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Outline
Part 1: Introduction to Flavour Physics

• What is flavour physics & why is it interesting?
• Brief history of discovery in flavour physics
• CKM mechanism and Unitarity Triangle (UT)
• B-physics Experiments

Part 2: CP violation & CKM measurements (Triumphs of the SM)
• Meson-antimeson oscillations
• Introduction to CP violation
• Measurement of UT angles
• Measurement of UT sides

Part 3: Search for New Physics
• Radiative Decays
• Tauonic Decays
• Purely Leptonic Decays

Part 4: The future
• Future B experiments
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Neutral Meson Mixing

3

The eigenstates of flavour M0 anti-M0, degenerate in pure QCD, mix under 
weak interactions.

M0 :  K0 (anti-s d), D0(c anti-u), B0(anti-b d), Bs0(anti-b s)

Mixing can occur via short distance or long distance processes

 37

Neutral meson oscillations

● We have flavour eigenstates M
0
 and M

0

– M
0
 can be K

0
 (sd), D

0
 (cu), B

d

0
 (bd) or B

s

0
 (bs)

● These can mix into each other

– via short-distance or long-distance processes

● Time-dependent Schrödinger eqn.

– H is Hamiltonian; M and Γ are 2x2 Hermitian matrices 

● CPT theorem: M
11

 = M
22

 & Γ
11

 = Γ
22

i ∂
∂t M

0

M
0=HM

0

M
0=M−

i

2
M

0

M
0

particle and antiparticle have equal masses and lifetimes

–

––––

Tim Gershon
Flavour & CPV

 37

Neutral meson oscillations

● We have flavour eigenstates M
0
 and M

0

– M
0
 can be K

0
 (sd), D

0
 (cu), B

d

0
 (bd) or B

s

0
 (bs)

● These can mix into each other

– via short-distance or long-distance processes

● Time-dependent Schrödinger eqn.

– H is Hamiltonian; M and Γ are 2x2 Hermitian matrices 

● CPT theorem: M
11

 = M
22

 & Γ
11

 = Γ
22

i ∂
∂t M

0

M
0=HM

0

M
0=M−

i

2
M

0

M
0

particle and antiparticle have equal masses and lifetimes

–

––––

Tim Gershon
Flavour & CPV

Time dependent Schrödinger equation:
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H is Hamiltonian, M & Γ are 2x2 Hermitian matrices

CPT Theorem: particle and antiparticle have equal masses & lifetimes
M11=M22, Γ11=Γ22
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Schrödinger equation

4

Physical states: eigenstates of the effective Hamiltonian

 38

Solving the Schrödinger equation

● Physical states: eigenstates of effective Hamiltonian

M
S,L

 = p M0 ± q M0

– CP conserved if physical states = CP eigenstates (|q/p| =1)

● Eigenvalues
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*)/(M
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) 

–

label as either S,L (short-, long-lived) or L,H (light, heavy) depending on values of Δm & ΔΓ 
(labels 1,2 usually reserved for CP eigenstates)

p & q complex coefficients 
that satisfy |p|2 + |q|2 = 1
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CP conserved if physical states = CP eigenstates (|q/p|=1)

Eigenvalues:
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Neutral Meson Mixing: 2 Mechanisms

5

Δm: value depends on rate of mixing diagram

 39

Simplistic picture of mixing parameters

● Δm: value depends on rate of mixing diagram

– together with various other constants ...

– that can be made to cancel in ratios

● ΔΓ: value depends on widths of decays into common final 
states (CP-eigenstates)

– large for K0, small for D0 & B
d

0

● q/p ≈ 1 if arg(Γ
12

/M
12

) ≈ 0 (|q/p| ≈ 1 if M
12

 << Γ
12

 or M
12

 >> Γ
12

)

– CP violation in mixing when |q/p| ≠ 1 

remaining factors can be obtained 
from lattice QCD calculations

 =
p−q

pq
≠ 0Tim Gershon

Flavour & CPV
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ΔΓ: value depends on widths of decays into common final states (CP -
eigenstates)

large for K, small for D and B

Note: CP violation in mixing when |q/p| ≠ 1
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The Neutral Meson-Antimeson Systems

Δm=2π ×frequency of flavour 
oscillation (1 ps-1 →160 GHz)

τ=0.4 ps-1

mixes slowly 
ΔmD~0.01

CHARM MIXING

3

KS, KL slow mixing fast mixing

therefore have to define

in D system not excluded that:

cannot simply assume x = x12 and y = y12

x
y

x
y

x
y

6
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Mixing in the K, D, B, Bs Systems

7
Thursday, 29 August 13



BND School, B physics & CP Violation Phillip URQUIJO

 

Discovery of Mixing in B-System

unMixed

Mixed

First e+e- B-factory at DESY:             Argus 1987
at √s=10.58 GeV:
e+e-→Υ(4S)→b anti-b

Same charge

8
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Measurement of mixing

6

Experimental observables: mixing frequency

time
or

look at “flavour specific” decays, e.g.

decay time allows to observe time-evolution

“tagging B” 
can be charged or neutral

7

Experimental observables: mixing frequency

time
or

“tagging B”

decay time allows to observe time-evolution

mixing frequency: count 'mixed' versus 'unmixed'

“signal B”

“ta
gg

in
g 

B
”

measurement requires flavour tagging and decay time measurement

A
mix

(t) =
N(B)

un�mixed

(t)�N(B)
mixed

(t)

N(B)
un�mixed

(t) +N(B)
mixed

(t)
⇠ cos(�mt)

perfect
tagging & Δt 
resolution

realistic
tagging & Δt 
resolution

Negative Δt: 
Signal B decays 
before tagging 
B
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B Mixing Results (BaBar, 2001)
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B and Bs Mixing at LHCb  (2013)

15

Oscillations in the Bs system

oscillation frequency places strong constraints on new physics
SM prediction: PRD.83, 036004 (211)

method: time-dependence of mixing asymmetry for a flavour-specific final state

experimental requirements
flavour tag at 'production'
reconstruction of decay time

probability for wrong flavor tag

finite decay time resolution

optimal time resolution requires fully reconstructed final state
most easily accessible: 

ignoring ��

11
 38

R
t
 side from B0–B0 mixing

P(Δt) = (1±cos(ΔmΔt))e-|Δt|/2τ

PRD 71, 072003 (2005)

Δm
d
 = (0.511 ± 0.005 ± 0.006) ps-1 Δm

s
 = (17.768 ± 0.023 ± 0.006) ps-1

NJP 15 (2013) 053021

World average based on 
many measurements

∣V td /V ts∣ = 0.211±0.001±0.005

experimental 
uncertainty

theoretical 
uncertainty

Rt = ∣V td V tb

∗

V cdV cb

∗ ∣ &

Tim Gershon
Flavour & CPV
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D Meson Mixing (&CP Violation)

12

29

Charm mixing and CP violation
HFAG world average Including results from BABAR, Belle, CDF, CLEO(c), FOCUS, LHCb

Inconsistent with no mixing point (0,0) Consistent with no CP violation point (1,0)

Tim Gershon
Flavour & CPV 29

Charm mixing and CP violation
HFAG world average Including results from BABAR, Belle, CDF, CLEO(c), FOCUS, LHCb

Inconsistent with no mixing point (0,0) Consistent with no CP violation point (1,0)

Tim Gershon
Flavour & CPVLHCb making huge progress on CPV measurements. 

Keep an eye out.
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CP Violation
CP violation caused by different interference effects in particle and anti-
particle decays

One of the two amplitudes could be from mixing
Due to complex part of CKM matrix

For CPV A1 and A2 need to have different weak phases Φ and different 
CP invariant  (e.g. strong) phases δ

14
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CPV in Charged B decays

•Consider charged 
Β+→Kπ decays.

