Mannel (98)
Gronau, Rosner, London (94, 98)
Neubert & Rosner (98)
Buras & Fleischer (98)

etc.

General analysis:
EW penguins
SU(3) breaking
Rescattering (FSI)

Experimental test:
Direct CP violation in               modesπ→ KB
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BÆ Kπ, ππ at CLEO
2861199-015
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B Æ ππ/Kπ BF Summary
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Ratios of Branching Fractions
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CP Charge Asymmetries in Kπ modes
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Asymmetries in Other Charmless Modes
BABAR hep-ex/0111087

Penguin b → sg or
CKM suppressed tree
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Inclusive b Æ s γ Decays
Probes top quark couplings Vts
SM rate predictions:

SM predicts small CP asymmetry (<1%)
Rates:

γ +
−→ × = ± ±4 0.18

( )( ) ( ) 0.10BF( ) 10 3.21 0.43 0.27 thstat systb s
γ +

−→ × = ± ±4 0.50
( ) ( ) 0.54 ( )BF( ) 10 3.36 0.53 0.42stat syst thb s

γ→ × = ± ±4
( ) ( )BF( ) 10 3.11 0.80 0.72stat systb s

BELLE PR B511, 151 (2001)

410)33.028.3( −×±
Chetyrkin et al.

PL B400, 206 (1997)

ALEPH PL B429, 169 (1999)

CLEO PRL 87, 251807 (2001)

CP Asymmetries:
Non-SM physics may contribute to larger asymmetries

)CL%90(10.0A27.0 CP +<<− CLEO PRL 86, 5661 (2001)
)db(A02.0)sb(A965.0

)03.00.1()022.0108.0079.0(A
CPCP

)systmult()systadd()stat(CP

γ→⋅+γ→⋅=
±×±±−=
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CLEOCLEOCLEO
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CP Asymmetries in Charmonium B Decays
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CP Violation in Decay: Summary
Many searches for CP violation in B meson decays 

o So far, no experimental evidence for direct CP violation 
“Copious” modes (e.g. charmonium)

o In general, expect small asymmetries
o Asymmetry measurements at the few percent level
“Rare” modes (charmless, radiative penguin decays)
o Potentially large CP asymmetries

test the validity of theoretical models
o Best asymmetry measurements at the 10% level
o Much more statistics is needed!

Nota Bene: Direct CP violation is now firmly established
in the kaon system

4
)syststat( 10)8.12.17()/Re( −

+ ×±=εε′ E731, NA31, KTeV, NA48
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CP Violation in Mixing
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Formalism for CP Violation in Mixing
matrix mixing the in violation T) (or CP 00BB results from:

     ≠〉H,LB| 〉±B|Mass Eigenstates CP Eigenstates
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In the B System, imaginarypure~εmmm ddLHd BBBBB ⇒∆Γ>>−=∆

See for instance Bañuls & Bernabéu hep-ph/0005323
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Results from LEP
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Results from B Factories
CLEOCLEO like-sign dilepton sample,

9.1 fb-1 on the U(4S), 4.4 fb-1 off-peak
CLEO PRL 86 (2001) 5000

2
( ) ( )Re( ) /(1 | | ) 0.0035 0.0103 0.0015

d dB B stat systε ε+ = + ± ±

like-sign dilepton sample,
20.7 fb-1 on the U(4S), 2.3 fb-1 off-peak

BBAABBARAR BABAR hep-ex/0107059

2
( ) ( )Re( ) /(1 | | ) 0.0012 0.0029 0.0036

d dB B stat systε ε+ = + ± ±

BABARBBAABBARAR
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CP Violation in Mixing: Summary
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So far, no experimental evidence 
of large CP violation in B0 mixing 
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CP Violation in Interference
MixingMixingDecayDecay

CP Violation in Interference

BELLE (10.5 fb-1)   PRL 86, 2509 (2001) 
BABAR (20.7 fb-1)  PRL 86, 2515 (2001) 
BABAR (29.7 fb-1)  PRL 87, 091801 (2001)
BELLE (29.1 fb-1) PRL 87, 091802 (2001)
BABAR (29.7 fb-1) hep-ex/0201020



D.MacFarlane at WIN02

β− i2e~

0B

0B

CPfCP
m

ixin
g

decay

0t =

t
CPfA

CPfACP

CP
CPCP

f

f
ff A

A
p
qηλ ⋅=

β−≈ i2e

Formalism for CP from Interference
CP violation results from interference between 

decays with and without mixing

Amplitude
ratio

CP eigenvalue

)f)t(B(obPr)f)t(B(obPr1 CP
0
physCP

0
physfCP →≠→⇒±≠λ

Time-dependent CP Observable:

