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Quark flavor physics

Lecture I: Concepts of Quark Flavor Physics 

• Introduction and motivation


• Yukawa couplings, CKM matrix, unitarity triangle (UT)


• Neutral meson mixing, some UT determinations


• CP violation in the interference of mixing and decay


Lecture II: Effective Weak Hamiltonians 

Lecture III: Connecting UV Physics to Experiments 



Lecture I:  Concepts of Quark Flavor Physics



Flavor physics as an indirect BSM probe

The hierarchy problem (mechanism of EWSB) and the origin of 
flavor are two big mysteries of fundamental physics; connect to 
several deep questions:


• Origin of mass of elementary particles? 

• Stability of the electroweak scale?  
• Matter-antimatter asymmetry in the Universe? 
• Origin of fermion generations and the hierarchies in the 

spectrum of fermion masses and mixing angles?

In the SM, flavor physics is connected to EWSB via the Higgs 
Yukawa interactions

Higgs and flavor physics provide unique opportunities to probe 
the structure of electroweak interactions at the quantum level!
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Flavor physics

•  What is �flavor�? 

•  Generations: triplication of  
fermion spectrum without 
obvious necessity 

•  Dynamical explanation of flavor?  

•  Equally mysterious as dynamics 
of electroweak symmetry 
breaking    

•  Connection between           
two phenomena? 
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Flavor physics

•  Hierarchies in fermion mass spectrum: 

•  Likewise, hierarchies in quark mixings 

Masses of quarks and leptons 
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Flavor physics

•  Flavor physics studies communication between 
different generations  

•  Standard Model: present only in charged-current 
interactions 

(uL,cL,tL)i 

(dL,sL,bL)k 

W 

Vik 

Cabibbo-Kobayashi-Maskawa 
matrix elements 
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Yukawa couplings and CKM matrix



SM Lagrangian is (almost) invariant under a huge global flavor 
symmetry [U(3)]5, 

which is broken only by the Yukawa interactions

Yukawa couplings

LSM = �1

4
Ga

µ⌫G
µ⌫,a � 1

4
W a

µ⌫W
µ⌫,a � 1

4
Bµ⌫B

µ⌫

+Q̄LiD/ QL + ūRiD/ uR + d̄RiD/ dR + L̄LiD/ LL + ēRiD/ eR

+(Dµ�)
†Dµ�� V (�)

�d̄RYd�
†QL � ūRYu�̃

†QL � ēRYe�
†LL + h.c.
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Yukawa couplings

•  Most general, gauge invariant and renormalizable 
interactions of Higgs and matter fields: 

SU(2)L    U(1)Y 
2           -1/2 

2           +1/6 

1             -1 

1           +2/3 

1           -1/3 

generation index 
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Yukawa couplings

SU(2)L    U(1)Y 

2           ±1/2 

•  Yukawa couplings: 

•  Ye,Yd,Yu:  arbitrary complex 3x3 matrices 

•  Electroweak symmetry breaking:  <φ2
0> = v/√2 

Y:     1       -1/2 -1/2     1/3    -1/2 +1/6     -2/3    +1/2 +1/6   
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Yukawa couplings

•  Gauge principle allows arbitrary generation-
changing interactions, since fermions of different 
generations have equal gauge charges! 

•  Usually such couplings are eliminated by field 
redefinitions: 

ψi → Uij ψj 
unitary (i.e., probability preserving) “rotation” in 

generation space 
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Yukawa couplings

•  Diagonalize Yukawa matrices using biunitary 
transformations, e.g.: 

•  Then perform field redefinitions: 
    eL → Ue eL ,   eR → We eR 

    uL → Uu uL ,   uR → Wu uR 

    dL → Ud dL ,   dR → Wd dR 

•  This diagonalizes the mass terms, giving masses 
 mf = yf (v/√2) to all fermions 
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CKM matrix

•  Effect of field redefinitions on weak interactions 
in the mass basis (QCD and QED invariant) 

•  Charged currents: 

–  generation changing couplings proportional to Vij: 

dL
i → uL

j + W-  ∝ Vji  uL
i → dL

j + W+  ∝ Vij
*  

(Cabibbo-Kobayashi-Maskawa matrix) 
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CKM matrix