• For K-π0, there are 3 
diagrams, but only 1 for 
K0π-

• Therefore we expect CP 
violation in  K-π0 but not 
in K0π-

CPV in Charged B decays
� Consider charged

K� decays
� For K-�o, there

are 3 diagrams,
but only 1 for Ko�-

� Therefore, we 
expect CP violation in K-�o but not in Ko�-

� However, because we donBt know strong 
phases its difficult to get useful info on weak 
phases

b W-
(a)

b

W-

s
g

t

(c)

u
s}K

u
u
u}πo

u
u

u
u
}K
}πo

b W-
(b)

u
s}Ku
u
u}πo

b

W-

s
g

t

(d)

u
d

u
d
}K
}π

o

38School on Flavour Physics, Bern SW, June 2010

• However, because we don’t know the strong phases its difficult 
to get useful information on the weak phases.
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Time Dependent CPV Formalism
Consider arbitrary final state f

Decay amplitudes of flavour states

General time dependence of decay rate for initially pure flavour states

Define

16

Physical interpretation of the terms:

• / |A|2: decays without oscillation
• / |A2|| q

p
|2 or |A2||p

q
|2: decays following a net oscillation

• / Re{f ⇤
+f�} or Re{f ⇤

�f+}: interference between the above two cases

Recall the definition of the f+ and f� functions

|f±(t)|2 =
1

2
e��t


cosh(

1

2
��t)± cos(�mt)

�
(3.21)

f ⇤
+(t)f�(t) =

1

2
e��t


sinh(

1

2
��t) + i sin(�mt)

�
(3.22)

f+(t)f
⇤
�(t) =

1

2
e��t


sinh(

1

2
��t)� i sin(�mt)

�
(3.23)

(3.24)

�(P 0 ! f)(t) = |Af |2(1 + |�f |2) 12e��t


cosh(

1

2

��t) +Df sinh(
1

2

��t) + Cf cos(�mt)� Sf sin(�mt)

�

�(

¯P 0 ! f)(t) = |Af |2|pq |2(1 + |�f |2) 12e��t


cosh(

1

2

��t) +Df sinh(
1

2

��t)� Cf cos(�mt) + Sf sin(�mt)

�

Df =
2Re{�f}
1 + |�f |2 , Cf =

1� |�f |2
1 + |�f |2 , Sf =

2Im{�f}
1 + |�f |2 (3.25)

For a given final state f , the parameter �f fully describes the CPV in the decay
(oscillation) of the system.

Interference terms

For the special case |q/p| = 1
CP asymmetry:

ACP (t) =
�(P 0 ! f)(t)� �(P̄ 0 ! f)(t)

�(P 0 ! f)(t) + �(P̄ 0 ! f)(t)
(3.26)

=
2Cf cos(�mt)� 2Sf sin(�mt)

2 cosh(1
2
��t) + 2Df sinh(

1
2
��t)

(3.27)
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• For a given final state f, the parameter λf fully describes the CPV 
in the decay (oscillation) of the meson
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Classification of CP-violating Effects

17

1. CP violation in the decay 
(direct CP violation)

2. CP violation in mixing 
(indirect CP violation)

3. CP violation in mixing/
decay interference

• CP Conservation implies

• Condition for CP conservation
|hfCP|H|P 0(t)i|2 = |hfCP|H|P̄ 0(t)i|2

|q/p| = 1
|�fCP | = 1
Im�fCP = 0

This can be further simp lied if |Af | = |Āf | (or |�f | = 1, since |q/p| = 1)
Therefore:

Df = Re{�f}, Cf = 0, Sf = Im{�f} (3.28)

and,

ACP (t) =
�Im{�f} sin(�mt)

cosh(1
2
�t) + Re{�f} sinh(12��t)

(3.29)

CPV implies

Im{�f} = Im

⇢
q

p

Āf

Af

�
6= 0 (3.30)

CPV can even occur if |q/p| = 1, (i.e. if there is no CPV in mixing), and if
|Āf/Af | = 1 (no CPV in decay). This CPV purely due to the interference term!

Classification of CPV: direct versus indirect

• direct CPV: |Af | 6= |Āf |, appears in decay (also leads to Cf 6= 0. Only class of
CPV possible for charged mesons as they cannot oscillate.

• indirect CPV: Involves mixing in any way, i.e. |q/p| = 1 or through Sf , Df .

There are 3 classes of CP violating e↵ects (already looked at this in Kaon decay).

1. CPV in decay:

�(P ! f) 6= �(P̄ ! f̄) ,
����
Āf̄

Af

���� 6= 1 (3.31)

2. CPV in mixing:

�(P 0 ! P̄ 0) 6= �(P̄ 0 ! P 0) ,
����
q

p

���� 6= 1 (3.32)

3. CPV in interference with and without mixing: It is observed in decays to a
final state that is common to P 0 and P̄ 0.

�(P 0( P̄ 0) ! f)(t) 6= �(P̄ 0( P 0) ! f)(t) (3.33)

A particularly interesting case is f = f̄ = fCP, (CP eigenstate)

36
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Therefore:

Df = Re{�f}, Cf = 0, Sf = Im{�f} (3.28)

and,

ACP (t) =
�Im{�f} sin(�mt)

cosh(1
2
�t) + Re{�f} sinh(12��t)

(3.29)

CPV implies

Im{�f} = Im

⇢
q

p

Āf

Af

�
6= 0 (3.30)

CPV can even occur if |q/p| = 1, (i.e. if there is no CPV in mixing), and if
|Āf/Af | = 1 (no CPV in decay). This CPV purely due to the interference term!

Classification of CPV: direct versus indirect

• direct CPV: |Af | 6= |Āf |, appears in decay (also leads to Cf 6= 0. Only class of
CPV possible for charged mesons as they cannot oscillate.

• indirect CPV: Involves mixing in any way, i.e. |q/p| = 1 or through Sf , Df .

There are 3 classes of CP violating e↵ects (already looked at this in Kaon decay).

1. CPV in decay:

�(P ! f) 6= �(P̄ ! f̄) ,
����
Āf̄

Af

���� 6= 1 (3.31)

2. CPV in mixing:

�(P 0 ! P̄ 0) 6= �(P̄ 0 ! P 0) ,
����
q

p

���� 6= 1 (3.32)

3. CPV in interference with and without mixing: It is observed in decays to a
final state that is common to P 0 and P̄ 0.

�(P 0( P̄ 0) ! f)(t) 6= �(P̄ 0( P 0) ! f)(t) (3.33)

A particularly interesting case is f = f̄ = fCP, (CP eigenstate)

36
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1. Direct CP Violation: B0 ➝ K+π-

19

e.g.: B→Kπ

Tree 
diagram

Penguin 
Diagram

Measure asymmetry between B0→K+π- and B0→K-π+  
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Direct CP violation in B→Kπ

Belle Nature 452 (2008) 332

HFAG averages

● Direct CP violation in B→Kπ sensitive to γ

too many hadronic parameters  need theory input

⇒

NB. interesting deviation from naïve expectation

“Kπ puzzle”

Could be a sign of new physics …

… but first need to rule out possibility of 

larger than expected QCD corrections

A
CP (K –

π +
) = –0.082 ± 0.006 

A
CP (K –

π 0
) = +0.040 ± 0.021 

Tim Gershon
Flavour & CPV
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Direct CP Violation B0 ➝ K+π-

Could be a sign of new physics ...
... but first need to rule out possibility of larger than 

expected QCD corrections

Discovered in 2004 (BaBar & Belle)

2008 Nature 452 332.

20 39

Direct CP violation in B→Kπ

Belle Nature 452 (2008) 332

HFAG averages

● Direct CP violation in B→Kπ sensitive to γ

too many hadronic parameters  need theory input⇒

NB. interesting deviation from naïve expectation

“Kπ puzzle”

Could be a sign of new physics …
… but first need to rule out possibility of 

larger than expected QCD corrections

A
CP

(K–π+) = –0.082 ± 0.006 

A
CP

(K–π0) = +0.040 ± 0.021 

Tim Gershon
Flavour & CPV
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How to rule out QCD effects?

•How to rule out QCD 
effects?
•Measure more Bu,d→Kπ 

decays & relate by 
isospin

• Perform similar analyses 
on B→K*π &/or B→Kρ 

•Measure Bs→KK decays 
& relate by U-spin

•First evidence of CPV in 
Bs	 ==>

Direct CPV in charmless B Decays See DavidAsner

Bd ⇤ K+��: ACP = �0.088± 0.011± 0.008
Production asymmetry: (1.0 ± 1.3)%, Interaction asymmetry (�1.0 ± 0.2)%

Bs ⇤ K��+: ACP = 0.27± 0.08± 0.02

Most precise single
measurement!

HFAG: �0.098 ± 0.013

� “K� puzzle”

First evidence of
CPV in Bs !
HFAG: 0.39 ± 0.017

CP violation
is that
simple!

[LHCB-CONF-2011-042]

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [25/58]21

40

How to rule out large QCD corrections?

