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Overture

To B, or not to B: that is the question
- adapted from W. Shakespeare
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Historical Milestones
• 1957  Parity violation in 60Co
• 1964  CP violation in K0

• 1967  Sakharov’s 3 conditions
• 1973  KM mechanism
• 1977  Discovery of b quark
• ~1980 Proposal for B-factory
• 1987  B0 mixing
• 1999  B-factories (Belle, BaBar) started
• 2001  CP violation in B0

• 2004  Direct CP violation in B0

• 2006  Bs mixing
• 2008  (1/2) Nobel Physics prize to K & M
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Figure 1: Dimuon mass distribution from collisions of 400 GeV protons with a nuclear target,
showing the Υ states (Lederman and collaborators).

2 The Early Days

2.1 Discovery – 1977-80

The b quark was discovered in its hidden form (“hidden beauty”, “covered
bottom”) at Fermilab, in 1977, by Leon Lederman and collaborators. They
measured the mass distribution of dimuon pairs from collisions of 400 GeV
protons on a nuclear fixed target, and observed a structure consisting of two
or more peaks in the 9.4-10.0 GeV region (see Fig. 1). The immediate (and
correct) interpretation was a bound system of a quark-antiquark pair, charge
−1/3 quarks. The bound system was named the Upsilon (Υ).

The DORIS e+e− storage ring at DESY, at the time of the Υ discovery,
had insufficient energy to produce Υ’s. The machine energy was increased,
and in 1978, straining their RF, physicists at DORIS observed two narrow
resonances, Υ(1S) and Υ(2S). They could go no higher.

The CESR e+e− storage ring at LNS, Cornell, gave first luminosity to the
CLEO and CUSB detectors in October, 1979. The Υ(1S) and Υ(2S) resonances
were quickly located, and in December, in time to be “added in proof” to the
Lab’s Christmas card, the Υ(3S) was discovered (see Fig. 2).

The three resonances, Υ(1S), Υ(2S), Υ(3S) were all narrow, with widths
less than the instrumental resolution (beam energy spread). The production
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Figure 2: Hadronic cross section vs. center-of-mass energy, showing three narrow resonances
Υ(1S,2S,3S), and one broad resonance Υ(4S) (CLEO).

rates, leptonic decay branching fractions, level spacings, all matched very well
with the bound bb, charge −1/3 quark interpretation.

While there was no doubt, by then, about the existence of the bottom
quark, the studies needed to determine further properties were of its weak
decays. These could not be obtained from ‘hidden beauty,’ because a bound
bb system decays via the strong interaction, with b and b quarks annihilating
each other, forming gluons or a virtual photon. For studies of the weak decay
of the bottom quark, “bare bottom,” or “naked beauty” was needed.

Bare bottom was discovered at CESR by the spring of 1980. A scan,
measuring cross section for production of hadronic events vs center-of-mass
energy, above the Υ(1S), Υ(2S), Υ(3S), revealed another resonance. This one
was measurably broad (see Fig. 2), indicative of a rapid decay into b-flavored
mesons, Υ(4S) → BB. The compelling evidence for bare bottom came from
the yield of muons and electrons, which also peaked at the Υ(4S) resonance
(see Fig. 3), indicating the decay sequence Υ(4S) → BB (via the strong
interaction), followed by B → X!V (via the weak interaction). Leptons, a
tell-tale signature of a weak decay, established bare bottom.

2.2 Roughing out the Qualitative Features – 1980-88

A series of measurements, from 1980 to 1988, determined the qualitative fea-
tures of the b quark.
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ISGW2 model and for sub-components D1 and D∗
2 set

B→D1!ν+B→D
∗

2 !ν

B→D∗∗!ν
= 0.35 ± 0.23. The motion of the b

quark inside the B meson is implemented with the intro-
duction of a shape function [12, 15] that describes the b
quark momentum distribution inside the B meson.

The Btag candidates are reconstructed in the modes

B → D(∗)π/ρ/a1/D(∗)
s , D0 → K+π−, K+π−π0,

K+π+π−π−, K0
Sπ0, K0

Sπ+π−, K0
Sπ+π−π0 and K+K−,

D− → K+π−π−, K+π−π−π0, K0
Sπ−, K0

Sπ−π0,
K0

Sπ−π−π+ and K+K−π−, and D+
s → K0

SK+ and
K+K−π+. D∗ mesons are reconstructed by combining
a D candidate and a soft pion or photon. (Inclusion of
charge conjugate decays is implied throughout this pa-
per.) The selection of Btag candidates is based on the
beam-constrained mass, Mbc =

√

E∗2
beam/c4 − p∗2

B
/c2,

and the energy difference, ∆E = E∗
B − E∗

beam. Here
E∗

beam =
√

s/2 $ 5.290 GeV is the beam energy in the
e+e− center-of-mass system (cms), and p∗B and E∗

B are
the cms momentum and energy of the reconstructed B
meson. (Throughout this paper the variables calculated
in the cms are denoted with an asterisk.)

The combinatorial background from jet-like e+e− →
qq̄ processes is suppressed by an event topology re-
quirement based on the normalized second Fox-Wolfram
moment R2 < 0.5 [16], and for some modes also by
| cos θ∗thrust| < 0.8, where θ∗thrust is the angle between the
thrust axis of the Btag candidate and that of the rest
of the event. To minimize the fraction of events with
incorrect separation of tag and signal sides while main-
taining high signal efficiency, a loose selection require-
ment of Mbc ≥ 5.22 GeV/c2 and −0.2 < ∆E < 0.05 GeV
is made. If an event has multiple Btag candidates, we
choose the one having the smallest χ2 based on ∆E, the
D candidate mass, and the D∗ − D mass difference if
applicable.

For events tagged by fully reconstructed Btag candi-
dates, we search for electrons or muons from semileptonic
decays of Bsig. We require a lepton with momentum p∗!
exceeding 1 GeV/c in the laboratory polar angular region
of 26◦ ≤ θ ≤ 140◦. Leptons from J/ψ decay, photon con-
version in the material of the detector, and π0 decay are
rejected based on the invariant mass they form in com-
bination with an oppositely charged lepton and for elec-
tron candidates also with an additional photon. When
the Btag candidate is charged, we also require the lepton
charge to be consistent with that from prompt semilep-
tonic decay. The signal yield is obtained by fitting the
Mbc distribution to the sum of an empirical parametriza-
tion of the combinatorial background shape [17] plus a
signal shape [18] that peaks at the B mass and taking
the part of the signal that lies in the “signal region,”
Mbc ≥ 5.27 GeV/c2, as shown in Fig. 1(a). The cut-
off for Mbc reduces the uncertainty from the incorrect
assignment of tag and signal sides in signal events.

The B → Xu&ν signal events are selected by re-
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FIG. 1: (a) Distribution in Mbc (data) of Btag candidates
in events satisfying Bsig selection. (b) MX distribution for
events with q2 > 8 GeV2/c2, with fitted contributions of
B → Xc!ν and B → Xu!ν.

moving poorly measured soft charged tracks and impos-
ing several additional requirements to reject poorly re-
constructed events and suppress the B → Xc&ν back-
ground. We require that the event contain exactly one
lepton and have zero net charge and that the invariant
mass squared of the missing four-momentum m2

miss ≡
(pΥ(4S) − pBtag

− pX − p!)2 (pΥ(4S), pBtag
and pX are

four-momenta of the Υ(4S), Btag, and hadronic system
(X), respectively) be within −1 ≤ m2

miss ≤ 0.5 GeV2/c4.
To suppress the B → Xc&ν background, events with
a K± or K0

S candidate on the signal side are rejected
(kaon veto). To reject events containing a K0

L, we re-
quire that the angle between the missing momentum
and the direction of any K0

L candidate, reconstructed
in the K0

L detector, be greater than 37 degrees. We
also reject B0 → D∗+&−ν̄ events by detecting the slow
pion (πs) from D∗+ → D0π+

s and deducing from its
momentum the momentum of the D∗+. The missing
mass squared m2

miss (D∗) = (pB − pD∗ − p!)2 is calcu-
lated from the reconstructed quantities, and events with
m2

miss (D∗) > −3 GeV2/c4 are rejected.
Finally, the kinematic variables MX and P+ are calcu-

lated from the measured momenta of all charged tracks
and energy deposits of all neutral clusters in the elec-
tromagnetic calorimeter that are not used in the Btag

reconstruction or for the lepton candidate. The four-
momentum of the leptonic system is calculated as q =
pΥ(4S) − pBtag

− pX . The distributions of events in MX

and P+ are obtained by fitting the Mbc distribution, as
described above, in bins of MX and P+. Figures 1(b),
2(a) and 3(a) show the resulting MX and P+ distribu-
tions. We define three kinematic signal regions (∆Φ) for
events where the prompt lepton has p∗

!
≥ 1 GeV/c: P+ <

0.66 GeV/c, MX < 1.7 GeV/c2, and MX < 1.7 GeV/c2

combined with q2 > 8 GeV2/c2. These three regions
are denoted as P+, MX and MX/q2, respectively. To
minimize the systematic effects of uncertainties in lepton
selection and full reconstruction, we normalize the par-
tial rate for each signal region with the total semileptonic

mostly, before B-factories
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Υdiscovery of        resonances
PRL 39, 252 (1977)

pN → µ+µ−X
@ 400 GeV
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Figure 1: Dimuon mass distribution from collisions of 400 GeV protons with a nuclear target,

showing the Υ states (Lederman and collaborators).