•  Neutral currents: 

–  no generation-changing interactions!   
 (at level of elementary vertices) 

–  GIM mechanism (Glashow-Iliopoulos-Maiani, 1970) 

–  led to prediction of charm quark (K-K mixing) 

cancel each other 

•Likewise, Higgs couplings are flavor-diagonal in 
   the fermion mass basis (only in SM)
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•For yet unknown reasons, the quark mixing 
matrix is strongly hierarchical 

•This yields to the suppression of flavor-changing 
processes in the SM

CKM matrix

12. CKM quark-mixing matrix 1

12. THE CKM QUARK-MIXING MATRIX

Revised January 2016 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

12.1. Introduction

The masses and mixings of quarks have a common origin in the Standard Model (SM).
They arise from the Yukawa interactions with the Higgs condensate,

LY = −Y d
ij QI

Li φ dI
Rj − Y u

ij QI
Li ϵ φ∗uI

Rj + h.c., (12.1)

where Y u,d are 3× 3 complex matrices, φ is the Higgs field, i, j are generation labels, and
ϵ is the 2 × 2 antisymmetric tensor. QI

L are left-handed quark doublets, and dI
R and uI

R
are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When φ acquires a vacuum expectation value, ⟨φ⟩ = (0, v/

√
2), Eq. (12.1) yields

mass terms for the quarks. The physical states are obtained by diagonalizing Y u,d

by four unitary matrices, V u,d
L,R, as Mf

diag = V f
L Y f V f†

R (v/
√

2), f = u, d. As a result,

the charged-current W± interactions couple to the physical uLj and dLk quarks with
couplings given by

−g√
2
(uL, cL, tL)γµ W+

µ VCKM

⎛

⎝
dL
sL
bL

⎞

⎠ + h.c., VCKM ≡ V u
L V d

L
† =

⎛

⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠.

(12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 × 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

VCKM =

⎛

⎝
1 0 0
0 c23 s23
0 −s23 c23

⎞

⎠

⎛

⎝
c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

⎞

⎠

⎛

⎝
c12 s12 0
−s12 c12 0

0 0 1

⎞

⎠

=

⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13

s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13

⎞

⎠ , (12.3)

where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
the first quadrant, so sij , cij ≥ 0.

It is known experimentally that s13 ≪ s23 ≪ s12 ≪ 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ

∣∣∣∣
Vcb

Vus

∣∣∣∣ ,

s13e
iδ = V ∗

ub = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

. (12.4)

These relations ensure that ρ̄+ iη̄ = −(VudV
∗
ub)/(VcdV

∗
cb) is phase convention independent,

and the CKM matrix written in terms of λ, A, ρ̄, and η̄ is unitary to all orders in λ.
The definitions of ρ̄, η̄ reproduce all approximate results in the literature. For example,
ρ̄ = ρ(1 − λ2/2 + . . .) and one can write VCKM to O(λ4) either in terms of ρ̄, η̄ or,
traditionally,

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

ρ̄ = 0.124+0.019
−0.018 , η̄ = 0.356 ± 0.011 . (12.26)

These values are obtained using the method of Refs. [6,104]. Using the prescription
of Refs. [111,128] gives λ = 0.22496 ± 0.00048, A = 0.823 ± 0.013, ρ̄ = 0.141 ± 0.019,
η̄ = 0.349 ± 0.012 [129]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97434+0.00011

−0.00012 0.22506 ± 0.00050 0.00357 ± 0.00015
0.22492 ± 0.00050 0.97351 ± 0.00013 0.0411 ± 0.0013
0.00875+0.00032

−0.00033 0.0403 ± 0.0013 0.99915 ± 0.00005

⎞

⎠ , (12.27)

and the Jarlskog invariant is J = (3.04+0.21
−0.20) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.
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CKM matrix

•  Unitary 3x3 matrix V can by parameterized by      
3 Euler angles und 6 phases 

•  Not all phases are observable, since under phase 
redefinitions q→eiϕq q of the quark fields: 

•  5 of 6 phases can be eliminated by suitable 
choices of phase differences! 
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CKM matrix

•  Remaining phase δCKM is source of all CP-violating 
effects in Standard Model (assuming θQCD=0) 
–  weak interactions couple to left-handed fermions and 

right-handed antifermions 

–  violate P and C maximally, but         
would be invariant under CP and T     
if all weak couplings were real 

–  physical phase of CKM matrix          
breaks CP invariance  

•  Allows for an absolute distinction between matter 
and antimatter! 
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CKM matrix

… and we still do not understand this difference!
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CKM matrix

•  CP violation required to explain the different 
abundances of matter and antimatter in the 
universe (baryogenesis) 

•  CP violation in quark sector requires N≥3 fermion 
generations 

•  Model for explanation of CP violation led to 
prediction of the third generation!  