● Measure more B
u,d

→Kπ decays & relate by isospin

● Perform similar analysis on B→K*π &/or B→Kρ

● Measure B
s
→KK decays & relate by U-spin

Tim Gershon
Flavour & CPV

 PRL 110 (2013) 221601

consistent with SM expectation
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How to rule out large QCD corrections?

● Measure more B
u,d

→Kπ decays & relate by isospin

● Perform similar analysis on B→K*π &/or B→Kρ

● Measure B
s
→KK decays & relate by U-spin

Tim Gershon
Flavour & CPV

 PRL 110 (2013) 221601

consistent with SM expectation
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Status of Direct CP Violation Measurements

22

HFAG 
Jun 2013CDF 

BABAR 
Belle 

LHCb    
Ne w A  vg . 

ACP

CP Asymmetry
  -1    0    1 

K∗+K+K−

K∗0K+K−
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CP violation in Mixing
• B0 →X l+ ν

• Lepton charge identifies B0 flavour in semileptonic decays:

• Probability to observe two negatively charged leptons
• Probability to observe two positively charged leptons
• N-- ≠ N++ 

24

|Āf̄ |2 = |Ā1 + Ā2|2 (3.43)

= |A1|2 + |A2|2 + |A1 + A2|ei(��+��) + e�i(��+��) (3.44)

= |A1|2 + |A2|2 + |A1 + A2|2 cos(�����) (3.45)

(3.46)

CPV: |Af |2 6= |Āf̄ |2 ) �� and �� 6= 0

3.2.3 mixing cp violaation

B0 : b ! c̄`+⌫ (3.47)

B̄0 : b̄ ! c`�⌫̄ (3.48)

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

38

|Āf̄ |2 = |Ā1 + Ā2|2 (3.43)

= |A1|2 + |A2|2 + |A1 + A2|ei(��+��) + e�i(��+��) (3.44)

= |A1|2 + |A2|2 + |A1 + A2|2 cos(�����) (3.45)

(3.46)

CPV: |Af |2 6= |Āf̄ |2 ) �� and �� 6= 0

3.2.3 mixing cp violaation

B0 : b ! c̄`+⌫ (3.47)

B̄0 : b̄ ! c`�⌫̄ (3.48)

If CPV ) P (B0 ! B̄0) 6= P (B̄0 ! B0)

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

38

|Āf̄ |2 = |Ā1 + Ā2|2 (3.43)

= |A1|2 + |A2|2 + |A1 + A2|ei(��+��) + e�i(��+��) (3.44)

= |A1|2 + |A2|2 + |A1 + A2|2 cos(�����) (3.45)

(3.46)

CPV: |Af |2 6= |Āf̄ |2 ) �� and �� 6= 0

3.2.3 mixing cp violaation

B0 : b ! c̄`+⌫ (3.47)

B̄0 : b̄ ! c`�⌫̄ (3.48)

If CPV ) P (B0 ! B̄0) 6= P (B̄0 ! B0)
Measure asymmetry:

ACP =
P (B̄0 ! B0)� P (B0 ! B̄0)

P (B̄0 ! B0) + P (B0 ! B̄0)
=

N++ �N��

N++ +N�� =
1� |1

p
|4

1 + |1
p
|4 (3.49)

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

38
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CP violation in MixingCP Violation in B Mixing 

25 

Belle (2001) 

N++-N- -/ N+++N- -  = 1-|q/p|4 / 1+ |q/p|4 

� |q/p| = 1.0024 ± 0.0023 

� CPV in mixing negligible in  

     B system 

A

CP Violation in B Mixing 

25 

Belle (2001) 

N++-N- -/ N+++N- -  = 1-|q/p|4 / 1+ |q/p|4 

� |q/p| = 1.0024 ± 0.0023 

� CPV in mixing negligible in  

     B system 

A

CP Violation in B Mixing 

25 

Belle (2001) 

N++-N- -/ N+++N- -  = 1-|q/p|4 / 1+ |q/p|4 

� |q/p| = 1.0024 ± 0.0023 

� CPV in mixing negligible in  

     B system 

A

25
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CPV in Mixing: Semileptonic Bs decays
• D0: µµ inclusive - similar to Y(4S) 

approach (subtract effect of Bd)
➡3.9σ from SM!

• LHCb & D0: Dsµ (purified Bs 
sample) 

➡agrees with SM

26

A LITTLE BIT OF 
THEORY  II 

Observable quantities are masses and differences in decay 
widths. In addition, we have the quantity 

 
 

 

 

We can access as by measuring asymmetries in flavor 
specific final states, for example semileptonic decays.  

 
 

July 7, 2012 

Marina Artuso, ICHEP 2012 4 
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2
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Standard Model 
predictions A.Lenz 

arXiv:1205.1444 

SM

Y(4S)
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CPV in Mixing: Semileptonic Bs decays
• D0: µµ inclusive - similar to Y(4S) 

approach (subtract effect of Bd)
➡3.9σ from SM!

• LHCb & D0: Dsµ (purified Bs 
sample) 

➡agrees with SM

26

A LITTLE BIT OF 
THEORY  II 

Observable quantities are masses and differences in decay 
widths. In addition, we have the quantity 

 
 

 

 

We can access as by measuring asymmetries in flavor 
specific final states, for example semileptonic decays.  
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3.1 Measurement of angle β using CP eigenstates
More precisely: CP violation in interference between decay w/ and w/o mixing

The “Golden Decay”: (theoretically clean: tree 
diagram dominates)B0→J/Ψ K0

28

Vtb*

Vtd Vtb*

Vtd Vcb*

Vcs*

Ks

Ψ Vcs*

Vcd Vcs*

Vcd

arg(VcsVcb*) - arg(Vtd2Vtb2VcbVcs*Vcs2Vcd*2)=-2β
decay decay + mixing 

Therefore only two amplitudes contribute, Af , Āf

|K0
s i ⇡ p|K0i+ q|K̄0i (3.57)

|K0i =
1

2p
(|KSi+ |KLi) (3.58)

Select either K0
s or K0

L through decays:

K0
s ! ⇡+⇡� (3.59)

K0
L ! ⇡+⇡�⇡0, ⇡�`+⌫ (3.60)

(3.61)

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

39

Therefore only two amplitudes contribute, Af , Āf

|K0
s i ⇡ p|K0i+ q|K̄0i (3.57)

|K0i =
1

2p
(|KSi+ |KLi) (3.58)

Select either K0
s or K0

L through decays:

K0
s ! ⇡+⇡� (3.59)

K0
L ! ⇡+⇡�⇡0, ⇡�`+⌫ (3.60)

(3.61)

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

39

Select KS through decays
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“Golden-Decay” Event in the BaBar Detector

29
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Time dependent asymmetry

•Define the time-dependent CP asymmetry

•We can measure the angle of the UT

30

Time-Dependent Asymmetry 

31 

Time-Dependent Asymmetry 

31 
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Measuring time dependent CP asymmetries

e+e-

Υ(4S)
Btag

Brec

μ-
K-

μ-

μ+

π+

π-

J/Ψ

ΚS

Flavour 
Tagging

Tag vertex reconstruction

Exclusive B meson and vertex reconstruction

Start the clock
€ 

Δt ≈ Δz
βγ

1
c

€ 

σΔt ≈1ps⇔170µm
τB ≈1ps⇔ 250µm

ΔZ

31
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sin2β Results

€ 

sin2β = 0.666 ± 0.031± 0.013

465M BB; PRD79 (2009) 072009  
772M BB; PRL 108, 171802 (2012)

32

5

as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫

[Pk(∆t′)Rk(∆ti −∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏

i Pi(∆ti;Sf ,Af ). This likelihood is maximized
for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All
Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007
∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007
resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001
Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001
interference Af

+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004
tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004
fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004
fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002
Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001
∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001
Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001
parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001
Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function
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sin2β and the Nobel Prize

33

“... As late as 2001, the two particle detectors
BaBar at Stanford, USA and Belle at Tsukuba, Japan, both 
detected broken symmetries independently of each other. 
The results were exactly as Kobayashi and Maskawa had 
predicted almost three decades earlier.”
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World Average for sin2β Measurements

34

Notation:

Belle φ1 φ2 φ3

Babar,
LHCb

β α γ

Belle II ? ? ?
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3.2 Angle α from B ➝ ππ
Tree diagram

• Small BF ~ 10-6 

• π+π- CP eigenstate with CP = -1

35
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Sin2α/φ2 from B→ππ, ρπ, ρρ
Interference of suppressed b→u “tree” 
decay with mixing

But “penguin” is 
sizeable!