2
f

2
f

f ||1

||1
C

CP

CP
CP λ+

λ−
=

2
f

f
f ||1

Im2
S

CP

CP
CP λ+

λ−
=)tm(sinS)tm(cosC

)f)t(B()f)t(B(

)f)t(B()f)t(B(
)t(A

dCPdCP

CP

BfBf

CP
0
physCP

0
phys

CP
0
physCP

0
phys

f

∆⋅+∆⋅=

→Γ+→Γ

→Γ−→Γ
=

cosine term sine term



D.MacFarlane at WIN02

sccb →  Subprocess Quark
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Results from CDF at the Tevatron

ct (cm)

tr
ue

 a
sy

m
m

et
ry

asymmetry versus lifetime
precision lifetime sample

 202±18 events

solid: full likelihood fit
 ∆md fixed

dashed: full likelihood fit
 ∆md floating

-1

 0

 1

 2

low ct
resolution

193±26 events

sin2β

CDF preliminary

-2

-1

0

1

2

3

4

0 0.05 0.1 0.15 0.2 0.25

∆md fixed

∆md floating
tru

e 
as

ym
m

et
ry

ct (cm)

Precision 
lifetime sample

202±18
events

Low  cτ
reso
193±26
events

sin 2b

(Mµµππ-MB
0)/σM

ev
en

ts

CDF preliminary

0

25

50

75

100

125

150

175

200

225

-20 -15 -10 -5 0 5 10 15 20

0
S

0 K/JB ψ→

MB /)MM( 0 σ−µµππ

en
tri

es

CDFCDF ~400 events

βη≈β
+

η= ψψψ
2sin47.02sin

x1
xA 0

S
0
S0

S
K/J

d

d
K/J

int
K/J

Time-dependent and
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CDF PR D61 (2000)
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CDF Run 1 (110 pb-1)
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Experimental Technique for B Factories

z∆

0
tagB

+e−e

( )S4Υ

−A

−K

0
recB

B-Flavor Tagging

cβγz/∆t∆ ><≈

Exclusive 
B Meson 

Reconstruction

+µ

−π
0
SK

ψ/J +π

−µ

0
flav

0
rec BB = (flavor eigenstates) lifetime, mixing analyses

0
CP

0
rec BB = (CP eigenstates) CP analysis

Y(4S) produces 
coherent B pair: 

t → ∆t

Time-integrated asymmetries are zero

0

0

( )

( )
tag

rec

B B t
B B t

=

⇒ =
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Shared Analysis Strategies
Factorize the analysis into building blocks

Measurements
+ 0/  LifetimesB B

0 0  MixingB B

 AsymmetriesCP

Analysis Ingredient
a) Reconstruction of B mesons 

in flavor eigenstates
b) B vertex reconstruction

c) Flavor Tagging + a + b

d) Reconstruction of neutral
B mesons in CP eigenstates + 
a + b + c

Inc reas ing com
plex ity

H
igher prec is ion
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Measurement of B0 and B+ Lifetime

ϒ(4s)

βγ = 0.56

Tag B
σz ~ 110 µm Reco B

σz ~ 65 µm

π+
∆z

∆t ≅ ∆z/γβc

K0

γ

D-

π-
π-

K+

3. Reconstruct Inclusively
the vertex of the “other”
B meson (BTAG)

1. Fully reconstruct one B meson
in flavor eigenstate (BREC)

2. Reconstruct the decay vertex

4. compute the proper time difference ∆t
5. Fit the ∆t spectra
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Samples of Fully-Reconstructed B Decays

Neutral Neutral 
BB MesonsMesons

%38purity  
9400N 00 B/B

≈

Flavor eigenstates for mixing 
and lifetime measurements

→b cud

→ ( )b cc s
−∗ + − −→0

1
( )B D π /ρ /a

++ ψ→ K/JB

ν→ −+∗ ADB0

ν−→ A( )b c

Cabibbo-favored hadronic 
decays to “open charm” modes

Charmonium modes

Semileptonic modes

BABAR
29.7 fb−1

BBAABBARAR
29.7 29.7 fbfb−−11

Charged Charged 
BB MesonsMesons

%85purity  
8500N

B/B
≈−+
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B-Lifetimes: Time Distributions
Production point of 
B meson is known 

with good accuracy

Control of the 
resolution function 
at negative times

perfect 
time 
resolution

resolution 
function

finite 
time 

resolution

LEP/CDF

−8       −4          0           4          8
B Decay Time (ps)