2 The Early Days

2.1 Discovery – 1977-80

The b quark was discovered in its hidden form (“hidden beauty”, “covered
bottom”) at Fermilab, in 1977, by Leon Lederman and collaborators. They
measured the mass distribution of dimuon pairs from collisions of 400 GeV
protons on a nuclear fixed target, and observed a structure consisting of two
or more peaks in the 9.4-10.0 GeV region (see Fig. 1). The immediate (and
correct) interpretation was a bound system of a quark-antiquark pair, charge
−1/3 quarks. The bound system was named the Upsilon (Υ).

The DORIS e+e− storage ring at DESY, at the time of the Υ discovery,
had insufficient energy to produce Υ’s. The machine energy was increased,
and in 1978, straining their RF, physicists at DORIS observed two narrow
resonances, Υ(1S) and Υ(2S). They could go no higher.

The CESR e+e− storage ring at LNS, Cornell, gave first luminosity to the
CLEO and CUSB detectors in October, 1979. The Υ(1S) and Υ(2S) resonances
were quickly located, and in December, in time to be “added in proof” to the
Lab’s Christmas card, the Υ(3S) was discovered (see Fig. 2).

The three resonances, Υ(1S), Υ(2S), Υ(3S) were all narrow, with widths
less than the instrumental resolution (beam energy spread). The production
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Figure 2: Hadronic cross section vs. center-of-mass energy, showing three narrow resonances
Υ(1S,2S,3S), and one broad resonance Υ(4S) (CLEO).

rates, leptonic decay branching fractions, level spacings, all matched very well
with the bound bb, charge −1/3 quark interpretation.

While there was no doubt, by then, about the existence of the bottom
quark, the studies needed to determine further properties were of its weak
decays. These could not be obtained from ‘hidden beauty,’ because a bound
bb system decays via the strong interaction, with b and b quarks annihilating
each other, forming gluons or a virtual photon. For studies of the weak decay
of the bottom quark, “bare bottom,” or “naked beauty” was needed.

Bare bottom was discovered at CESR by the spring of 1980. A scan,
measuring cross section for production of hadronic events vs center-of-mass
energy, above the Υ(1S), Υ(2S), Υ(3S), revealed another resonance. This one
was measurably broad (see Fig. 2), indicative of a rapid decay into b-flavored
mesons, Υ(4S) → BB. The compelling evidence for bare bottom came from
the yield of muons and electrons, which also peaked at the Υ(4S) resonance
(see Fig. 3), indicating the decay sequence Υ(4S) → BB (via the strong
interaction), followed by B → X!V (via the weak interaction). Leptons, a
tell-tale signature of a weak decay, established bare bottom.

2.2 Roughing out the Qualitative Features – 1980-88

A series of measurements, from 1980 to 1988, determined the qualitative fea-
tures of the b quark.

4

e+e− → Υ(4S)→ BB̄
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discovery of  B mesons 
(CLEO)

PRL 50, 881 (1983)

e+e− → Υ(4S)→ BB̄
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discovery of  B mesons 
(CLEO)

PRL 50, 881 (1983)

e+e− → Υ(4S)→ BB̄

3

ISGW2 model and for sub-components D1 and D∗
2 set

B→D1!ν+B→D
∗

2 !ν

B→D∗∗!ν
= 0.35 ± 0.23. The motion of the b

quark inside the B meson is implemented with the intro-
duction of a shape function [12, 15] that describes the b
quark momentum distribution inside the B meson.

The Btag candidates are reconstructed in the modes

B → D(∗)π/ρ/a1/D(∗)
s , D0 → K+π−, K+π−π0,

K+π+π−π−, K0
Sπ0, K0

Sπ+π−, K0
Sπ+π−π0 and K+K−,

D− → K+π−π−, K+π−π−π0, K0
Sπ−, K0

Sπ−π0,
K0

Sπ−π−π+ and K+K−π−, and D+
s → K0

SK+ and
K+K−π+. D∗ mesons are reconstructed by combining
a D candidate and a soft pion or photon. (Inclusion of
charge conjugate decays is implied throughout this pa-
per.) The selection of Btag candidates is based on the
beam-constrained mass, Mbc =

√

E∗2
beam/c4 − p∗2

B
/c2,

and the energy difference, ∆E = E∗
B − E∗

beam. Here
E∗

beam =
√

s/2 $ 5.290 GeV is the beam energy in the
e+e− center-of-mass system (cms), and p∗B and E∗

B are
the cms momentum and energy of the reconstructed B
meson. (Throughout this paper the variables calculated
in the cms are denoted with an asterisk.)

The combinatorial background from jet-like e+e− →
qq̄ processes is suppressed by an event topology re-
quirement based on the normalized second Fox-Wolfram
moment R2 < 0.5 [16], and for some modes also by
| cos θ∗thrust| < 0.8, where θ∗thrust is the angle between the
thrust axis of the Btag candidate and that of the rest
of the event. To minimize the fraction of events with
incorrect separation of tag and signal sides while main-
taining high signal efficiency, a loose selection require-
ment of Mbc ≥ 5.22 GeV/c2 and −0.2 < ∆E < 0.05 GeV
is made. If an event has multiple Btag candidates, we
choose the one having the smallest χ2 based on ∆E, the
D candidate mass, and the D∗ − D mass difference if
applicable.

For events tagged by fully reconstructed Btag candi-
dates, we search for electrons or muons from semileptonic
decays of Bsig. We require a lepton with momentum p∗!
exceeding 1 GeV/c in the laboratory polar angular region
of 26◦ ≤ θ ≤ 140◦. Leptons from J/ψ decay, photon con-
version in the material of the detector, and π0 decay are
rejected based on the invariant mass they form in com-
bination with an oppositely charged lepton and for elec-
tron candidates also with an additional photon. When
the Btag candidate is charged, we also require the lepton
charge to be consistent with that from prompt semilep-
tonic decay. The signal yield is obtained by fitting the
Mbc distribution to the sum of an empirical parametriza-
tion of the combinatorial background shape [17] plus a
signal shape [18] that peaks at the B mass and taking
the part of the signal that lies in the “signal region,”
Mbc ≥ 5.27 GeV/c2, as shown in Fig. 1(a). The cut-
off for Mbc reduces the uncertainty from the incorrect
assignment of tag and signal sides in signal events.