 Kobayashi, Maskawa (1973) 
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CKM matrix

•  Form of V not unique (phase conventions) 
•  Several parameterizations used; a very useful one 

is due to Wolfenstein (1983): 

•  Hierarchical structure in λ≈0.22 
•  Remaining parameters O(1) 
•  Complex entries O(λ3) 
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•From data:

CKM matrix

•  Jarlskog determinant:     
 for arbitrary choice of i,j,k,l the quantity 

   is an invariant of the CKM matrix (independent of 
phase conventions) 

•  CP invariance is broken if and only if J≠0 
•  Wolfenstein parameterization: 

  

Im(VijVklVil
*Vkj

*) = J ∑m,n εikm εjln 

J = O(λ6) = O(10-4)  rather small 
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Unitarity triangle

•  Unitarity relation V† V= V V† =1 implies: 

•  For i≠k this gives 6 triangle relations, in which a 
sum of 3 complex numbers adds up to zero: 

Vji
* Vjk = δik  and  Vij

* Vkj = δik  

Vui
* Vuk Vci

* Vck 

Vti
* Vtk 

(i≠k) 
area = J/2 
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Unitarity triangle

•  Phase redefinitions turn triangles  

•  For two triangles, all sides are of same order in λ; 
the unitarity triangle is: 

•  Graphical representation: 

Vub
* Vud + Vcb

* Vcd + Vtb
* Vtd = 0  

(0,0) (1,0) 

(ρ,η) 

α 

γ β 

20



2012 knowledge of the unitarity triangle
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Present knowledge of the unitarity triangle
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Present knowledge of the unitarity triangle
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Oscillations of neutral mesons

B0, B0 

BH 

BL 

•  Neutral mesons can be transformed into their 
antiparticles by second-order weak processes  

•  Analogy with quantum-mechanical system of 
coupled pendulums: state B0 at t=0 develops into    
a superposition of states B0 and B0 with time-
oscillating amplitudes 

B0 B0
b d

bd
t t

W

W

V

V V

Vtb td
*

tbtd
*

Δm 
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Oscillations of neutral mesons

•  B-factories produce pairs of B0 and B0 mesons in 
coherent quantum states 

•  Decay of one meson (with reconstruction of its 
flavor) initiates time measurement for the other 
meson 

25



Quantum-mechanical treatment

B0 B0
b d

bd
t t

W

W

V

V V

Vtb td
*

tbtd
*

•  Schrödinger equation for B0 and B0: 

•  Non-diagonal entry due to box diagram: 

mass eigenvalues: 

∝ (VtbVtd
*)2 ∝ e2iβ 

(neglect exponential decay for simplicity)
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Quantum-mechanical treatment

B0 B0
b d

bd
t t

W

W

V

V V

Vtb td
*

tbtd
*

•  Schrödinger equation for B0 and B0: 

•  Non-diagonal entry due to box diagram: 

mass eigenvalues: 

∝ (VtbVtd
*)2 ∝ e2iβ 

•  Time evolution of an initial (at t=0) B0 state: 

(neglect exponential decay for simplicity)
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Oscillations of neutral mesons

1 Introduction

A precision measurement of the B0B0 oscillation frequency is of great importance since it is sensitive
to the CKM matrix element |Vtd| and, in combination with knowledge of the BsBs oscillation
frequency, provides a stringent constraint on the Unitarity Triangle.