−8       −4          0           4          8
B Decay Time (ps)

B Factories

−8       −4          0           4          8
B Decay Time Difference (ps)

−8       −4          0           4          8
B Decay Time Difference (ps)

perfect
resolution

finite
resolution

perfect
resolution

finite
resolution

Proper time 
difference obtained 

from distance ∆z
between the two B

vertices
Fit the parameters 
of the resolution 
function together 
with the lifetime
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background

BABAR
20.7 fb−1

BBAABBARAR
20.7 20.7 fbfb−−11

B-Lifetime Measurements
0

0

1.546 0.032 0.022 ps
1.673 0.032 0.023 ps

/ 1.082 0.026 0.012

B

B

B B

τ
τ

τ τ
+

+

= ± ±
= ± ±
= ± ±

BABAR PRL 87, 201803 (2001)

(error PDG2000 ~ 0.03 ps, stat+syst)

Good agreement with previous 
lifetime measurements
Excellent control of the time 
resolution function 
(parameterization, tails)

Proof of principle for 
time-dependent analysis 
at B Factories
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0

0

1.553 0.030 0.013 ps
1.681 0.026 0.012 ps

/ 1.082 0.023 0.011

B

B

B B

τ
τ

τ τ
+

+

= ± ±
= ± ±
= ± ±

(error PDG2000 ~ 0.03 ps, stat+syst)

BELLE KEK5 Workshop

Proof of principle for 
time-dependent analysis 
at B Factories

background

29.1 fb−129.1 29.1 fbfb−−11

Preliminary

0 1.55 0.02 ps
1.64 0.03 ps

B

B

τ
τ +

= ±
= ±

From D*lnu sample used for mistag 
determination:

B-Lifetime Measurements
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Measurement of B0B0 Mixing

ϒ(4s)

βγ = 0.56

Tag B
σz ~ 110 µm Reco B

σz ~ 65 µm

π+
∆z

∆t ≅ ∆z/γβc

K0

γ

D-

π-
π-

K+

3. Reconstruct Inclusively
the vertex of the “other”
B meson (BTAG)

4. Determine the flavor of 
BTAG to separate Mixed and
Unmixed events

1. Fully reconstruct one B meson
in flavor eigenstate (BREC)

2. Reconstruct the decay vertex

5. compute the proper time difference ∆t
6. Fit the ∆t spectra of mixed and unmixed events
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B Flavor Tagging
Use charge of decay products

o Lepton
o Kaon
o Soft pion
Use topological variables

o e.g., to distinguish between primary and cascade lepton
Different approaches to combining information

o BABAR – Hierarchical tagging based on physics content
• Four tagging categories:  Lepton,  Kaon, NT1, NT2    – ε ~ 70%

o BELLE – Multidimensional Likelihood Method
• Use all the events    – ε ~ 99%
• Define 6 tagging categories based on tagging performance

Similar effective performance
o Effective Tagging Efficiency

ν∗− +→ A0B D
+→ →0 ,B DX D K X

π∗− + ∗− −→ →0 0, sB D X D D

+A
+Kb

K
c s

2
ii )21(Q ω−×ε= ∑

%2.11.26Q ±=BBAABBARAR
%2.20.27Q ±=BELLEBELLE

i
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B-Mixing Analysis:Time Distributions

Decay Time Difference (reco-tag) (ps)

UnMixed
Mixed

0

10

20

30

40

50

60

-8 -6 -4 -2 0 2 4 6 8
Decay Time Difference (reco-tag) (ps)

UnMixed
Mixed

0

10

20

30

40

50

60

-8 -6 -4 -2 0 2 4 6 8

perfect
flavor tagging,
time resolution

realistic 
mistag probability,

finite time resolution

( )( )