The B → Xu&ν signal events are selected by re-
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FIG. 1: (a) Distribution in Mbc (data) of Btag candidates
in events satisfying Bsig selection. (b) MX distribution for
events with q2 > 8 GeV2/c2, with fitted contributions of
B → Xc!ν and B → Xu!ν.

moving poorly measured soft charged tracks and impos-
ing several additional requirements to reject poorly re-
constructed events and suppress the B → Xc&ν back-
ground. We require that the event contain exactly one
lepton and have zero net charge and that the invariant
mass squared of the missing four-momentum m2

miss ≡
(pΥ(4S) − pBtag

− pX − p!)2 (pΥ(4S), pBtag
and pX are

four-momenta of the Υ(4S), Btag, and hadronic system
(X), respectively) be within −1 ≤ m2

miss ≤ 0.5 GeV2/c4.
To suppress the B → Xc&ν background, events with
a K± or K0

S candidate on the signal side are rejected
(kaon veto). To reject events containing a K0

L, we re-
quire that the angle between the missing momentum
and the direction of any K0

L candidate, reconstructed
in the K0

L detector, be greater than 37 degrees. We
also reject B0 → D∗+&−ν̄ events by detecting the slow
pion (πs) from D∗+ → D0π+

s and deducing from its
momentum the momentum of the D∗+. The missing
mass squared m2

miss (D∗) = (pB − pD∗ − p!)2 is calcu-
lated from the reconstructed quantities, and events with
m2

miss (D∗) > −3 GeV2/c4 are rejected.
Finally, the kinematic variables MX and P+ are calcu-

lated from the measured momenta of all charged tracks
and energy deposits of all neutral clusters in the elec-
tromagnetic calorimeter that are not used in the Btag

reconstruction or for the lepton candidate. The four-
momentum of the leptonic system is calculated as q =
pΥ(4S) − pBtag

− pX . The distributions of events in MX

and P+ are obtained by fitting the Mbc distribution, as
described above, in bins of MX and P+. Figures 1(b),
2(a) and 3(a) show the resulting MX and P+ distribu-
tions. We define three kinematic signal regions (∆Φ) for
events where the prompt lepton has p∗

!
≥ 1 GeV/c: P+ <

0.66 GeV/c, MX < 1.7 GeV/c2, and MX < 1.7 GeV/c2

combined with q2 > 8 GeV2/c2. These three regions
are denoted as P+, MX and MX/q2, respectively. To
minimize the systematic effects of uncertainties in lepton
selection and full reconstruction, we normalize the par-
tial rate for each signal region with the total semileptonic

Belle (2005)
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How to B?

e+e- B-factories (Belle/BaBar)
- clean environment, w/ tight kinematic constr.
- need to boost the B mesons
--> use asymmetric beams (e.g. 8 + 3.5)
- main performers so far

High-E hadron collisions (Tevatron/LHC)
- very large production cross-section 
- but, bkg’d is large, too
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Two asymmetric B-factories

11

PEP-II at SLAC

KEKB at KEK

Belle

BaBar

9GeV (e!) " 3.1GeV (e+)

peak luminosity:

        1.2"1034cm!2s!1

Two asymmetric-energy B factories

8GeV (e!) " 3.5GeV (e+)

  peak luminosity:

       2.1"1034cm!2s!1

world record

11 nations, 

80 institutes, 

~600 members

13 countries, 

57 institutes,

 ~400 members

Youngjoon Kwon New physics search in B decays Nov. 15, 2009 @ FAPPS09 11
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Belle/BaBar  Luminosities



8.0 GeV electrons

3.5 GeV positrons

!"#$%&'%()"*+, -&./,$01
σ ! 100 ps

!"#$%"& !'"#"()$* '$+(,"#-
n = 1.01 → 1.03
K/π separation

!"#$%&'()*+#%,$ -)"'&,(#%#&
9736 CsI(Tl) crystals
σE/Eγ ! 1.8% @ 1 GeV

!
"
#! $%&%'&()

14/15 RPC layers
KL and µ ID

!"#$%&' (%)*$ !+&,-"%
50 axial and stereo layers
σp/p ! 0.35% @ 1 GeV/c

!"#$%&' (%)*$ !+&,-"%
50 axial and stereo layers
σp/p ! 0.35% @ 1 GeV/c

Silicon Vertex Detector
4 double-sided layers
σz(CP) ! 75 µm; σz(tag) ! 140 µm

Silicon Vertex Detector
4 double-sided layers
σz(CP) ! 75 µm; σz(tag) ! 140 µm

14 countries, 55 institutes, ~400 collaborators

Belle detector
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9.0 GeV electrons

3.1 GeV positrons

!"#$%&'("$() *+&, -($&%"
19 RPC layers
µ and KL ID

!"#$%&'()*+#%,$ -)"'&,(#%#&
6580 CsI(Tl) crystals

!"#$% &'()*+"
40 stereo layers

!"#$#%&'( )#*#+*'$
144 quartz bars
K/π separation > 3.5σ

!"#"$%& '()*(+ ,)-$.()
5 double-sided layers

11 countries, 80 institutes, ~600 collaborators

BABAR detector
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Kobayashi-Maskawa (KM) ansatz
“CPV is due to an irreducible phase in 

the quark mixing matrix in 3 generations”

First 3rd-gen. 
particle (τ)

seen in 1975



Flavor mixing and CKM matrix

! For quarks,
– weak interaction eigenstates ! mass eigenstates

– mixing of quark flavors through a unitary matrix
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Test of Unitarity



Z. Ligeti, from plenary talk @ ICHEP 2004
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Test of Unitarity
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

How to measure?

 V = |V|exp(iφ)
• |V| from semi-leptonic decay rates
• φ from CP asymmetries

just overly simplified guidelines



Measuring the CKM anlges

Extract the three angles through time-dependent 
ACP meas’mt.

V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
Z. Ligeti, ICHEP 2004



B 

B 

e+
e-

Y(4S) Tagging side

CP sidel
ZcpZtag

B    J/   K0

z = t c

CP-side  Reconstruction
Flavor  Tagging

z(= t c)  Measurement

raw asym.

-10 -8 -6 -4 -2 0 108642
proper  time  t  (ps)

d
/d

t

B  tagged
0B  tagged

0

l
J/

KS
0

8GeV(Belle)
9GeV(BaBar){ 3.5GeV(Belle)

3.1GeV(BaBar){

=

~200 m(Belle)
~250 m(BaBar)

0.43(Belle)
0.56(BaBar){

Measurement  of  sin2 1
DIS 2010 @ Florence,  Italy  (2010, Apr., 19-23) 4

22slide by T. Hara for DIS 2010
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T-dep’t CPV in B0 decays

(A = −C  a la BaBar)

Mixing-induced CPV Direct CPV

e.g. for J/ψ Ks
S = −ξCPsin2φ1 = +sin2φ1 
A = 0
to a good approximation
(ξCP : CP eigenvalue)
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              : high rate, theoretically clean

The Golden mode for φ1

No CKM phase

Note: true for any B0 decay with no phase from decay amplitude

Two Vtd vertices
ei0 e−i(2φ1)

B0

B
0

J/ψK0
ei0

e−i(2φ1) ei0

B0 → J/ψK0



Youngjoon Kwon New physics search in B decays Nov. 15, 2009 @ FAPPS09 25

0.672 ± 0.023



Other angles?
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3



Other angles?
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
φ2



Other angles?
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
φ2



The Penguin Decays
(effective) Flavor-Changing Neutral-
Current process occurring at the 
loop level

- forbidden at tree level in the SM

sensitive to NP in the loop

27



The Penguin Decays
(effective) Flavor-Changing Neutral-
Current process occurring at the 
loop level

- forbidden at tree level in the SM

sensitive to NP in the loop

27



The Penguin Decays
(effective) Flavor-Changing Neutral-
Current process occurring at the 
loop level

- forbidden at tree level in the SM

sensitive to NP in the loop
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to measure φ2

Two phases
- mixing:  Vtd --> φ1
- tree:     Vub --> φ3
180◦ − (φ1 + φ3)⇒ φ2

28



penguin’s shaking a tree...

What shall we do?
29



Isospin Analysis
Gronau & London, PRL 65, 3381 (1990)

• Model-independent (symmetry-dependent) method
• SU(2) breaking effect well below present statistical errors

“Penguin pollution” can be removed

30



2

Table 1
Counting of degrees of freedom in the B → ππ isospin system. One extra observable, the time-dependent
CP asymmetry parameter S00 in B0 → π0π0 decays, in in principle available, but being out of experi-
mental reach in the present, it is not considered in this account.

Unknowns Observables Constraints Account

α B+−, B+0, B00 2 isospin triangles 13 unknowns

T+−, P+− S+−, C+− one common side -7 observables

T+0, P+0 ACP (π+π0) -5 constraints

T 00, P 00 C00 -1 global phase

of the CKM unitarity, it nevertheless holds even
in presence of non-SM physics.

Vud
W+

d

b

d

u

d

u

V ∗

ub

W+

q = u c t

d

b

d

u

u

d
V ∗

qb Vqd

Figure 1. Tree (left) and penguin (right) dia-
grams for the B0 → π+π− decay amplitudes.