€ 

λππ =
q
p
Aππ

Aππ

= e− i2φ1e−i2φ3 = e− i2φ2

€ 

λππ = ei2φ2 T + Peiφ3eiδ

T + Pe− iφ3eiδ
€ 

q p∝1

€ 

A∝λ3

€ 

A∝λ3

B0 mixing B0 decay: tree B0 decay: penguin

Coefficients of time dependent CP asymmetry

neglecting 
penguins just 
like sin2beta!!

But: large strong 
penguins expected
|P/T|~0.3

€ 

Sππ = sin2φ2
Cππ = 0

€ 

Sππ = 1−Cππ
2 sin2φ2eff

Cππ ∝ sinδ
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Summary for α

37
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CKM fit

α[WA,all]=(88.5+4.7-4.4)°
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3.3 Angle γ from B→DK 
Theoretically clean measurement of γ in the interference 
between the decays                   and

Common parameters:
CKM angle γ
Amplitude ratio rB
Strong phase difference δB

Precision on γ very sensitive to value of rB

€ 

B→ D0K B→ D0K

€ 

B→ D0K

B→ D0K
= rBe

i δ B −γ( )

€ 

rB ~
VubVcs

*

VcbVus
* × col.supp = 0.1− 0.2

VubVub

€ 

A∝λ3

€ 

A∝λ3 ρ2 +η2eiφ3

38

the only CP violating parameter that can be measured through tree decays 
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Dalitz Plot Method

Study interference pattern in D0(anti-D0) Dalitz plot for 

Sensitivity varies over Dalitz plane
Input: D decay amplitude à model uncertainty

Simultaneous fit to Dalitz plot density for B+ and B- decays in data 

  

€ 

+ rB e
i δ γ( )

  

€ 

B → D Ksh
+h−( )K 

b→c

schematic

b→u

Reconstruct D in final states accessible to both      and

€ 

D0 D0

39
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�3: B± ⇤ DK± fit results

Simultaneous fit to signal selection variables in all bins. Belle preliminary

Free parameters: (x , y), normalization, background fractions in bins.
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φ3 (degrees)

r

x� = +0.095± 0.045± 0.014± 0.017

y� = +0.137+0.053
�0.057 ± 0.019± 0.029

corr(x�, y�) = �0.315

x+ = �0.110± 0.043± 0.014± 0.016

y+ = �0.050+0.052
�0.055 ± 0.011± 0.021

corr(x+, y+) = +0.059

⇥3 = (77.3+15.1
�14.9 ± 4.2± 4.3)⇥

rB = 0.145± 0.030± 0.011± 0.011

�B = (129.9± 15.0± 3.9± 4.7)⇥

1st error is statistical, 2nd — systematic, 3rd — ci , si precision.

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 18/20

BND School, B physics & CP Violation Phillip URQUIJO

 

Angle γ from B→DK

€ 

x± = rB cos δB ± γ( )
y± = rB sin δB ± γ( )

€ 

γ = 76 ± 22 ± 5 ± 5( )o

B→ DK,D*K,DK*

D→Ksπ
+π−,KsK

+K−

model error

Difference in Belle & BaBar
stat. errors due to values of rB

40

PRD 85, 112014 (2012). 

11

TABLE V. (x, y) parameters and their statistical correlations from the combined fit of the B± → Dπ± and B± → DK±

samples. The first error is statistical, the second error is systematic, and the third error is due to the uncertainty on the ci and
si parameters.

Parameter B± → Dπ± B± → DK±

x− −0.0045 ± 0.0087 ± 0.0049 ± 0.0026 +0.095 ± 0.045 ± 0.014 ± 0.010

y− −0.0231 ± 0.0107 ± 0.0041 ± 0.0065 +0.137+0.053
−0.057 ± 0.015 ± 0.023

corr(x−, y−) −0.189 −0.315

x+ −0.0172 ± 0.0089 ± 0.0060 ± 0.0026 −0.110 ± 0.043 ± 0.014 ± 0.007

y+ +0.0129 ± 0.0103 ± 0.0059 ± 0.0065 −0.050+0.052
−0.055 ± 0.011 ± 0.017

corr(x+, y+) −0.205 +0.059

x
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FIG. 8. One, two, and three standard deviation (x, y) confi-
dence levels for (a) B± → Dπ± and (b) B± → DK± decays
(statistical only). Note different scale for B± → Dπ± and
B± → DK± modes. The weak phase φ3 appears as half the
opening angle between (x+, y+) and (x−, y−) vectors.

The values of (x, y) parameters and their statistical
correlations obtained from the combined fit for B± →
Dπ± control sample and B± → DK± sample are given in
Table V. The measured values of (x±, y±) for both sam-

ples with their statistical likelihood contours are shown
in Fig. 8.

IX. SYSTEMATIC ERRORS

Systematic errors in the (x, y) fit are obtained for the
default procedure of the combined fit with the optimal
binning. The systematic errors are summarized in Ta-
ble VI.
The uncertainty due to the signal shape used in the fit

includes the sources listed below:

1. The choice of parameterization used to model
the shape. The corresponding uncertainty is es-
timated by using the non-parametric Keys PDF
function [20] instead of the parameterized distri-
bution.

2. Correlation between the (Mbc,∆E) and
(cos θthr,F) distributions. To estimate its ef-
fect, we use a 4D binned histogram to describe the
distribution.

3. The MC description of the (cos θthr, F) distribu-
tion. Its effect is estimated by floating the parame-
ters of the distribution in the fit to the B± → Dπ±

control sample.

4. The dependence of the signal width on the Dalitz
plot bin. The uncertainty due to this effect is esti-
mated by performing the B± → Dπ± fit with the
shape parameters floated separately for each bin,
and then using the results in the fit to B± → DK±

data.

We do not assign an uncertainty due to the difference
in (Mbc,∆E) shape between the MC and data since the
width of the signal distribution is calibrated using B± →
Dπ± data.
For the uncertainty due to the continuum background

shape, we use the same four sources as considered for the
signal distribution. The uncertainty due to the choice
of parameterization is estimated by using the Keys PDF
as an alternative. The effect of correlation between the
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γ from combination of B+→DK+ modes
•  All direct CPV effects caused by γ in SM

• Negligible theory uncertainty
• Several B and D decays used 
• Combination: from GLW/ADS (D→hh) & 

GGSZ (D→KShh) 

41

  44

γ from combination of B+→DK+ modes

● All direct CP violation effects caused by γ in the Standard Model

● Only those in B→DK type processes involve only tree-level diagrams

● enable determination of γ with negligible theoretical uncertainty

● Several different B and D decays can be used

● Combination includes results from GLW/ADS (D→hh) & GGSZ (D→K
S
hh)

● Sensitivity: BaBar & Belle each ~16°; latest LHCb ~12°

BaBar PRD 87 (2013) 052015
Belle CKM2012 preliminary
LHCb-PAPER-2013-020 
& LHCb-CONF-2013-006

Tim Gershon
Flavour & CPV

γ[BaBar] = (69 ± 17)°
γ[Belle] = (68 ± 14)°
γ[LHCb] = (69+11-13)°
γ[combined] = (68.0+8.0-8.5)°
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3.4 The Bs CKM angle βs

• Analogous to B → J/ψ K, time dependent CPV in Bs

• In contrast to β, CKM angle βs is very small

• Two interesting modes

24

time-dependent CPV in the Bs-system

time-dependent CPV in                          allows to NP in mixing in Bs system

in contrast to �, CKM-angle �s is very small
(PRD83, 036004 (2011))

two most interesting modes

narrow resonance --> clean
vector-vector final state (“P-wave”)

requires time-dependent angular 
analysis

measure also ��s w/o external input

bit lower branching fraction
vector-pseudoscaler
final state (“S-wave”)

no angular analysis needed

24

time-dependent CPV in the Bs-system

time-dependent CPV in                          allows to NP in mixing in Bs system

in contrast to �, CKM-angle �s is very small
(PRD83, 036004 (2011))

two most interesting modes

narrow resonance --> clean
vector-vector final state (“P-wave”)

requires time-dependent angular 
analysis

measure also ��s w/o external input

bit lower branching fraction
vector-pseudoscaler
final state (“S-wave”)

no angular analysis needed

24

time-dependent CPV in the Bs-system

time-dependent CPV in                          allows to NP in mixing in Bs system

in contrast to �, CKM-angle �s is very small
(PRD83, 036004 (2011))

two most interesting modes

narrow resonance --> clean
vector-vector final state (“P-wave”)

requires time-dependent angular 
analysis

measure also ��s w/o external input

bit lower branching fraction
vector-pseudoscaler
final state (“S-wave”)

no angular analysis needed

pseudoscalar to vector vector decay
Fit with 10 physics parameters:
7 angular amplitudes and phases +
Γs, ΔΓs, φs

vector­pseudoscaler final 
state (“S­wave”)
single CP odd eigenstate
no angular analysis needed