)BB  or  B    (B   ""f
)BB  or  B   (B  ""f

R)t∆∆mcos(.ω211
τ2

e)t∆(f

0
tag

0
flav

0
tag

0
flavmixing,

0
tag

0
flav

0
tag

0
flavmixing,

B
B

|/τt∆|

mixing, d

d

dB

 mixed 
unmixed

⇔

⇔

⊗








−±×=

−

+

−

±

        is the flavor mis-tag probability
 is the time resolution function

ω
R( t)∆
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Mixing with Hadronic Sample

dm/π~ ∆

ω− 21~

BABAR
29.7 fb−1

BBAABBARAR
29.7 29.7 fb

( ) ∆t∆mcos.ω21)t(A dBmixing −≈∆
fb−−11

Precision measurement 
consistent with world average

1(0 516 0 016 0 010 ) ps
dB (stat) (syst)∆m . . . −= ± ± BABAR hep-ex/0112044
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Mixing with Hadronic Sample

10.11
0.14( )(0 521 0 017 ) ps

dB (stat) syst∆m . . −+
−= ±

29.1 fb−129.1 29.1 fbfb−−11

Precision measurement 
consistent with world average

BELLE KEK TC5
Preliminary
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Time-Dependent CP Asymmetries

   mixing00 BB −
Time-dependence of

( ) )∆t∆mcos(.ω21
N(mixed)N(unmixed)
N(mixed)N(unmixed))t(A dBmixing −≈

+
−

=∆

0
S

0
CP K/JB ψ→

Time-dependence of
CP-violating asymmetry in

( ) )∆t∆msin(β.2sin.ω21
)BN(B)BN(B
)BN(B)BN(B

)t(A dB0
tag

0
tag

0
tag

0
tag

CP −≈
=+=

=−=
=∆

Use the large statistics Bflav data sample
to determine the mistag probabilities and the 
parameters of the time-resolution function
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Measurement of sin2β

ϒ(4s)

Tag B
σz ~ 110 µm Reco B

σz ~ 65 µm

K0

γ

KS
0

π-

π+

µ+

∆zβγ = 0.56 µ-
∆t ≅ ∆z/γβc

3. Reconstruct Inclusively
the vertex of the “other”
B meson (BTAG)

4. Determine the flavor of 
BTAG to separate B0 and B0

1. Fully reconstruct one B meson
in CP eigenstate (BREC)

2. Reconstruct the decay vertex

5. compute the proper time difference ∆t
6. Fit the ∆t spectra of B0 and B0 tagged events



D.MacFarlane at WIN02

CP Sample for BABAR 29.7 fb-1 or 32 million BB pairs

1  modesfη = −

( )

0 0

0 0 0 0

0

0

0 0
1

2
                        

CP S

CP S

CP

S

CP c S

B J/ψK { π π }
B J/ψK { π π }
B ψ S {  or 

J/ψπ π }K
B χ { J/ψγ}K

+ −

+ −

+ −

→ →
→ →
→ →

→ →

A A

modes   1f −=η
)  includes( }K{K/J 00

S
0 π→ψ ∗

257  signal, purity  60%

768  signal 
candidates,
purity  94%

(before tagging & vertexing)

mixed modefη

{ }0 *0 0 0
CP SB J/ψK K π→ →

1  modefη = +
0 0
CP LB J/ψK→

Total: 1025 signal candidates 
(83% purity)
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CP Sample for BELLE 29.1 fb-1 or 31 million BB pairs

Additional 1  modefη = −
0 0
CP C SB Kη→

688  signal 
candidates,
purity  92%

346  signal 
candidates,
purity  61%

Total: 1034 signal candidates 
(79% purity)
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Angular Analysis

Potentially measures sin2β
VV mode  Æ angular analysis
CP-Dilution:

)K(K/JB 00
S

0*0 π→ψ→

odd-CP of fraction
  

    2|A|R
,R21D

⊥⊥

⊥⊥

≡
⋅−=

)%4.12.30.16(R )syst()stat( ±±=⊥

)%4419(R )syst()stat( ±±=⊥

BABAR PRL 87, 241801 (2001)

CDF
CLEO
BABAR
BELLE

1|A| 2
0 = 1|A| 2 =⊥

1|A| 2
// =

BELLEBELLE

BELLE CONF-0105
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CP Analysis: Time Distributions

Decay Time Difference (reco-tag) (ps)

B0 tag
B0 tag

0

10

20

30

40

50

60

-8 -6 -4 -2 0 2 4 6 8

perfect
flavor tagging  & 
time resolution

Decay Time Difference (reco-tag) (ps)

B0 tag
B0 tag

0

10

20

30

40

50

60

-8 -6 -4 -2 0 2 4 6 8

realistic 
mistag probability & 
finite time resolution

( )( )