The mass difference ∆mB0 between the two mass eigenstates of the B0B0 system may be
measured by comparing the rate for pairs of neutral B mesons to decay with the same b quark
flavor with the rate to decay with the opposite flavor sign at the Υ (4S) in the following time
dependent asymmetry:

N(B0B0)(∆t) − (N(B0B0)(∆t) + N(B0B0)(∆t))

N(B0B0)(∆t) + (N(B0B0)(∆t) + N(B0B0)(∆t))
= cos(∆mB0 · ∆t), (1)

where ∆t is the difference between the two B meson decay times in the Υ (4S) center of mass system.
The simplest way to determine the b quark flavor of the decaying neutral B is to use leptons as
tagging particles. By counting the number of “like” events (l+, l+) + (l−, l−) and “unlike” events
(l+, l−), a measurement of ∆mB0 may be extracted through the asymmetry :

Aobs(|∆t|) =
N(l+, l−) − (N(l+, l+) + N(l−, l−))

N(l+, l−) + (N(l+, l+) + N(l−, l−))
. (2)

The semileptonic (muon or electron) branching ratio of B mesons is about 20%. Therefore,
the dilepton events useful for this analysis represent 4% of the Υ (4S) → BB decays. In statistical
terms, the dilepton tagging is more efficient than the semi-exclusive tagging performed at the
ARGUS [1] and the CLEO [2] experiments. Moreover the new asymmetric B factories, like PEP-
II, allow a time-dependent measurement, which is radically different from measurements of the
time-integrated probability χd performed at the previous e+e− colliders operating at the Υ (4S),
where χd = x2

d/(2 · (1+x2
d)) and xd = ∆mB0/ΓB0 . Previous measurements of the time-dependence

of B0B0 oscillations have been done by the LEP, SLD and CDF experiments [3].
The present measurement is performed on events collected by the BABAR detector at the PEP-II

asymmetric B Factory between January and June 2000. The corresponding integrated luminosity
is 7.7 fb−1 taken on the Υ (4S) resonance and 1.2 fb−1 taken 40MeV below resonance. The BABAR

detector and its performance are described elsewhere [4]. The event selection and particle identifi-
cation criteria are described in section 2. The selection of signal events and a study of the fraction
of events with the wrong flavor tagging (mistag) are detailed in Section 2.4. The method to deter-
mine the time-separation of the two B semileptonic decays is explained in Section 3. Section 4.2
shows the details of the fit on data and the result of the ∆mB0 measurement. A list of cross-checks
of the result is in Section 5, while the evaluation of systematic uncertainties is reported in Section
6.

2 Selection of dilepton events

In this study of the oscillation frequency ∆mB0 , the flavor of the B meson at decay is determined
by the sign of leptons produced in semileptonic B decays. To reduce the mistag rate, an attempt
is made to suppress cascade leptons (produced in b → c → ℓ transitions).
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tagging particles. By counting the number of “like” events (l+, l+) + (l−, l−) and “unlike” events
(l+, l−), a measurement of ∆mB0 may be extracted through the asymmetry :

Aobs(|∆t|) =
N(l+, l−) − (N(l+, l+) + N(l−, l−))

N(l+, l−) + (N(l+, l+) + N(l−, l−))
. (2)

The semileptonic (muon or electron) branching ratio of B mesons is about 20%. Therefore,
the dilepton events useful for this analysis represent 4% of the Υ (4S) → BB decays. In statistical
terms, the dilepton tagging is more efficient than the semi-exclusive tagging performed at the
ARGUS [1] and the CLEO [2] experiments. Moreover the new asymmetric B factories, like PEP-
II, allow a time-dependent measurement, which is radically different from measurements of the
time-integrated probability χd performed at the previous e+e− colliders operating at the Υ (4S),
where χd = x2

d/(2 · (1+x2
d)) and xd = ∆mB0/ΓB0 . Previous measurements of the time-dependence

of B0B0 oscillations have been done by the LEP, SLD and CDF experiments [3].
The present measurement is performed on events collected by the BABAR detector at the PEP-II

asymmetric B Factory between January and June 2000. The corresponding integrated luminosity
is 7.7 fb−1 taken on the Υ (4S) resonance and 1.2 fb−1 taken 40MeV below resonance. The BABAR

detector and its performance are described elsewhere [4]. The event selection and particle identifi-
cation criteria are described in section 2. The selection of signal events and a study of the fraction
of events with the wrong flavor tagging (mistag) are detailed in Section 2.4. The method to deter-
mine the time-separation of the two B semileptonic decays is explained in Section 3. Section 4.2
shows the details of the fit on data and the result of the ∆mB0 measurement. A list of cross-checks
of the result is in Section 5, while the evaluation of systematic uncertainties is reported in Section
6.