42
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Bs0 → J/ψ φ analysis

Bs � J/⇥�

1 Time dependent analysis

2 Need to tag initial flavour of the Bs

3 P�VV decay: needs an angular analysis to
resolve CP-even and CP-odd components

Angular acceptance determined from MC
Maximum deviation from uniform: 5%

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [49/58]

Bs � J/⇥�

1 Time dependent analysis

2 Need to tag initial flavour of the Bs

3 P�VV decay: needs an angular analysis to
resolve CP-even and CP-odd components

Angular acceptance determined from MC
Maximum deviation from uniform: 5%

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [49/58]

P→VV decay: needs an angular analysis to resolve CP-even and CP-odd components

43
  31

CP violation in B
s

0 → J/ψφ & J/ψππ

Tim Gershon
 Flavour Physics

Tim Gershon
Flavour & CPV

PRD 87 (2013) 112010

Bs � J/⇥� Fit projections

Proper time t [ps]
2 4 6 8

Ev
en

ts
 / 

0.
13

 p
s

1

10

210

310

data
sig. component
cp-even sig. component
cp-odd sig. component
s-wave component
bkg. component
complete pdf

-1 337 pb≈ = 7 TeV, L s
LHCb preliminary

ψcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

100

200

300

400

500

600
-1 337 pb≈ = 7 TeV, L s

LHCb preliminary

θcos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

100

200

300

400

500

600
-1 337 pb≈ = 7 TeV, L s

LHCb preliminary

 [rad]ϕ
-2 0 2

Ev
en

ts
 / 

0.
31

 ra
d

0

100

200

300

400

500

600
-1 337 pb≈ = 7 TeV, L s

LHCb preliminary

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [50/58]
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CP violation in Bs → J/ψφ & J/ψππ

44  32

CP violation in B
s

0 → J/ψφ & J/ψππ

Tim Gershon
 Flavour Physics

Tim Gershon
Flavour & CPV

Significant further improvement warranted 
for precise test of the SM prediction
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Summary: Measurements of Angles

School on Flavour Physics, Bern SW, June 2010 50

Current Status of CP & Some Other Measurements

� SM CKM 
parameters are: 
A~0.8, �=0.22, 
 & 
�

� CKM Fitter  results 
using CP violation 
in J/� KS, 
�
�, DK-, 
KL, & Vub,Vcb & 
Mq

� The overlap region 
includes CL>95%

� Similar situation 
using UTFIT

� Measurements 
RconsistentS

Note: 
�	�
��������
��	����������

45

a

_

_

`sin 2
(excl. at CL > 0.95)

 < 0`sol. w/ cos 2

_
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Im

Re

Ru

Rt

|Vcb|known 
to 

< 2%

 Measurements of Sides: The Left Side Ru

47
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Semileptonic Decays

48

Decay properties depend 
directly on |Vcb| & |Vub| and mb: 
perturbative (αs

n).

c

e

ν

b → c e ν

W

b

|Vub| or |Vcb|

• |Vub| ≈ 0.004 the smallest element – not easy!
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Semileptonic Decays

48

Decay properties depend 
directly on |Vcb| & |Vub| and mb: 
perturbative (αs

n).

Quarks are bound in hadrons. 
Interactions of b-quark & light-

quark in the B are very 
important. 

B → D e ν

W

e

ν

]Dc

B[ b

|Vub| or |Vcb|

• |Vub| ≈ 0.004 the smallest element – not easy!
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Weak interaction
            |Vcb| , |Vub|

Strong interaction
“Structure of the B”          

b

d c,u

d Xu

Mass & Flavour Phillip URQUIJO

Measurements of |Vcb| & |Vub|

49

Inclusive Xu,c = sum of all final states. 
Framework: Operator Production Expansion.

Exclusive Xc=D, Xu=π: Specific final state.
Theory: Lattice QCD.

Γ(B → Xc!ν) =
G2

Fm5
b

192π3
|Vcb|

2[[1 + Aew]AnonpertApert]

×

Measurement of Vxb
b x

Vxb

W
l

ν

! Measurement is very straightforward, use a relation

Γ(b → x!−ν̄) =
G2F
192π2

|Vxb|2m5b
(

1 +
)

! Only need to count the number of b→ x!−ν̄ events, however in reality Different theory 
frameworks. 
Cross check 
each other.}

2 Approaches in B decays
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|Vcb| Determination

50
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(b) Fit scenario 2.
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(d) Fit scenario 4.

Figure 4. Contour fit results

1S 

Xlv
Xsγ constraint

PU in HFAG [arXiv:1207.1158]

|Vcb|, mb & b fermi motion extracted from Semileptonic (and Radiative) 
spectra.
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FIG. 2: Measured electron momentum spectra from B+ and B0 decays before background subtrac-
tion, overlaid with the various backgrounds and the MC signal. Secondaries also includes hadron
fakes. The errors shown are statistical only.

TABLE I: Electron yields for p∗Be ≥ 0.4 GeV/c. The errors are statistical only.

B candidate B+ B0

On Resonance Data 6423 ± 80 5403 ± 74

Scaled Off Resonance 249 ± 48 209 ± 39

Combinatorial Background 1244 ± 20 696 ± 13

Secondary (Inc. Hadron Fakes) 555 ± 11 1843 ± 22

B → Xueν 74 ± 5 57 ± 6

Background Subtracted 4300 ± 96 2597 ± 87

by performing an unfolding procedure based on the Singular Value Decomposition (SVD)
algorithm [35]. The reliability of the unfolding procedure is dependent on the agreement
between data and MC simulation, both for the physics models and the detector response.
Studies of MC show that there are no biases due to the SVD unfolding algorithm.

The unfolded spectrum is corrected for QED radiative effects using the PHOTOS algo-
rithm [34], as the OPE does not have O(α) QED corrections. The unfolded electron energy
spectrum and the bin-to-bin statistical covariance matrix calculated with the unfolding al-
gorithm are shown in Fig. 3 (for illustrative purposes only, as the full error analysis is
performed on a moment measurement basis).

10

Inconsistent
•New Physics unlikely
•b-quark dynamics?
•Problem with measurements?

± experimental ± lattice

Inclusive

Exclusive

Global fit from 
6 experiments

PU	
  in	
  [arXiv:
1207.1158]

PU	
  in	
  PRD	
  75	
  
032001	
  (2007)
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|Vub|

• Problem: b→clv rate 50x larger

• Overcoming this background 
increases Fermi motion 
dependence.

51May 11, 2005 SLAC/INT Workshop 6

The Classic Method:  cut on the endpoint of the 
charged lepton spectrum

Disadvantages: 
 • only ~10% of rate 

  
 
 
 
 • sensitivity to fermi motion - local OPE breaks down
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FIG. 2: Measured electron momentum spectra from B+ and B0 decays before background subtrac-
tion, overlaid with the various backgrounds and the MC signal. Secondaries also includes hadron
fakes. The errors shown are statistical only.

TABLE I: Electron yields for p∗Be ≥ 0.4 GeV/c. The errors are statistical only.

B candidate B+ B0

On Resonance Data 6423 ± 80 5403 ± 74

Scaled Off Resonance 249 ± 48 209 ± 39

Combinatorial Background 1244 ± 20 696 ± 13

Secondary (Inc. Hadron Fakes) 555 ± 11 1843 ± 22

B → Xueν 74 ± 5 57 ± 6

Background Subtracted 4300 ± 96 2597 ± 87

by performing an unfolding procedure based on the Singular Value Decomposition (SVD)
algorithm [35]. The reliability of the unfolding procedure is dependent on the agreement
between data and MC simulation, both for the physics models and the detector response.
Studies of MC show that there are no biases due to the SVD unfolding algorithm.