00
tagCP,

00
tagCP,

Bf
B

|/τt∆|

CP,

BB""f
BB""f

R)t∆∆msin(β.2sin.ω21.η1
τ2

e)t∆(f d

d

dB

=⇔

=⇔

⊗








−×=

−

+

−

± ∓

same mistag probability     
and time-resolution function  ( )R t

ω
∆
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Raw Time Distributions

tags 0B+
tags 0B+

29.1 fb−129.1 29.1 fbfb−−11

sin2 0 99 0 14 0 06(stat) (syst)β . . .= ± ±



D.MacFarlane at WIN02

( ) )∆t∆msin(.2sin.ω21)t(A
dBCP β−≈∆Raw Asymmetries

BABAR
29 fb−1
BBAABBARAR
29 29 fbfb−−11

sin2β=0.56±0.15

esmod  1ηf −=

BABAR
29 fb−1
BBAABBARAR
29 29 fbfb−−11

sin2β=0.59±0.20

modes 1f −=η
kaon tags
(Q=15%)
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ηCP = +1

( ) )∆t∆msin(.2sin.ω21)t(A
dBCP β−≈∆

BABAR Result for sin2β

ηCP = -1

(syst)(stat) 05.014.059.0β2sin ±±=
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sin 2β, fitted in bins of ∆tsin 2β, fitted in bins of ∆t

BBAABBARAR
modes  1f −=η

BBAABBARAR
modes  1f −=η

“Corrected” Asymmetries

t∆∆msin56.0
dB×sin 2β, fitted in bins of ∆t

and multiplied by sin(∆mBd∆t)
sin 2β, fitted in bins of ∆t

and multiplied by sin(∆mBd∆t)

0 84 sin
dB. ∆m ∆t×

1.31 sin
dB∆m ∆t×
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World Average

+β) = ±
WA (stat syst)(sin2 0.79 0.10 

sin2sin2ββ

OPAL

ALEPH

CDF

BELLE

BABAR

World average
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Search for Direct CP 

2
f

2
f

f ||1

||1
C

CP

CP
CP λ+

λ−
=

2
f

f
f ||1

Im2
S

CP

CP
CP λ+

λ−
=

tmStmCA dfdfCP CPCP
∆∆+∆∆= sincos

(assuming ∆Γ = 0)

If more than one amplitude matters
|λ| might be different from 1

Probing new physics: only use ηCP=-1 sample 
(contains no mixing background)

BABAR: |λ| = 0.93 ± 0.09 (stat.) ± 0.03 (sys.)
BELLE: |λ| = 1.09 ± 0.14 (stat.)

No evidence of direct CP violation due to decay 
amplitude interference; none expected

Coefficient of the “sine” term unchanged
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Future sin2β measurements 
Increase statistics in current modes

Systematic error projections: 0.05 → 0.016
ο ∆t resolution 0.03 → 0.01: better alignment, vertex 

understanding
o Tagging 0.03 → 0.01: use flavor samples similar to CP events
o Background CP 0.03 → 0.01: Measure CP content
Many other CP modes can potentially provide 
independent measurement of sin2β

o Different quark processes
o Various penguin contributions
o Angular analysis in VV modes

βσ − −→∼ 1 1
sin2 0.08 for 100 fb  0.03  for 500 fb    BELLE and BABAR

Summer 2002 Around 2006
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More CP channels: B → D(*)D(*)
Preliminary, Belle-CONF-0104

21.3 fb−121.3 21.3 fbfb−−11

dccb →

±
Signal
events: 11.0 3.7

+ −→0 * *B D D

Im sin2λ β∼

+ −→0 *B D D − +→0 0 *B D D K

±11.2 4.0±25.2 6.5

0 0
Im sin(2 )

( )/ ( )
strongr

r A B f A B f
λ β φ+

= → →
∼
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Measurement of Transversity

0

5

10

5.2 5.22 5.24 5.26 5.28

BABAR

mES (GeV/c2)

Ev
en

ts
/2

.2
5 

M
eV

/c
2

∗−∗+→ DDB0

~ 32 signal events

dccb →

⊥ = ± ±( ) ( )0.22 0.18 0.03stat systR

Preliminary BABAR hep-ex/0109009
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More CP channels: B → φK(*)

Pure b → s penguin process
Provide an independent measurement of CP violation

ο φK0
S is CP = -1 with Imλ ∼ sin2β

o Sensitive to new physics in b → s loop diagram

CLEO PRL 86, 3718 (2001)
BABAR PRL 87, 151801 (2001)
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Other Modes for sin2β
BABAR
20.7 fb−1