In absence of penguin contributions, the time-
dependent decay rate asymmetry is governed by
a single weak phase, and (2) read

λππ = e2iα, Cππ = 0 , Sππ = sin [−2(β + γ)],

that is, no direct CP violation can occur if only
one weak phase is present, and a measurement
of the CP violation in the interference between
mixing and decay gives direct access to the CKM
angle α. In the realistic case, the phase of λππ

deviates from the 2α value as consequence of
the interference between the T and P contribu-
tions to the amplitude, and the measurement of
the time-dependent parameters S and C in the
B0 → π+π− decays is not sufficient to constrain
the CKM angle α = −2(β + γ). One defines then

sin 2αeff =
Sππ

√

1 − C2
ππ

#= sin 2α, (4)

where αeff is called the “effective angle”. How-
ever, isospin invariance of the strong interactions

can provide additional information on the decay
amplitudes. Gronau and London[2] have demon-
strated that this can be obtained from the isospin
relations of the three B → ππ decay amplitudes

A(π+π−) −
√

2A(π+π0) +
√

2A(π0π0) = 0, (5)

plus a similar relation for the CP-conjugated am-
plitudes.

Measurements of the CP-averaged branching
ratios of the B0 → π+π−, B+ → π+π0 and
B0π0π0 decays, plus the CP-violating asymme-
tries Sπ+π− , Cπ+π− and Cπ0π0 allow the extrac-
tion, up to an irreducible eith-fold ambiguity, of
the CKM angle α. Table 1. summarises the num-
ber of unknowns and observables in the isospin
analysis of the B → ππ system. Isospin analysis
can provide useful information, even in absence
of some observables; as an example, Grossmann
and Quinn[3] showed that an upper limit on the
B0 → π0π0 branching fraction translates into a
bound on the angle shift |α−αeff |. More stringent
bounds have also been derived[4].

The isospin constraints can be expressed in an
equivalent way in the following parametrisation:

A+− = Teiγ + Pe−iβ

√
2A+0 = (T + C)eiγ + PEW e−iβ

√
2A00 = Ceiγ + (PEW − P )e−iβ (6)

where C is referred to as the “colour-suppressed”
tree amplitude, and PEW are the electroweak
penguins. Within the SM, electroweak penguins
in the two-pion modes are expected to be small;
furthermore, it has been shown[5] that PEW car-
ries, the same phase as the tree amplitude; thus
no direct CP violation can occur in the B+ →

2
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can provide additional information on the decay
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strated that this can be obtained from the isospin
relations of the three B → ππ decay amplitudes

A(π+π−) −
√

2A(π+π0) +
√

2A(π0π0) = 0, (5)

plus a similar relation for the CP-conjugated am-
plitudes.

Measurements of the CP-averaged branching
ratios of the B0 → π+π−, B+ → π+π0 and
B0π0π0 decays, plus the CP-violating asymme-
tries Sπ+π− , Cπ+π− and Cπ0π0 allow the extrac-
tion, up to an irreducible eith-fold ambiguity, of
the CKM angle α. Table 1. summarises the num-
ber of unknowns and observables in the isospin
analysis of the B → ππ system. Isospin analysis
can provide useful information, even in absence
of some observables; as an example, Grossmann
and Quinn[3] showed that an upper limit on the
B0 → π0π0 branching fraction translates into a
bound on the angle shift |α−αeff |. More stringent
bounds have also been derived[4].

The isospin constraints can be expressed in an
equivalent way in the following parametrisation:

A+− = Teiγ + Pe−iβ

√
2A+0 = (T + C)eiγ + PEW e−iβ

√
2A00 = Ceiγ + (PEW − P )e−iβ (6)

where C is referred to as the “colour-suppressed”
tree amplitude, and PEW are the electroweak
penguins. Within the SM, electroweak penguins
in the two-pion modes are expected to be small;
furthermore, it has been shown[5] that PEW car-
ries, the same phase as the tree amplitude; thus
no direct CP violation can occur in the B+ →

Isospin for B0 → π+π−

π+

π−B0

π+

π−

B0

I(B0) = (½, -½)
I(π+) = (1, +1)
I(π-) = (1, -1)

A(B0 → π+π−) ∝ A 3
2 ,2 ⊕ A 1

2 ,0

due  to  bosonic symmetry,
I ≠ 1 in the B -> π π final state

for gluonic transition, ΔI = 0.
∴ I ≠ 2 for gluonic penguins.
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of the CP violation in the interference between
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the interference between the T and P contribu-
tions to the amplitude, and the measurement of
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the CKM angle α = −2(β + γ). One defines then
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where αeff is called the “effective angle”. How-
ever, isospin invariance of the strong interactions

can provide additional information on the decay
amplitudes. Gronau and London[2] have demon-
strated that this can be obtained from the isospin
relations of the three B → ππ decay amplitudes

A(π+π−) −
√

2A(π+π0) +
√

2A(π0π0) = 0, (5)

plus a similar relation for the CP-conjugated am-
plitudes.

Measurements of the CP-averaged branching
ratios of the B0 → π+π−, B+ → π+π0 and
B0π0π0 decays, plus the CP-violating asymme-
tries Sπ+π− , Cπ+π− and Cπ0π0 allow the extrac-
tion, up to an irreducible eith-fold ambiguity, of
the CKM angle α. Table 1. summarises the num-
ber of unknowns and observables in the isospin
analysis of the B → ππ system. Isospin analysis
can provide useful information, even in absence
of some observables; as an example, Grossmann
and Quinn[3] showed that an upper limit on the
B0 → π0π0 branching fraction translates into a
bound on the angle shift |α−αeff |. More stringent
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6.1 Theoretical Background: The Role of Penguins and -Extraction 333

6.1.2.1

In the absence of penguin contributions, the asymmetry in measures . However,
penguins can contribute to this decay. Indeed, as was argued above, it appears that such penguin
contributions are sizeable. Since the weak phase of the penguin diagram is different from that
of the tree diagram, penguin pollution can affect the clean extraction of from this process. An
isospin analysis can be used to eliminate the penguin pollution in this case [4].

The isospin decomposition of the amplitudes ,
and is shown in Table 6-1. Note that because of Bose statistics the
two-pion state produced in decay has no contribution. Thus the three two-pion decay
amplitudes depend only on two isospin amplitudes, hence there is one relationship,

(6.19)

between them. Thus they form a triangle, as drawn in Fig. 6-1.

The amplitudes for the -conjugate processes , and are
obtained from the amplitudes by simply changing the sign of the CKM phases; the strong phases
remain the same. These amplitudes also form a triangle:

(6.20)

The measurements of the total rates for and yield and ,
respectively. The measurement of the time-dependent decay rates for and

!""

6–98
8418A3

A(B°     "°"°)~

A(B°     "°"°)A(B°     "+"–)~

A(B     "–"°) = A(B+     "+"°)~

1
2

A(B°     "+"–)1
2

Figure 6-1. Isospin analysis of decays.

REPORT OF THE BABAR PHYSICS WORKSHOP

- from the BaBar physics book

and similar isospin analyses for B -> ρ ρ, etc.
33
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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.

20

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

BABAR
Preliminary

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

As
ym

me
try

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

t (ps)!
-6 -4 -2 0 2 4 6-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

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.

20

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

BABAR
Preliminary

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

Ev
ent

s / 
ps

0
20
40
60
80

100
120
140
160

t (ps)!
-6 -4 -2 0 2 4 6

As
ym

me
try

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

t (ps)!
-6 -4 -2 0 2 4 6-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

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.

20

34

ACP(Δt) from B0→π+π−
arXiv:0807.4226PRL 98, 211801 (2007)

Belle
Preliminary

Direct CP

B0 tags

B
0

tags
B

0
tags

B0 tags

CCP �= 0⇒ SCP =
�

1− C2
CP sin(2φeff

2 )



16

TABLE V: Summary of additive systematic uncertainty contributions on the signal yield Nsignal, fL, Slong and Clong.