The unfolded spectrum is corrected for QED radiative effects using the PHOTOS algo-
rithm [34], as the OPE does not have O(α) QED corrections. The unfolded electron energy
spectrum and the bin-to-bin statistical covariance matrix calculated with the unfolding al-
gorithm are shown in Fig. 3 (for illustrative purposes only, as the full error analysis is
performed on a moment measurement basis).
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|Vub| from Inclusive B→Xulν
• To remove b→clv: lose part of b→ulv.

52

Fraction of signal measured 
→ large theoretical uncertainties

Measure

IV.c Belle [Phys.Rev.Lett.104:021801]

⇤ BDT trained to separate B ! X
u

` ⌫̄` from other BB̄ Bkg decays.
Selection of highest discriminative variables:

Variable Comment��P
i

Q

i

�� Net charge correlated with track multiplicity
# of K b ! u + ss̄ popping vs b ! c ! s

m

2
miss Peaks at zero for SL event, missing particles create a tail towards pos. values

m

2
miss D

⇤ D

⇤ momentum infered from slow pions in event.

⇤ Cut on BDT classifier optimized with respect to total uncertainty
(stat+sys+theo) and lower threshold of pB⇤

` > 1.0 GeV imposed

Tag Fit to m
bc

to subtract non-BB̄ Bkg (comb. + continuum)

Recoil �2 fit in (m
X

, q2) which floats
1. B ! X

u

`⌫̄`
2. B ! X

c

`⌫̄`
3. Secondary and Fake leptons

�2/ndf = 24/17; P-Value = 12%

⇤ �B =
N

�
b!u

2✏�
b!u

Ntag

N

�
b!u

#, ✏�
b!u

: signal yields + e↵.

Ntag: number of tag B

torial background). This background peaks in the signal
region of Mbc. We derive the shape of the combinatorial
background from Monte Carlo (MC) calculations as in
Ref. [15], with the yield normalized to the on-resonance
data Mbc sideband (Mbc 2 ð5:20; 5:25Þ GeV=c2) after the
subtraction of non-B !B (continuum) backgrounds. The con-
tinuum background is scaled by the integrated on- to off-
resonance luminosity ratio, taking into account the cross-
section difference. There are 116 732 9# 5412stat B can-
didates in the signal region (Ntag), after continuum and

combinatorial background subtraction.
Electron and muon candidates decaying from Bsig are

required to originate from near the interaction vertex and
pass through the barrel region of the detector, correspond-
ing to an angular acceptance of !lab 2 ð35$; 125$Þ (!lab 2
ð25$; 145$Þ) for electrons (muons), where !lab denotes the
polar angle of the lepton candidate with respect to the
direction opposite to the positron beam. We exclude tracks
used in the reconstruction of the Btag and multiple recon-

structed tracks generated by low-momentum particles spi-
raling in the drift chamber. We consider the lepton with the
highest momentum in the B rest frame to be prompt. The
lepton identification efficiencies and the probabilities to
misidentify a pion, kaon, or proton as a lepton have been
measured as a function of the laboratory momentum and
angles. The average electron (muon) identification effi-
ciency and hadron misidentification rate are 97% (90%)
and 0.7% (1.4%), respectively, over the full phase space. In
Bþ tagged events, we require the lepton charge to be
consistent with a prompt semileptonic decay of Bsig. In

B0 events, we make no requirement on the lepton charge.
For semileptonic B decays to electrons, we partially re-
cover the efficiency loss due to bremsstrahlung as in
Ref. [15]. The lepton momenta are calculated in the B
meson rest frame (p&B

‘ ). Events with leptons from J=c
decays, photon conversions, and "0 decays are rejected
using the invariant mass of prompt lepton candidates in
combination with an oppositely charged lepton; for elec-
tron candidates additional photons are included in the veto
calculation.

The B ! Xu‘# selection criteria are based on a non-
linear multivariate analysis technique, the boosted decision
tree (BDT) method [16], which takes into account various
observables to form one event classification variable. A
total of 17 discriminating variables are used to form a BDT
classifier, separating B ! Xu‘# decays from other kinds of
B decays. These include quantities based on the kinematics
of the candidate semileptonic decay, discrete quantities
such as the number of kaons, and quantities correlated to
the quality of the event reconstruction, such as Mbc. A
description of the highest discriminating quantities fol-
lows. The absolute value of event net charge is found to
be correlated to track multiplicity, which tends to be higher
for b ! c transitions. The kinematic variables associated
to the hadronic current, MX and Pþ (invariant mass, and
energy-momentum of the hadronic system, Xu, respec-

tively) are calculated from the measured momenta of all
charged tracks and neutral clusters that are not associated
to Btag reconstruction or used as lepton candidates. The
lepton current four-momentum is calculated as q ¼
p"ð4SÞ ( pBtag

( pX. Missing momentum attributed solely

to prompt neutrinos should have a missing mass consistent
with zero. Thus we calculate the missing mass squared,
m2

miss, of the events from the missing four-momentum
Pmiss. The missing momentum is estimated from the
four-momenta of the tagside B and all reconstructed
charged particles and photons that pass selection criteria
on the signal side: Pmiss ¼ P"ð4SÞ ( PBtag

(P
chargedP(P

neutralP. To reduce contamination from B ! D&‘#
events, we search for low-momentum pions from D&þ !
D0"þ and calculate the momentum of the D&þ and miss-
ing mass squared, m2

missðD&Þ ) ðPBsig
( PD& ( P‘Þ2. The

presence of kaons in semileptonic B meson decay is usu-
ally an indication of a b ! c transition, although b ! u
decays with kaons from s!s popping in the final state have
been observed. Such decays are far less abundant than the
charm cascade production of kaons; thus, the number of
charged kaons and K0

S mesons are considered in the multi-
variate analysis. We set an event selection threshold crite-
rion for the BDT classifier that is optimized with respect to
both the systematic uncertainty from the background nor-
malization fit and phase space dependent theoretical un-
certainties. We set a lower threshold on p&B

‘ of 1:0 GeV=c.
The backgrounds that remain after the BDT selection

criteria are subtracted as described below. The continuum
and combinatorial backgrounds follow the NB !B determina-
tion procedure described earlier in this Letter. All remain-
ing backgrounds arise when the fully reconstructed B is
correctly tagged, but the decay is either a charmed semi-
leptonic B decay, a secondary decay process that produced
a high momentum lepton or is a misidentified hadron. The
shapes of the charmed semileptonic B decay contribution,
described in detail in Ref. [15], and the secondary contri-
bution, are determined from MC simulation. We estimate
the overall normalization of these remaining backgrounds
by fitting the observed inclusive spectra to the sum of the
MC simulated signal and background contributions, after
continuum and combinatorial background subtraction.
There are three free parameters in the fit, corresponding
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8