BBAABBARAR
20.7 20.7 fb

21.6 fb−121.6 21.6 fbfb−−11
0

SB Kφ→

~ 8 events~ 11 eventsfb−−11

BABAR PRL 87, 15801 (2001) Preliminary, Belle-CONF-0113
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CP Violation in            Decays+ −→0B π π
Decay distributions f+(f-) when tag = B0(B0)

u

u

d

b

d

ub

u

| λ | ≠ 1 ⇒ must fit for direct CP
Im (λ) ≠ sin2α ⇒ need to relate  
asymmetry to α

)]tmcos(C)tmsin(S1[
4

e)t(f dfdf

)/t(

∆∆∆∆±
τ

=∆
τ∆−

± ∓

2

2

f

2f

||1
||1C

||1
)Im(2S

λ+
λ−

=

λ+
λ

=

β γ αλ η η− +≡ = =2 ( ) 2i if
f f

f

Aq e e
p A

For single weak phase For additional weak phase

penguin diagramtree diagram

Cππ = 0, Sππ = sin2α Cππ ≠ 0, Sππ = sin2αeff
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Extraction of sin2α
0 sin2ππ ππC , S α= = −Without penguins: 

Penguins are expected to be sizable: | / | ~ 0.3P T
0, sin sin2 [1 ( / )]effC S O P Tππ ππ α α≠ = − = − × +

1Expect  sin2 0.3 0.4 for  100 fbeffδ α −−∼

Strategies to extract α from the asymmetry measurement

Isospin analysis (Gronau/London )
o Clean theoretically, but challenging experimentally 
o Need 0 0 0 0 0 0 andB π π B π π→ →

Grossman/Quinn Bound 
0 0

2
0sin with eff

BF(B π π )∆ ∆ α α
BF(B π π )± ±

→
< = −

→
Theoretical constraints on Penguin pollution 
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Two-Body Data Sample
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BABAR
30.4 fb−1
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30.4 30.4 fbfb−−11
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Lepton tag

NT1 tag
mES distributions 
for the different 
tagging categories

9741 two-prong 
candidates in 30.4 fb-1

(97% background, 
almost entirely from 
continuum)

Sum of π+π-/K+π-:
No particle ID used 
until the fit is performed
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Projections of Data Sample

Total Fitted Yields: 

ππ projection: 55% efficiency

(tagged)

BABAR
30.4 fb−1

BBAABBARAR
30.4 30.4 fbfb−−11

π π
π

+ − +
−

+ −

+ − +
−

±

12
11

6.3
4.3

65
217 18
4.3

K
K K

Events after cuts on 
likelihood ratios for 

subsample enrichment

Kπ projection: 85% efficiency
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Time distributions and asymmetries

ππ enhanced subsample

Beneke et al., NP B606, 245 (2001)

)syst(02.0)stat(08.007.0)K(A
)syst(14.0)stat(25.0)(C
)syst(11.0)stat(03.0)(S

CP

45.0
47.0

53.0
56.0

±±−=π

±−=ππ

±=ππ

±

+
−

−+

+
−

−+

∓ (signal)
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0 0B π π π+ −→

Sources of interferences
−+πρ

0B +−πρ
0πππ −+

+−→ πρB0

−+→ πρB0

)t(B0 ∆ 0πππ −+

0B
0ππππρ −+−+ →)t(B0 ∆

0B

)δα2(sin strong+

α2

strongδ

Measurement of sin2α with

mES

E∆

∓πρ→ ±0B

61692 ±±  yield

510)3.05.01.3( −×±±   BF

BABAR (20.7 fb-1) prelim

Exploit interferences in the 3π final state
o Fit to the time-dependent Dalitz plot
o In principle, extract α without ambiguity

Need at least 1,500 events with B/S<2
o ρ0π0 needed, but color-suppressed

Higher πππ 
resonances, with 
different strong 

phases, might spoil 
the measurement
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Prospects for Measuring γ
decays to extract

o CPV in mixing/decay
o clean theoretically, 

• pure tree amplitudes – no penguin pollution
o …but time-dependent CP asymmetries at the few % level

decays to extract γ
o interference 

D π∗ sin(2 )β γ+
0 (DCS)*B D π  − +→0 *B D π− +→

Original construction 
by Gronau & Wiler:

2γ

D  K  )0 --A(B

-

=D  K  )0 +A(B+

D  K  )0 -A(B-

2 A(B D  K  )+
0 ++

D  K  )0 +A(B+ 2 A(B D  K  )+
0 -

2γ

0B D K+ +→ 0B D K+ +→

0 0 0 where , CPD K D D f+ →
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First Look at BELLE

29.1 fb−129.1 29.1 fbfb−−11

∆E [GeV]-0.2 0.2 ∆E [GeV] 0.2

BELLE KEK TC5

Preliminary

0 0 0 0 0

 = ,
 = , , ,S S S S

CP K K
CP K K K K

π π

π ω η η

+ − + −+

′−

Extremely challenging 
experimentally!
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Testing the Standard Model
Assumes |Vcb| ~ 3% and |Vub| ~ 10%

o Much experimental and theoretical work underway to achieve this
• New results on inclusive/exclusive semileptonic decays
• Will be entering an era of very large tagged samples

Assumes ∆ms known to 0.2% from Tevatron

ca. 2007:
σ(sin2β) ~ 1%
α ~ 5o, γ ~ 10o

Illustration of SM breakdown



D.MacFarlane at WIN02

The TEVATRON
Run 2 started

o Improved CDF and Dzero 
detectors

o Expect 300 pb-1 by end of 
2002 and 15 fb-1 by 2007

Examples of specific 
physics strengths

0.1

40

xs

,sB Kπ KK→
s sB D K→

 mixingsB

/sB J ψφ→
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Summary
Have entered era of B Factories, with a renaissance 
of experimental and theoretical activity on B physics
Motivation for these and upcoming facilities is a 
definitive test of CP violation in the Standard Model
July 2001 saw the beginnings of this program

But…still working towards a definitive consistency 
test of Standard Model expectations and constraints

Unambiguous observation of 
CP violation in the B system

β = ±sin2 0.79 0.10
World average dominated by 

BELLE and BABAR

Complementary approaches of the different B factories 
will be needed to tackle this challenge

Complementary approaches of the different B factories 
will be needed to tackle this challenge
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Backup Slides
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Current Experimental 
Constraints

Based on  Höcker et al.,  Eur.Phys.J. C21, 225 (2001)
(many other recent global CKM matrix analyses)
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Constraints from b Æ u & b Æ c

o

o

( ) ( )1ωFV ν DB Dcb =⋅→ ∗
∗ A

o

o Assumes Quark/Hadron duality
 cbc Vν XB A→

cbV
( ) +∗ 1~1FD HQET corrections

(incl.)
from HQE

 Vcb (excl.) CLEO hep-ex/0007052

LEP hep-ex/0009052

CLEO PRL76 (1996) 1570

LEP hep-ex/0009052

LEP hep-ex/0009052

CLEO PR D61 (2000) 052001o
o Model dependence

νωρπ→ A),(B
 Vub

o

o Assumes Quark/Hadron duality
ubu Vν XB A→

(excl.)

from HQE
 Vub (incl.)

3
)theo()syststat(cb 10)0.250.076.40(|V| −

+ ×±±=

3
)theo()syststat(ub 10)55.024.049.3(|V| −

+ ×±±=
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Constraints from Mixing
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World average (prel.)

o limited by uncertainty on

(computed at the 5% level 
from the lattice)

) (  mixing from 00
Btd BBm  V d∆

dd BB B̂fo Limited by uncertainty on

LEP Working Group
Winter 2001

LEP Working Group
Winter 2001

LEP and SLD

ddss BBBB B̂f/B̂f=ξ

CL%95@ps15m∆ 1-
Bs >

) ( mixing  on limit  and   
    from

ssB

Btdts
BBm

mV/V
s

d 
∆
∆

1-
)syststat(B ps)014.0487.0(m∆ d +±=
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Indirect Constraints on Unitarity Triangle
CP-averaged measurements:

J > 0 at  ~ 1.7 s
Evidence for CP violation from 

CP-averaged observations 
consistent with CP violation in 
kaon system (given by  |εK| )

Constraints on apex of UT
and CP-violating observables:

[ ]
[ ]
[ ]°↔°∈

↔−∈
↔∈

8234γ
      5.01α2sin

      89.047.0β2sin
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BÆ Kπ, ππ at BABAR
0ππ±

0K π±

±πK0
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00
SπK

75.0
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17.9

37.4

41.0−+ππ

∓π±K
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BABAR
20.7 fb-1

BABAR PRL 87, 15802 (2001)
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BÆ Kπ, ππ at BELLE
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Early LEP Results