Contribution σ(Nsignal) σ(fL) σ(Slong) σ(Clong)

PDF parameterisation +23
−41

+0.019
−0.005

+0.02
−0.04 0.03

SCF fraction 76 0.003 0.00 0.02

Control samples calibration 16 0.006 0.01 0.01

mES endpoint 12 0.001 0.00 0.01

B background normalization +16
−20

+0.005
−0.002 0.01 0.00

floating B backgrounds 34 0.006 0.03 0.00

B background CP asymmetry 2 +0.001
−0.000 0.00 +0.02

−0.01

τB
+0
−1

+0.001
−0.000 0.00 0.00

∆md
+0
−1

+0.001
−0.000 0.00 0.00

tagging and dilution +2
−16

+0.010
−0.001 0.00 0.01

transverse polarization CP asymmetry +0
−9

+0.006
−0.000 0.01 0.01

Wrong track SCF CP asymmetry +0
−3

+0.001
−0.000 0.01 0.01

DCSD decays − − 0.01 0.04

Interference 18 0.000 0.01 0.01

Fit Bias 19 0.008 0.02 0.02

SVT Alignment − − 0.01 0.01

Total +94
−102

+0.03
−0.01
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FIG. 6: The distributions for the highest purity tagged events
for the variables (a) mES, (b) ∆E, (c) cosine of the ρ helic-
ity angle and (d) mπ±π0 . The dashed lines are the sum of
backgrounds, and the solid lines are the full PDF.

• The kinematic endpoint position in mES is ex-
tracted from the fit. Changes in beam energy in
the data can affect the endpoint position. To ac-
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FIG. 7: The ∆t distribution for a sample of events enriched in
signal for (a) B0 and (b) B0 tagged events. The dashed lines
are the sum of backgrounds, and the solid lines are the sum of
signal and backgrounds. The time-dependent CP asymmetry
(see text) is shown in (c), where the curve is the measured
asymmetry.

count for possible effects of this, we vary the kine-
matic endpoint position in mES by ±0.45 MeV/c2
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a±
1 π∓ [12]. For B±→ (a1ρ)± we assume branching frac-

tions of 30+15
−15 × 10−6, consistent with the present upper

limit for B0 → a±
1 ρ∓ (< 6 × 10−5 [13]). The fraction of

b→u events is very small (0.37%) and thus is fixed in the
fit according to the prediction of MC simulation. A fit to
176843 events yields Nρρ+ρππ = 576± 53. Figures 1 and
2 show the Mbc, ∆E, and R distributions along with the
fit projections.

The CP -violating parameters A and S are obtained
using an unbinned ML fit to the ∆t distribution. The
likelihood function for event i is given by

Li =
∑

n

∫

fn(#xi)Pn(∆t′) Rn(∆ti, ∆t′) d∆t′, (2)

where n is one of the six event categories: correctly
reconstructed signal, SCF events, ρππ non-resonant
events, b → c background, qq background, and b →
u background. The weights fn are functions of #x ∈
(Mbc, ∆E,R) and are normalized to the event fractions
obtained from the Mbc-∆E-R fit. The PDFs Pn(∆t)
are convolved with the corresponding ∆t resolution func-
tions Rn. Both fn and Pn(∆t) depend on the tag quality
bin $.

The signal PDF is given by Eq. (1) modi-
fied to take into account the effect of incor-
rect flavor assignment: e−|∆t|/τ

B0/(4τB0) ×
{1 − q∆ω$ + q(1 − 2ω$) [A cos(∆m ∆t) + S sin(∆m ∆t) ]}.
As the fraction of longitudinal polarization fL is close
to 100%, we assume that A = AL, S = SL, and consider
the potential contribution from a transversely polarized
amplitude as a systematic uncertainty. The signal PDF
is convolved with the same ∆t resolution function as
that used for Belle’s sin 2φ1 measurement [9].

The fraction of non-resonant ρππ events is measured
in Ref. [3] and constitutes 6.3±6.7 % of the total number
of ρ+ρ− candidates. The fraction of SCF events is esti-
mated with MC simulation to be 6.5± 0.1% of all signal
events. The PDFs Pρππ and PSCF are exponential with
τ =τB and τ ≈0.96 ps (from MC), respectively; these are
smeared by a common resolution function.

The ∆t PDFs for the backgrounds are modeled as
a sum of prompt and exponential components: Pk =
fδδ(∆t) + (1 − fδ)e−|∆t|/τk/2τk, where fδ is the fraction
of the prompt component, δ is the Dirac delta function,
τk is an effective lifetime, and k represents continuum,
b → c, and b → u backgrounds. These PDFs are con-
volved with a resolution-like function parameterized as a
sum of two Gaussian functions. Parameters for Pk and
Rk are determined from a data sideband for continuum
background and from large MC samples for b → c and
b → u backgrounds. To account for small correlations
between the shape of the ∆t distribution and R for qq
background, the parameters are obtained separately for
low (0.15<R<0.75) and high (0.75<R<1.0) R regions.

We determine A and S by maximizing
∑

i logLi, where
i runs over the 18016 events in the Mbc-∆E-R signal re-
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FIG. 3: The ∆t distribution and projections of the fit for
events satisfying 0.5 < r < 1.0: (a) q = +1 tags, (b) q =−1
tags. The hatched region shows signal events. The raw CP
asymmetry is shown in (c). For these plots the R cut has
been tightened to increase the ratio of signal to background.
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FIG. 4: 1 − C.L. vs. φ2. The horizontal lines denote C.L.=
68.3% (solid) and C.L.=90% (dashed).

gion. The results are A=0.16 ±0.21 and S=0.19 ±0.30,
where the errors are statistical. The correlation coeffi-
cient is −0.10. These values are consistent with no CP
violation (A = S =0); the errors are consistent with MC
expectations. Figure 3 shows the data and projections of
the fit result.

The sources of systematic error are listed in Table I.
The error for most sources is evaluated by varying the
corresponding parameters by ±1σ. The effect of a possi-
ble asymmetry in b→c and qq̄ is evaluated by adding such

6

an asymmetry to the b→ c and qq̄ ∆t distributions. We
vary the (unmeasured) branching fractions for a1ρ and
a1π decays and also allow for a CP asymmetry of up to
100% in these modes. The error due to transverse polar-
ization is obtained by first setting fL equal to its central
value and varying AT , ST from −1 to +1; then assum-
ing AT = AL, ST = −SL (fT is CP -odd), and varying
fL by its error. Summing up in quadrature all system-
atic uncertainties, we obtain overall systematic errors of
± 0.07. Thus,

AL = 0.16 ± 0.21 (stat) ± 0.07 (syst) (3)

SL = 0.19 ± 0.30 (stat) ± 0.07 (syst) . (4)

These values are consistent with our previous measure-
ment [3] and also with results obtained by BaBar [4].

TABLE I: Systematic errors for CP coefficients A and S .

Type ∆A (×10−2) ∆S (×10−2)

+σ −σ +σ −σ

Wrong tag fractions 0.5 0.5 0.8 0.8

Parameters ∆m, τB0 0.2 0.3 0.6 0.7

Resolution function 1.4 1.5 1.0 1.7

Background ∆t distributions 0.5 0.5 1.0 1.1

Component fractions 1.5 1.9 3.9 3.7

ρππ nonresonant fractions 1.2 1.0 1.5 1.2

SCF fraction, ∆t PDF 0.2 0.2 0.1 0.1

Shape of R PDF 0.8 0.7 1.2 1.3

Vertexing 2.1 2.1 1.0 1.3

Possible fitting bias 0.2 0.0 0.1 0.0

Background asymmetry 1.1 0.0 0.0 0.4

b → u asymmetry 2.4 2.9 2.4 3.2

Transverse polarization 3.8 2.8 4.6 2.7

Tag-side interference [14] 3.7 3.7 0.1 0.1

Total 6.9 6.5 7.1 6.4

We constrain φ2 using an isospin analysis [15], which
allows one to relate six observables to six underlying pa-
rameters: five decay amplitudes for B → ρρ and the
angle φ2. The observables are the branching fractions
for B → ρ+ρ−, ρ+ρ0, and ρ0ρ0 [5]; the CP parame-
ters Aρ+ρ− and Sρ+ρ− (our results); and the parame-
ter Aρ0ρ0 for B → ρ0ρ0 decays. The branching frac-
tions must be multiplied by the corresponding longi-
tudinal polarization fractions [5]. We neglect possible
contributions from electroweak penguins and I = 1 am-
plitudes [16] to B0 → ρ+ρ−. We follow the statistical
method of Ref. [17] and construct a χ2(φ2) using the mea-
sured values and obtain a minimum χ2 (denoted χ2

min);
we then scan φ2 from 0◦ to 180◦, calculating the dif-
ference ∆χ2 ≡ χ2(φ2) − χ2

min. We insert ∆χ2 into the

cumulative distribution function for the χ2 distribution
for one degree of freedom to obtain a confidence level
(C.L.) for each φ2 value. The resulting function 1−C.L.
(Fig. 4) has more than one peak due to ambiguities that
arise when solving for φ2. Because Aρ0ρ0 is not yet mea-
sured, we allow this observable to float; this produces the
“flat-top” regions in Fig. 4. The solution consistent with
the Standard Model is 61◦ < φ2 < 107◦ at 68% C.L. or
53◦<φ2 <114◦ at 90% C.L. Recently, a different model-
dependent approach to extract φ2 using flavor SU(3)
symmetry has been proposed [18]. This method would
give more stringent constraints on φ2.