2 Selection of dilepton events

In this study of the oscillation frequency ∆mB0 , the flavor of the B meson at decay is determined
by the sign of leptons produced in semileptonic B decays. To reduce the mistag rate, an attempt
is made to suppress cascade leptons (produced in b → c → ℓ transitions).

8

background level
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Determination of |Vtd| from Δm

•  Master formula: 

•  Discovery of B-B mixing (ARGUS experiment, 1987) 
pointed to a very heavy top quark! 

perturbative QCD 
correction  

(from lattice QCD) 
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Determination of |Vtd| from Δm

result derived from 
Bd mixing alone  
(large theoretical  
uncertainties) 

result derived from 
ratio of Bd and Bs  
mixing frequencies   
(reduced theoretical  
uncertainties) 
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•  Determination of Im(Vtd
2) 

from CP violation in K0-K0 
mixing 

•  Large hadronic uncertain-
ties (lattice QCD) 

Determination of Im(Vtd2) from kaon mixing

K0 K0
s d

sd
t t

W

W

V

V V

Vts td
*

tstd
*
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•  Determination of |Vub| 
in inclusive and 
exclusive semileptonic  
B decays 

π+B0

ν

l−

b u

d

WVub

Determination of |Vub| from semileptonic decays
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CP violation in interference of mixing and decay



A more subtle quantum-mechanical effect:

Interference of mixing and decay in neutral B-meson 
decays into CP eigenstates


Time-dependent CP asymmetry provides direct 
access to angles of the unitarity triangle


To see how this works, use our previous result for the 
time dependence of an initial B0 state (at t=0) 
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CP violation in interference of mixing and decay

•  Time evolution of an initial (at t=0) B0 state: 

•  Consider decay of a CP eigenstate f,        
with decay amplitudes A for B0�f         
and A for B0�f  

•  Amplitude for this decay at time t>0: 

B0         B0 
 
f 

direct decay indirect decay via mixing
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CP violation in interference of mixing and decay

•  Time dependence of decay rate: 

•  Rate for CP-conjugate process B0→f given by same 
expression with A↔A and β→-β  
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CP violation in interference of mixing and decay

•  Time-dependent CP asymmetry: 

•  Special case: decay amplitude dominated by a 
single partial amplitude with weak phase ϕA  

(direct CP asymmetry) 

C = 0    and    S = sin[2(β-ϕA)] ⇒ 
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CP violation in interference of mixing and decay

•  Allows determination of a weak phase (almost) 
free of hadronic uncertainties! 

•  2 possibilities in SM: 

•  Comparing sin2β values extracted from tree-
dominated vs. loop-dominated processes is a 
sensitive probe for New Physics 

ϕA = 0   ⇒   S = sin(2β) 

ϕA = -γ   ⇒   S = sin[2(β+ γ)] = -sin(2α) 

(e.g. B→J/ψKS, φKS) 

(e.g. B→ππ,ρρ) 
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CP violation in interference of mixing and decay

•  �Golden� decay                
B→J/ψ KS: 

•  Amplitude is real to very 
good approximation, φA= 0 

•  CP asymmetry S(f)=sin2β 
determines CP-violating 
phase β without knowledge 
of decay amplitude! 

•  Theoretical uncertainty 
only ~1% 

•  Very precise measurement 
of an angle of the unitarity 
triangle: 

B0 

b 

s 
c 

c 

d 
KS 

J/ψ 

W 

sin2β=0.691±0.020
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A very precise constraint on the unitarity triangle
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sin2β from tree- and loop-dominated processes

No hint for New Physics (yet) !

tree dominated

loop dominated⎬

sin(2βeff) ≡ sin(2φe
1
ff)

b→ccs

φ K0

η′ K0

KS KS KS

π0 K0

ρ0 KS

ω KS

f0 KS

K+ K- K0

K+  K
-  K
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