4.2% for B+ and 4.5% for B0. We do not count the lep-1

ton identification correction and its uncertainty as part2

of the systematic uncertainty because it will cancel in the3

ratio for the studied charmless semileptonic decays.4

VI. SIGNAL EXTRACTION5

To obtain the number of signal events passing all selec-6

tion criteria for any given decay mode, we fit the M2

miss

7

distribution, for which signal events are expected to peak8

at M2

miss

= 0. We use a maximum likelihood tech-9

nique [32] which also takes into account finite MC statis-10

tics in the template histograms that form the components11

of the fit. The e↵ect on the fitting procedure of using MC12

M2

miss

templates with finite statistics is checked using a13

toy MC procedure. We find that the fit procedure itself14

does not introduce a bias for the decay modes studied,15

and parameter uncertainties match those expected.16

A. Components of the fit17

To describe the data M2

miss

distributions, we divide18

the MC samples into various components, each defining19

a template, depending on the decay mode studied. To20

better describe the amount of B̄ ! Xu`�⌫̄` cross feed,21

we adjust, where relevant, the MC branching fractions to22

those obtained in this study.23

For the B� ! ⇡0`�⌫̄` decay, we define the following24

components: B� ! ⇡0`�⌫̄` signal, B̄ ! Xu`�⌫̄` cross25

feed, other B-meson decays and qq̄ continuum. The con-26

tinuum component is fixed to the MC prediction and the27

normalisations of all other components are free parame-28

ters of the fit.29

For the B̄0 ! ⇡+`�⌫̄` decay, we define the follow-30

ing components: B̄0 ! ⇡+`�⌫̄` signal, B̄0 ! ⇢+`�⌫̄`31

cross feed, other B̄ ! Xu`�⌫̄` cross feed, other B-32

meson decays and qq̄ continuum. The continuum com-33

ponent is fixed to the MC prediction, the amount of34

B̄0 ! ⇢+`�⌫̄` cross feed is fixed to the value obtained35

in the B̄0!⇢+`�⌫̄` fit and all other components are free36

parameters of the fit.37

For the B� ! ⇢0`�⌫̄` decay, we define the follow-38

ing components: B� ! ⇢0`�⌫̄` signal, B� ! f
0

`�⌫̄`,39

B� ! f
2

`�⌫̄`, B� ! !`�⌫̄`, other B̄ ! Xu`�⌫̄` cross40

feed, B� ! D(⇤)0`�⌫̄`, where the D0 decays to K�⇡+ or41

⇡+⇡� final states, other B-meson decays and qq̄ contin-42

uum. The continuum, B� ! f
0

`�⌫̄` and B� ! !`�⌫̄`43

components are small and fixed to the MC prediction,44

the amounts of B� ! f
2

`�⌫̄`, B� ! D(⇤)0`�⌫̄`, where45

the D0 decays to K�⇡+ or ⇡+⇡� final states, cross feeds46

are fixed to the values obtained from the invariant mass47

fit which will be described later and all other components48

are free parameters of the fit.49

For the B̄0 ! ⇢+`�⌫̄` decay, we define the following50

components: B̄0 ! ⇢+`�⌫̄` signal, B̄0 ! ⇡+`�⌫̄` cross51

feed, other B̄ ! Xu`�⌫̄` cross feed, B̄0 ! D(⇤)+`�⌫̄`,52
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FIG. 1: (Color online) Fit to the M2

miss

distributions in data
for B�!⇡0`�⌫̄` decays (top) and B̄0!⇡+`�⌫̄` decays (bot-
tom). The fit components are described in the text.

where the D+ decays to ⇡+⇡0, other B-meson decays and53

qq̄ continuum. The continuum component is fixed to the54

MC prediction, the amount of B̄0!⇡+`�⌫̄` cross feed is55

fixed to the values obtained in the B̄0!⇡+`�⌫̄` fit, and56

the amount of B̄0 ! D(⇤)+`�⌫̄`, where the D+ decays to57

⇡+⇡0 is fixed to the values obtained from the invariant58

mass fit. The normalisations of all other components are59

free parameters of the fit.60

For the B� ! !`�⌫̄` decay, we define the following61

components: B� ! !`�⌫̄` signal (!! ⇡+⇡�⇡0 or !!62

⇡0�), B̄ ! Xu`�⌫̄` cross feed, other B-meson decays63

and qq̄ continuum. The continuum component is fixed64

to the MC prediction and all other components are free65

parameters of the fit.66

B. Fit results67

The fitted M2

miss

distributions are shown in Fig. 1 for68

B̄ ! ⇡`�⌫̄` decays, in Fig. 2 for B̄ ! ⇢`�⌫̄` decays and69

in Fig. 3 for B� ! !`�⌫̄` decays.70

The parameter values obtained from the fit, as well71

as the values of the fixed parameters, are presented in72

Tables II–VI.73

Figure 4 shows various kinematic variables as well as74

the selection criteria for di↵erent decay modes. In these75

figures the MC components have been scaled according76

to the fit result. The same distributions for other decay77

modes also show similar level of data/MC agreement and78

are not shown here.79
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Vtd from B Mixing
• Relation between B mixing & CKM elements:

• F is a known function, ηQCD~0.8

• BB and fB are currently determined only theoretically.
• fB very difficult to measure experimentally (B→l ν).
• Best hope lattice QCD, slightly more precise for Bs mixing

• Ratio needed in UT (cancels parameters) 
|Vtd|2/ |Vts|2=[(1-ρ)2+η2] 

Bd Mixing in the Standard Model
� Relation between B mixing & CKM elements:

� F is a  known function, �QCD~0.8
� BB and fB are currently determined only 

theoretically
� in principle, fB can be measured, but its very 

difficult, need to measure Bo ���
� Current best hope is Lattice QCD

*
tb t

2 22 m2 2F t
B B B B t QCD2 2m
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based on samples of flavour-tagged hadronic and semileptonic

B0
s decays, partially or fully reconstructed in flavour-specific fi-

nal states. More recently, DØ [21] obtained with 2.4 fb−1 an in-

dependent 2.9 σ preliminary evidence for B0
s oscillations (middle

of Fig. 2) at ∆ms = 18.53 ± 0.93(stat) ± 0.30(syst) ps−1 [50],

consistent with the CDF measurement.

In the decade before the Tevatron Run II results became

available, B0
s–B

0
s oscillations had been the subject of many

studies from ALEPH [51], CDF [52], DELPHI [14,17,53],

OPAL [54] and SLD [13,55,56], which only lead to lower

limits on ∆ms due to the limited statistics. For comparison

with the Tevatron Run II measurements, the B0
s oscillation

amplitude obtained [31] by combining all earlier published re-

sults [13,14,17,51–55] is also shown in Fig. 2 (bottom) as a

function of ∆ms. The ∆ms values between 14.6 and 21.7 ps−1

could not be excluded at 95% CL, because the data was compat-

ible with a signal in this region. However, the largest deviation

from A = 0 in this range is a 1.9σ effect only, so no signal could

be claimed.

The information on |Vts| obtained in the framework of the

Standard Model is hampered by the hadronic uncertainty, as

in the B0
d case. However, several uncertainties cancel in the

frequency ratio
∆ms

∆md
=

mBs

mBd

ξ2

∣∣∣∣
Vts

Vtd

∣∣∣∣
2

, (20)

where ξ = (fBs

√
BBs)/(fBd

√
BBd

) = 1.210 +0.047
−0.035 is an SU(3)

flavor-symmetry breaking factor obtained from lattice QCD

calculations [48]. Using the measurements of Eqs. (14) and

(19), one can extract
∣∣∣∣
Vtd

Vts

∣∣∣∣ = 0.2061 ± 0.0012(exp) +0.0080
−0.0060(lattice) , (21)

in good agreement with (but much more precise than) the

recent results obtained by the Belle [57] and BaBar [58] col-

laborations based on the observation of the b → dγ transition.

The CKM matrix can be constrained using experimental re-

sults on observables such as ∆md, ∆ms, |Vub/Vcb|, εK , and

sin(2β) together with theoretical inputs and unitarity condi-

tions [47,59,60]. The constraint from our knowledge on the

July 30, 2010 14:34

ps-1 Belle/Babar WA(inc LHCb) Δ%
Δmd 0.508±0.005 0.507±0.004 0.8
Δms 17.72±0.04 0.2
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|Vtq| Summary

57

|
ts

|/|V
td

|V
0.15 0.2 0.25

Inclusive Radiative  (Δζ*~1%)

Exclusive Radiative (Δζ~17%)

Mixing (Δζ~2.6%) (PDG 2013)

• |Vts|=|Vcb| with UT constraint,
• Can also precisely extract |Vts| from 

B(B→Xsγ)

(Assumes isospin symmetry)

As
su

m
in

g 
|V

tb
|=

1

c.f. |Vcb| (40.9±1.1)10-3

Most precise |Vtq| (PDG)Most precise |Vtq| (PDG)

|Vtd| (mix) (8.4±0.6)10-3

|Vts|  (rad) (42.9±2.6)10-3

|Vtd|/|Vts| 0.211±0.006
|Vts|/|Vcb| 1.04±0.04±0.03
|Vtb|** ~1.03±0.04

d,s

|Vtd| or |Vts|

t

W+

b

γB→Xs,dγ

|Vtb|
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The Unitarity Triangle

V†V = 1 gives us

•Two degrees of freedom: the apex position (ρ, η)

•Experiments measure the angles α, β, γ  and the sides Ru, Rt

This one has the 3 
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order of magnitude
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CKM Picture
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CKM Picture
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Putting it all together
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Homework: CP Eigenstates

uWhich of these is a CP eigenstate?
uBo→π+π-              ♦ Ko→π+π-          ♦ Bo→J/ψ Ks

uBo→π+π-πo           ♦ Ko→π+π-πo   ♦ Bs→J/ψ φ

uBs→J/ψ η′            ♦ Bo→ρoπo          ♦ Bo→ρoρo

61
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Aside: The origin of “penguins”

62

Symmetry Magazine Jan/Feb 2007

John Ellis is the former director of Theoretical Particle Physics at CERN
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sin2β Measurement Principle

× [1 ± sin(2β) sin(Δmt)]