In summary, we present an improved measurement of
the CP -violating coefficients A and S in B0→ρ+ρ− de-
cays using 492 fb−1 of data, which corresponds to 535
million BB pairs. These measurements are used to con-
strain the angle φ2.
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XI. CONCLUSIONS

We report the measurement of the branching fraction,
fL, and CP violation parameters, Slong and Clong, for
the decay B0 → ρ+ρ− using a data sample of (383.6 ±
4.2)×106 BB pairs. We obtain the following results:

B(B0 → ρ+ρ−) = (25.5 ± 2.1(stat)+3.6
−3.9(syst))×10−6,

fL = 0.992± 0.024(stat)+0.026
−0.013(syst),

Slong = −0.17± 0.20(stat)+0.05
−0.06(syst),

Clong = 0.01 ± 0.15(stat)± 0.06(syst).

Using these results, and experimental knowledge of the
other B → ρρ final states, we perform an isospin analysis
to obtain a measurement of the CKM angle α. The con-
fidence level distribution for α is shown in Fig. 9. The so-
lution obtained that is compatible with the results of SM-
based fits of existing data is α = [73.1, 117.0]◦ at 68%CL.
The uncertainty on the measurement of α from the
isospin analysis is dominated by penguin pollution. If
one uses the flavor SU(3) approach described in the
text to constrain α, one obtains the constraint α =
[83.3, 105.8]◦ at 68%CL.
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Physique des Particules (France), the Bundesministerium
für Bildung und Forschung and Deutsche Forschungsge-
meinschaft (Germany), the Istituto Nazionale di Fisica
Nucleare (Italy), the Foundation for Fundamental Re-
search on Matter (The Netherlands), the Research Coun-
cil of Norway, the Ministry of Science and Technology of
the Russian Federation, Ministerio de Educación y Cien-
cia (Spain), and the Science and Technology Facilities
Council (United Kingdom). Individuals have received
support from the Marie-Curie IEF program (European
Union) and the A. P. Sloan Foundation.

APPENDIX: INTERFERENCE OF B0
→ ρ+ρ−

WITH OTHER B0
→ 4π MODES

An extensive study of the B backgrounds, and the as-
sociated systematic error, has been presented earlier in

this paper. A number of B backgrounds decay into the
same final state as the signal. These are:

• B0 → a±
1 π∓, a±

1 → ρ±π0,

• B0 → ρ∓π±π0, non resonant,

• B0 → π+π−π0π0, non resonant.

The systematic error associated with these modes was
evaluated by propagating the uncertainty on the branch-
ing ratio and CP asymmetries to the final measure-
ments, with the appropriate description of acceptance,
SCF, resolutions and other reconstruction biases (see Sec-
tion IXB). The likelihood described in Section VII does
not account for possible interference between B0 → ρ+ρ−

and other B0 → 4π final states.
Acceptance, SCF, and other reconstruction biases are

not taken into account in this study, and instead, the
ρ+ρ− measurements are averaged in a perfect region of
the phase space referred to as the “ρ+ρ− band”, on which
the analysis technique is assumed to have a uniform sen-
sitivity. This “ρ+ρ− band” corresponds to the kine-
matic selection of ρ± (see Section III B): 0.5 < mπ±π0 <
1.0 GeV/c2 and −0.9 < cos θi < 0.98.

The remainder of this Appendix describes the final
state wave function, decay amplitudes, effective CP
asymmetries and the estimate of the systematic uncer-
tainty from neglecting interference between the signal
and other B0 → 4π final states.

1. The final state wave functions

This section summarizes the kinematic dependence of
the decay amplitudes.

a. Lorentz invariant phase space

The four-particle final state can be described com-
pletely in terms of the following five variables:

• m1 and m2: the masses of the π+π0 and π−π0 pairs

• cos θ1 and cos θ2: the angle between the π±π0 pair
line of flight (as seen in the B frame) and the π0 in
the pion pair frame.

• φ: the angle between the two planes defined by the
π+π0 and π−π0 pairs in the B frame.

We write each phase space dependent quantity dΦ4 as a
function of these five variables. These are:

dΦ4 ∝ P π+π0

B

MB

P π0

π+π0

m1

P π0

π−π0

m2
dm2

1dm2
2d cos θ1d cos θ2dφ,

(34)

where P π+π0

B denotes the momentum of the pion pair in
the B frame and MB is the mass of the B (and similarly
for the other quantities in this expression).
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φdirect
2 = 89.0+4.4

−4.2

φfit
2 = 92.2+6.4

−6.3
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Other angles?
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3

GLW: Gronau, London, Wyler (2001)
ADS:  Atwood, Dunietz, Soni (1997)
GGSZ: Giri, Grossman, Soffer, Zupan (2003)
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φ3 from CPV in B -> DK (GGSZ)

D decays do not involve Vub or Vtd
→ no contribution to phaseB± → no mixing, no t-dependence
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• If both D0 and D0 decay into the same final state (e.g., Ksπ+π−), then
B+ → D0K+ and B+ → D0K+ amplitudes interfere. The mixed state is

| ˜D0〉 = |D0〉 + rei(δ+φ3)|D0〉
•B+ → ˜D0K+ matrix element: M+ = f (m2

+,m2
−) + rei(δ+φ3)f (m2

−,m2
+)

•B− → ˜D
0
K− matrix element: M− = f (m2

−,m2
+) + rei(δ−φ3)f (m2

+,m2
−)

slide by L. Piilonen, SSI(2009)
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The GGSZ method

Belle; hep-ex/0803.3375

Map out the Dalitz plot 
from all D0 decays

B+B−

Look for differences in B±→D0K± plots
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FIG. 1: ∆E and Mbc distributions for the B+ → DK+ (top)
and B+ → D∗K+ (bottom) event samples. Points with er-
ror bars are the data, and the histogram is the result of a
MC simulation according to the fit result. The ∆E (Mbc)
distributions are shown here with a signal-region selection of
Mbc > 5.27 GeV/c2 (|∆E| < 30 MeV) applied; this fit is
performed on the full region.

fit, we do not reject events based on these variables (as
in the previous analysis [9]), but rather use them in the
likelihood function to better separate signal and back-
ground events. This leads to a 7–8% improvement in the
expected statistical error.

The ∆E and Mbc distributions for B+ → DK+ and
B+ → D∗K+ candidates are shown in Fig. 1. For the se-
lected events a two-dimensional unbinned maximum like-
lihood fit in the variables Mbc and ∆E is performed, with
the fractions of continuum, BB̄ and B± → D(∗)π± back-
grounds as free parameters, and their distributions fixed
from generic MC simulation. The resulting signal and
background density functions are used in the Dalitz plot
fit to obtain the event-by-event signal to background ra-
tio. The number of events in the signal box (Mbc > 5.27
GeV/c2, |∆E| < 30 MeV, | cos θthr| < 0.8, F > −0.7) is
756. The (Mbc, ∆E) fit yields a continuum background
fraction of (17.9 ± 0.7)%, BB background fraction of
(7.3 ± 0.5)%, and a B± → Dπ± background fraction
of (4.3 ± 0.3)% in the signal box.

To select B+ → D∗K+ events, in addition to the re-
quirements described above, we require that the mass
difference ∆M of neutral D∗ and D candidates satis-
fies 140 MeV/c2 < ∆M < 144 MeV/c2. The number of
events in the signal box is 149. The continuum back-
ground fraction is (5.7±0.7)%, the BB background frac-
tion is (7.6 ± 1.9)%, and B± → D∗π± background frac-
tion is (7.0 ± 1.3)%.
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FIG. 2: Dalitz distributions of D0 → K0
Sπ+π− decays from

selected B± → DK± (top) and B± → D∗K± (bottom) can-
didates, shown separately for B− (left) and B+ (right) tags.