ALEPH

OPAL EPJ C5 (1998)

5.02.3β2sin 8.1
0.2 ±= +

−

ALEPH PL 492 (2000)

16.084.02sin 82.0
04.1 ±=β +

−
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Vertex and ∆t Reconstruction
Reconstruct Brec vertex from

charged Brec daughters

Determine BTag vertex from 
charged tracks not 
belonging to Brec
Brec vertex and 
momentum
beam spot and ϒ(4S) 
momentum

High efficiency (97%)
Average ∆z resolution is 180 µm (<|∆z|> ~ βγct = 260 µm)
Conversion of ∆z to ∆t takes into account the (small) B momentum in 
ϒ(4S) frame

∆t resolution function measured directly from data 

Beam spot

Interaction Point

BREC Vertex
BREC daughters

BREC direction

BTAG direction

TAG Vertex

TAG tracks, V0s

z

* * * *cos ( )rec rec rec recz c t c tβγγ γβ γ θ∆ = ∆ + Σ0
* * * *cos ( | |)rec rec rec rec B

z c t c tβγγ γβ γ θ τ∆ = ∆ + + ∆



D.MacFarlane at WIN02

Flavour Tagging Performance
The large sample of fully reconstructed events provides the precise 
determination of the tagging parameters required in the CP fit

The error on sin2β and ∆m depend on 
“the quality factor” Q:

( ) 1sin 2
Q

σ β ∝

35.1 ± 1.9
22.0 ± 2.1
17.6 ± 1.0

8.9 ± 1.3

Wrong tag 
fraction w (%)

68.4 ±0.7
13.8 ±0.3
7.8 ±0.3

35.8 ±0.5
10.9 ±0.3

Fraction of 
tagged events ε 

(%)

26.1 ± 1.2ALL
1.2 ± 0.3NT2
2.5 ± 0.4NT1

15.0 ± 0.9Kaon
7.4 ± 0.5Lepton

Q = ε (1-2w)2
(%)

Tagging 
category

Smallest mistag fraction
Highest “efficiency”
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sin2β likelihood fit
Combined unbinned maximum likelihood fit to ∆t
spectra of flavor and CP sample

Fit Parameters
sin2β 1
Mistag fractions for B0 and B0 tags 8
Signal resolution function 16
Empirical description of background ∆t 20
B lifetime fixed to the PDG value τB = 1.548 ps
Mixing Frequency fixed to the PDG value ∆md = 0.472 ps-1

Global correlation coefficient for sin2b: 13%
Different ∆t resolution function parameters for Run1 and Run2

tagged flavor sample

tagged CP samples
Driven by

45 total free parameters

All ∆t parameters extracted
from data
Correct estimate of the error and 
correlations
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Belle Flavour Tagging
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Belle Flavour Tagging
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Check “null” control sample

Input Bflav sample to CP fit
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Systematic Errors on sin2β
Signal resolution and vertexing = 0.03

o Resolution model, outliers, SVT residual misalignment
Tagging = 0.03

o Studies of possible differences between BCP and Bflavor samples
Backgrounds = 0.02 (overall)

o Signal probability, peaking background, CP content of 
background

o Total 0.093 for J/Ψ KL channel; 0.11 for J/Ψ K*0

Total = 0.05 for full sample

BABARBBAABBARAR

1.01
0.162
K*0

0.137
0.049
Full

0.340
0.104
KL

0.151Total Stat
0.049Total Sys
KS



D.MacFarlane at WIN02

Systematic Errors on sin2β
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Fit Results
Extended ML fit to the BFs and CP done 
simultaneously:

o 5 tagging categories (leptons, K, NT1, NT2, untagged)
o 8 event species (Sig and Bkg: π+π- , K+π- , K-π+ , K+K-)
o Discriminating variables (mES, ∆E , F, θc1 , θc2 , ∆t)
o Dilutions, R(∆t) for the signal taken from sin2β analysis
ο ∆md, B0 lifetime fixed as in sin2β analysis
o R(∆t) for the background taken from sidebands in mES

distribution

)syst(02.0)stat(08.007.0)K(A
)syst(14.0)stat(25.0)(C
)syst(11.0)stat(03.0)(S

CP

45.0
47.0

53.0
56.0

±±−=π

±−=ππ

±=ππ

±

+
−

−+

+
−

−+

∓

BABAR hep-ex/0110062
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