# Events • Time resolution
• Mis-tag probability

63
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C⇡+⇡� 6= 0, and S⇡+⇡� =
q

1� C2
⇡+⇡� sin 2�e�
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B ➝ ππ Results
BaBar : 467M BB
            arXiv:0807.4226
Belle   : 535M BB
            PRL98 (2007) 211801  

à Observed two types of CP violation:
       - Direct               : C ≠ 0
       - Mixing-induced: S ≠ 0
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Figure 6: The background-subtracted distributions of ∆t for signal π+π− events tagged as (top)
B0 or (middle) B0, and (bottom) their asymmetry a(∆t) (Eq. 1). The curves represent the PDFs
used in the fit and reflect the fit result.
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FIG. 1: (a) ∆E, (b) Mbc and (c) x± projection plots of the
B0

→ π+π− candidates having R > 0.85 in the signal box of
(a) Mbc with x± < 0.4, (b) ∆E with x± < 0.4 and (c) Mbc

with 0 GeV< ∆E < 0.02 GeV. Figure (c) is the sum of x+

and x− distributions.

the corresponding PDF P q!
K±π∓(∆t) is constructed in the

same manner as the signal PDF. The qq background
distribution contains prompt and finite-lifetime compo-
nents; it is convolved with a background resolution func-
tion modeled as a sum of two Gaussians and combined
with the outlier PDF to give the qq background PDF
Pqq̄(∆t). All the parameters of Pqq̄(∆t) are determined
using sideband events.

We define a likelihood value for the i-th event, which
lies in the !-th bin of R vs. r:

Pi =
∑

k

n!
kP

q(!)
k ("si)P

(q!)
k (∆ti). (2)

Here n!
k is the fraction of component k ∈

{π+π−, K+π−, K−π+, qq̄} in R-r bin !; Pq(!)
k ("s) is

the event-by-event probability for component k as a

function of "s = (∆E, Mbc, x+, x−); and P (q!)
k (∆t) is the

event-by-event probability for component k and flavor
tag q as a function of ∆t. In the fit, Sππ and Aππ are the
only free parameters and are determined by maximizing
the likelihood function L =

∏

i Pi.
The unbinned maximum likelihood fit yields Sππ =

−0.61 ± 0.10(stat) ± 0.04(syst) and Aππ = +0.55 ±
0.08(stat)±0.05(syst). The correlation between Sππ and
Aππ is ρ = +0.15. Figures 2 (a) and (b) show the back-
ground subtracted ∆t distributions of the signal events
with r > 0.5 for q = ±1 and the asymmetry ACP in each
∆t bin, respectively, where ACP = (N+−N−)/(N++N−)
and N+(−) is the number of signal events with q = +1
(−1) obtained by a fit in each ∆t bin.

The main contributions to the systematic error are due
to uncertainties in the vertex reconstruction (±0.03 for
Sππ and ±0.01 for Aππ) and event fractions (±0.01 for
Sππ and ±0.04 for Aππ); the latter includes a conser-
vative uncertainty for the possible qq background flavor
asymmetry of ±0.02. We include the effect of tag side in-
terference [20] on Sππ (±0.01) and Aππ (±0.02). Other
sources of systematic error are the uncertainties in the
wrong tag fraction (±0.01 for both Sππ and Aππ), physics
parameters (τB0 , ∆md and AKπ) (< 0.01 for both Sππ

and Aππ), resolution function (±0.02 for both Sππ and
Aππ), background ∆t shape (< 0.01 for both Sππ and
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FIG. 2: (a) ∆t distributions of B0 → π+π− signal events
with r > 0.5 after background subtraction for q = +1 (solid)
and q = −1 (dashed), and (b) asymmetry ACP plot. The
curves are projections of the fit result. The difference in the
heights of the q = +1 and q = −1 components in (a) is due
to direct CP violation.

Aππ), and fit bias (±0.01 for both Sππ and Aππ). We
add each contribution in quadrature to obtain the total
systematic error.

To validate our CP -violating parameter measurement,
we check the measurement of Aππ using a time-integrated
fit, and obtain Aππ = +0.56 ± 0.10, consistent with the
time-dependent fit results. An unbinned extended max-
imum likelihood fit to the q = +1 (q = −1) subset with
R > 0.85 and r > 0.5 yields 280 ± 20 (169 ± 16) π+π−

signal events, in agreement with the measured Aππ value
taking into account the dilution due to the wrong tag
fractions and B0B̄0 mixing. We also check the direct
CP asymmetry in B0 → K+π− events by floating AKπ

in the time-dependent fit, and obtain a value consistent
with the W.A. [3] and the same ρ value with the nominal
fit. The fit is applied to various data subsets: a subset
containing events with positive (negative) ∆E in which
the B0 → K+π− contamination is suppressed (enriched),
where Aππ = +0.60 ± 0.11 (+0.51 ± 0.12), events with
R > 0.85 (R < 0.85) where the qq background fraction
is suppressed (enriched), events with x± < 0.4 where the
signal fraction is enhanced, and events in one of the six r
bins having different wrong tag fractions. All fits to the
subsets yield CP asymmetries consistent with the overall
fit result. We also carry out a fit to the sideband events,
and find no sizable asymmetry.

We determine the statistical significance of our mea-
surement using a frequentist approach [21], taking into
account both statistical and systematic uncertainties.
Figure 3 shows the resulting two-dimensional confidence
regions in the Sππ and Aππ plane. The case of no direct
CP violation, Aππ = 0, is ruled out at a confidence level
(C.L.) of 1 − 4 × 10−8, equivalent to a 5.5σ significance
for one-dimensional Gaussian errors. We also observe

Belle

Babar
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From αeff to α:  Isospin Analysis

65

Ambiguities: 4 triangle orientations 
                ⇒ 4-fold ambiguity for Δα
α ↔ π−α  ⇒ 8-fold ambiguity for α

To correct for penguin contribution: Gronau-London method (isopsin triangles).  
         From flavour tagged decay rates of π+π−, π±π0, π0π0
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More promising: B ➝ ρρ     - 5× larger BF
                                            - Much smaller penguin pollution: |P/T| ~ 4%
                                            - Final state is mix of CP-odd and CP-even,  but
                                              CP-even (longitudinal polarization) dominates                                              
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Figure 9: (Top) constraint on the angle ∆αππ = α−αeff , expressed as one minus the confidence level
(C.L.), as a function of |∆αππ|. We find an upper bound on |∆αππ| of 43o at the 90% C.L. (Bottom)
constraint on the CKM angle α expressed as 1−C.L. There are eight peaks, two of them nearly
merged, corresponding to an eight-fold ambiguity in the extraction of α; four solutions are from
the value and sign of ∆αππ, which is doubled due to the trigonometric reflections between αeff and
π/2−αeff . We exclude the range [23o, 67o] in α at the 90% C.L. Only the isospin-triangle relations
and the expressions in Eq. 1 are used in this constraint. The point α = 0, which corresponds to no
CP violation, and the values of α near 0 or π can be excluded with additional physics input [13,36].
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α from Isospin Analysis
Input :
Find minimum χ2 in fit of isospin triangle to measurements. compute C.L. 

BaBar : arXiv:0807.4226  
€ 

BF B0 →π +π−( ), BF B+ →π +π 0( ), BF B0 →π 0π 0( ),C+−, S+−,C00

Belle:        11< α < 79o     excluded at 95% C.L.
BaBar :    23 < α < 67o     excluded at 90% C.L.

PRL98 (2007) 211801  
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Experimental Situation

67

1. (Ideally) Use modes with small penguin contributions

2. Correct for penguin effects (isospin analysis)
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Dalitz Plot Measurement
⇥3: Dalitz plots of D ⇤ K 0

S�+�� decay from B± ⇤ DK±

Belle preliminary

B� ⇤ D0K�: B+ ⇤ D0K+:

Dalitz plots for signal-enriched region:
(Mbc > 5.27 GeV/c2, |�E | < 30 MeV, cos �thr < 0.8).

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 16/20

Compare regions of Dalitz space and quantify difference.

�3: CP asymmetry in B± ⇥ DK±

Fit signal selection distribution separately in bins Belle preliminary

B+

B�
B± ⇥ DK± sample

B+

B�
B± ⇥ D�± control sample

Significant direct CP asymmetry in B± ⇥ DK± sample:
probability of stat. fluctuation p = 0.4%.

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 17/20
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PRD 85, 112014 (2012). 
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