The Dalitz distributions of D0 → K0
Sπ+π− decay in

the signal box of B± → DK± and B± → D∗K± pro-
cesses are shown in Fig. 2.

III. DETERMINATION OF THE D0
→ K0

Sπ+π−

DECAY AMPLITUDE

As in our previous analysis [9], the D0 → K0
Sπ+π−

decay amplitude is represented using the isobar model.
The list of resonances is also the same, the only dif-
ference being the free parameters (mass and width) of
the K∗(892)± and ρ(770) states. A modified amplitude,
where the scalar ππ component is described using the
K-matrix approach [18], is used in the estimation of the
systematic error.

The amplitude f for the D0 → K0
Sπ+π− decay is de-

scribed by a coherent sum of N two-body decay ampli-
tudes and one non-resonant decay amplitude,

f(m2
+, m2

−) =
N

∑

j=1

aje
iξjAj(m

2
+, m2

−) + aNReiξNR , (2)

where Aj(m2
+, m2

−) is the matrix element, aj and ξj

are the amplitude and phase of the matrix element,
respectively, of the j-th resonance, and aNR and ξNR

are the amplitude and phase of the non-resonant com-
ponent. The description of the matrix elements fol-
lows Ref. [19]. We use a set of 18 two-body am-
plitudes. These include five Cabibbo-allowed am-
plitudes: K∗(892)+π−, K∗(1410)+π−, K∗

0 (1430)+π−,
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FIG. 1: ∆E and Mbc distributions for the B+ → DK+ (top)
and B+ → D∗K+ (bottom) event samples. Points with er-
ror bars are the data, and the histogram is the result of a
MC simulation according to the fit result. The ∆E (Mbc)
distributions are shown here with a signal-region selection of
Mbc > 5.27 GeV/c2 (|∆E| < 30 MeV) applied; this fit is
performed on the full region.

fit, we do not reject events based on these variables (as
in the previous analysis [9]), but rather use them in the
likelihood function to better separate signal and back-
ground events. This leads to a 7–8% improvement in the
expected statistical error.

The ∆E and Mbc distributions for B+ → DK+ and
B+ → D∗K+ candidates are shown in Fig. 1. For the se-
lected events a two-dimensional unbinned maximum like-
lihood fit in the variables Mbc and ∆E is performed, with
the fractions of continuum, BB̄ and B± → D(∗)π± back-
grounds as free parameters, and their distributions fixed
from generic MC simulation. The resulting signal and
background density functions are used in the Dalitz plot
fit to obtain the event-by-event signal to background ra-
tio. The number of events in the signal box (Mbc > 5.27
GeV/c2, |∆E| < 30 MeV, | cos θthr| < 0.8, F > −0.7) is
756. The (Mbc, ∆E) fit yields a continuum background
fraction of (17.9 ± 0.7)%, BB background fraction of
(7.3 ± 0.5)%, and a B± → Dπ± background fraction
of (4.3 ± 0.3)% in the signal box.

To select B+ → D∗K+ events, in addition to the re-
quirements described above, we require that the mass
difference ∆M of neutral D∗ and D candidates satis-
fies 140 MeV/c2 < ∆M < 144 MeV/c2. The number of
events in the signal box is 149. The continuum back-
ground fraction is (5.7±0.7)%, the BB background frac-
tion is (7.6 ± 1.9)%, and B± → D∗π± background frac-
tion is (7.0 ± 1.3)%.
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FIG. 2: Dalitz distributions of D0 → K0
Sπ+π− decays from

selected B± → DK± (top) and B± → D∗K± (bottom) can-
didates, shown separately for B− (left) and B+ (right) tags.

The Dalitz distributions of D0 → K0
Sπ+π− decay in

the signal box of B± → DK± and B± → D∗K± pro-
cesses are shown in Fig. 2.

III. DETERMINATION OF THE D0
→ K0

Sπ+π−

DECAY AMPLITUDE

As in our previous analysis [9], the D0 → K0
Sπ+π−

decay amplitude is represented using the isobar model.
The list of resonances is also the same, the only dif-
ference being the free parameters (mass and width) of
the K∗(892)± and ρ(770) states. A modified amplitude,
where the scalar ππ component is described using the
K-matrix approach [18], is used in the estimation of the
systematic error.

The amplitude f for the D0 → K0
Sπ+π− decay is de-

scribed by a coherent sum of N two-body decay ampli-
tudes and one non-resonant decay amplitude,

f(m2
+, m2

−) =
N

∑

j=1

aje
iξjAj(m

2
+, m2

−) + aNReiξNR , (2)

where Aj(m2
+, m2

−) is the matrix element, aj and ξj

are the amplitude and phase of the matrix element,
respectively, of the j-th resonance, and aNR and ξNR

are the amplitude and phase of the non-resonant com-
ponent. The description of the matrix elements fol-
lows Ref. [19]. We use a set of 18 two-body am-
plitudes. These include five Cabibbo-allowed am-
plitudes: K∗(892)+π−, K∗(1410)+π−, K∗

0 (1430)+π−,

D0 → K 0
Sπ+π− amplitude

605 fb−1 sample. [arXiv:0803.3375]
Extracted from D∗± → Dπ±,
D0 → K 0

Sπ+π− process.
Fit with isobar model.

Intermediate state Amplitude Phase (◦)

KSσ1 1.56 ± 0.06 214 ± 3

KSρ0 1.0 (fixed) 0 (fixed)

KSω 0.0343 ± 0.0008 112.0 ± 1.3

KS f0(980) 0.385 ± 0.006 207.3 ± 2.3

KSσ2 0.20 ± 0.02 212 ± 12

KS f2(1270) 1.44 ± 0.04 342.9 ± 1.7

KS f0(1370) 1.56 ± 0.12 110 ± 4

KSρ0(1450) 0.49 ± 0.08 64 ± 11

K ∗(892)+π− 1.638 ± 0.010 133.2 ± 0.4

K ∗(892)−π+ 0.149 ± 0.004 325.4 ± 1.3

K ∗(1410)+π− 0.65 ± 0.05 120 ± 4

K ∗(1410)−π+ 0.42 ± 0.04 253 ± 5

K ∗
0 (1430)+π− 2.21 ± 0.04 358.9 ± 1.1

K ∗
0 (1430)−π+ 0.36 ± 0.03 87 ± 4

K ∗
2 (1430)+π− 0.89 ± 0.03 314.8 ± 1.1

K ∗
2 (1430)−π+ 0.23 ± 0.02 275 ± 6

K ∗(1680)+π− 0.88 ± 0.27 82 ± 17

K ∗(1680)−π+ 2.1 ± 0.2 130 ± 6

non-resonant 2.7 ± 0.3 160 ± 5

Anton Poluektov CPV in B decays at Belle EPS-2009, Krakow, July 2009 6/17
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Results from GGSZ method
Express in terms of 
measurables from B±

rB : ratio of D/D ampl.  

     = 0.16±0.07
δB : D/D relative phase

Different rB, δB for each 
mode D(*)K(*)

_

_

x± = rB cos(δB ± φ3)

y± = rB sin(δB ± φ3) 2φ3

δB − φ3

δB + φ3
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Indirect: Combined:φ3 = 67.7+4.5
−3.7(

◦) φ3 = 75+19
−22(

◦)
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3

 V = |V|exp(iφ)
• |V| from semi-leptonic decay rates 
• φ from CP asymmetries

just overly simplified guidelines

ΓX�ν ∝ |Vij |2

• Vtd

– B → Xdγ

– Bs mixing

• Vcb

– O(1%) precision

12

Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity
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Vub � Vcb
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FIG. 13: Comparison of coarse lattice data with some results
from one of the fine MILC ensembles. Shown are results for
f⊥ and f‖ at Eπ = 0.79GeV.

that were made previously and that we are systemati-
cally improving upon, such as partial quenching, linear
chiral extrapolations, working with currents at lowest or-
der in 1/M , did not drastically affect the theory. The
solid curves in Fig.14 are fits to our new results using the
Ball-Zwicky (BZ) [50] parametrization of f+ and f0. We
have also tried fits to other parametrizations, described
in the Appendix, including the Becirevic-Kaidalov (BK)
[49], Richard Hill (RH) [20] and a series expansion (SE)
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FIG. 14: Form factors f+(q2) and f0(q
2) in the chiral limit.

The black squares and triangles are the new and final results
for f+ and f0 respectively. For comparison, the data from
ref.[17] are also shown as circles. The full black curves follow
a BZ parametrization fit (see text) to the new data. Errors
are combined statistical and chiral extrapolation errors.

[19, 21, 51, 52] parametrization. The RH parametriza-
tion fit is essentially indistinguishable from the BZ fit.
The BK fit is also a good fit to our data although not
quite as good as the first two. This should not be surpris-
ing, since the BK fit has only three parameters to tune
whereas the BZ and RH fits are both four parameter
fits. Any further parameters, however, are very poorly
determined and do not help in the fit. Another class of
fit ansaetze, the series expansion (SE) fits, are discussed
in the Appendix. The main reason we are interested in
obtaining a good analytic parametrization of the form
factors, is to facilitate partial integration of differential
decay rates, as discussed below. These parametrizations
can also be used to try and extrapolate to lower q2 where
lattice data are currently not available.

The statistical plus chiral extrapolation errors for
f+(q2) lie between 7 ∼ 10% depending on q2. They are
smaller for the form factor f0(q2). For q2 ≥ 16GeV 2, the
range we will be focusing on, the average error for f+(q2)
comes out to be ∼ 8%. In Table VI we list this average
statistical plus chiral extrapolation error together with
estimates of systematic errors from other sources. These
other systematic errors are dominated by the ∼ 9% un-
certainty in higher order matching of the heavy-light cur-
rents.

The differential partial decay rate for B → π lν, ignor-
ing the charged lepton mass, is given by,

dΓ

dq2
=

G2
F

24π3
p3

π |Vub|2 |f+(q2)|2 (21)

where GF is the Fermi constant and pπ the magnitude

f+

f0

Exclusive Analyses
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- need form-factors for the non-pert. QCD effect

FIG. 1: Predictions for dΓ(B → π"ν)/dq2 (left) and for dΓ(B → ρ"ν)/dq2 (right) for a variety of
calculations, illustrating the range of variation of the predicted q2–dependence. See Section VI for
further discussion of the calculations.

III. EVENT RECONSTRUCTION AND SELECTION

The CLEO detector [49, 50] contains three concentric tracking devices within a 1.5 T
superconducting solenoid that detect charged particles over 95% (93%) of the solid angle
for the first third (last two thirds) of the data. For the last two thirds of the data, a silicon
vertex detector replaced a straw-tube wire chamber. The momentum resolution at 2 GeV/c
is 0.6%. A CsI(Tl) electromagnetic calorimeter, also inside the solenoid, covers 98% of 4π.
A typical π0 mass resolution is 6 MeV. Charged tracks are assigned the most probable mass
based on specific ionization, time of flight, and the relative rates as a function of momentum
for proton, K+, and π+ production in B decay.

The undetected neutrino complicates analysis of semileptonic decays. Because of the
good hermeticity of the CLEO detector, we can reconstruct the neutrino via the missing
energy (Emiss ≡ 2Ebeam −

∑

Ei) and missing momentum ("Pmiss ≡ −
∑

"pi) in each event.
In the process e+e− → Υ(4S) → BB̄, the total energy of the beams is imparted to the
BB̄ system; at CESR, that system is at, or nearly at, rest. (A small crossing angle has
been in use at CESR for most of the running.) The missing mass, M2

miss ≡ E2
miss − |"Pmiss|2,

must be consistent, within resolution, with a massless neutrino. Specifically, we require
−0.5 < M2

miss/2Emiss < 0.3 GeV for events with a total charge ∆Q = 0, and |M2
miss|/2Emiss <

0.3 GeV for events with |∆Q| = 1.
Signal Monte Carlo (MC) events show a |"Pmiss| resolution of 85 MeV/c. The resolution on

Emiss is about three times larger than the momentum resolution [51]. Significant effort has
been devoted to minimizing multiple counting of charged particles in the track reconstruction
(e.g., particles that curl multiple times within the tracking volume), and to suppressing
clusters in the calorimeter from charged hadrons that have interacted.

With an estimate of the neutrino four–momentum in hand, we can employ full recon-
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large variations among models

HPQCD, PRD73, 074502 (2006)

Form-factor models based on
- Relativistic quark models (ISGW2)
- LCSR for low q2
- LQCD for high q2

How well can we measure the q2 dist. for B→Xu l ν ?

Hadronic current H
µ

for B̄
0 → π+�−ν̄:

H
µ =

�
π+(p�)|uγµ

b|B̄0(p)
�

= f
+(q2)(p + p

�)µ

In the limit of massless lepton,

dΓ(B → π�ν)
dq2d cos θ�

= |Vub|2
G

2
F

32π3
|�pπ|3 sin2 θ�

��f+(q2)
��2
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B → Xu�+ν (incl. anal.)

systematic uncertainty on the nonresonant Dð"Þ!‘" decay
modes is estimated as half of the shift between the bounds
on the branching fractions. The simulation of QED correc-
tions incurs a negligible systematic error [15].

We estimate the effect of the specific choice of parame-
ters used in training the BDT by varying the pruning
technique, the number of trees, and the minimum number
of events in each node by 20% for each respective quantity.

The partial branching fraction for p"B
‘ > 1:0 GeV=c is

!BðB!Xu‘";p
"B
‘ >1:0GeV=cÞ¼1:963%ð1&0:088stat&

0:081systÞ%10'3. A breakdown of the uncertainties is pro-
vided in Table I. We obtain jVubj directly from the partial
branching fraction using jVubj2 ¼ !Bu‘"=ð#B!RÞ, where
!R is the predicted B ! Xu‘" partial rate in the given
phase space region, and #B is the average B lifetime [4].
Table II lists jVubj values extracted with the most recent
QCD calculations [5–7], where the errors are statistical,
systematic, from the error on mb, and theoretical, respec-
tively. Within their stated theoretical uncertainties, the
results in Table II are consistent.

In summary, a new experimental technique has been
employed to measure the branching fraction of inclusive
charmless semileptonic B decays (B ! Xu‘") over nearly
the full kinematical phase space, resulting in a large re-
duction on the uncertainty of jVubj. We provide a more
reliable, comprehensive treatment of the many contribu-
tions to the signal and background processes, while reduc-
ing the experimental (nonmodel) systematic errors on jVubj
by (30%, with respect to Ref. [8]. The theoretical uncer-
tainties on jVubj, dominated by the uncertainties on the
b-quark mass and the shape function, are 40% lower in the
schemes in Ref. [6,7] and 20% lower in the scheme in
Ref. [5] than in our previous measurement [8]. The SF
errors have been almost completely removed from the
theoretical extrapolation. The improvement in the uncer-
tainty is primarily due to the increase in the measured
phase space, which decreases the power dependence of
jVubj on the b-quark mass. These values have an overall
uncertainty of (7%, competitive with that of the world
average [4], and in agreement at the(1$ level. This result
increases our confidence in the inclusive determination of
jVubj, further highlighting the gap between the inclusive
and the exclusive determinations, and with sin2%1. This is
the last measurement of inclusive jVubj by Belle, using the
full "ð4SÞ data sample.
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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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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
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ð25$; 145$Þ) for electrons (muons), where !lab denotes the
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B0 events, we make no requirement on the lepton charge.
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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
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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
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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&‘#
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D0"þ and calculate the momentum of the D&þ and miss-
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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

)2 (GeV/cXM

E
ve

nt
s

0 1 2 3 4
0

500

1000

1500

2000

)2/c2 (GeV2q

E
ve

nt
s

0 10 20 30
0

1000

2000

 data0/+B
ν l u X→B
ν l c X→B

Secondaries
Combinatorial
Continuum

FIG. 1 (color online). Projections of the MX ( q2 fit in bins of
MX (left) and q2 (right).

PRL 104, 021801 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 JANUARY 2010

021801-3

BELLE

∆B(p∗B� > 1.0) = 1.963× (1± 0.088± 0.081)× 10−3

most precise single 
measurement of Vub

using Boosted 
Decision Tree 

multivariate method
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Phillip Urquijo, Moriond EW, March 2010     

|Vub| summary Inclusive vs. Exclusive

22

Inclusive Exclusive

Exclusive < Inclusive ~1-2σ, Greater discrepancy with z-fit.

Babar prelim z-fit

Δ=14%}
Δ=10%

}Δ=6%



Vub from inclusive avg. give O(6%) error
- restricted phase-space is much better understood
- check with many complementary meas’mts.

Exclusive analyses catch up
- powerful B-tagging 
- improved ν-recon. --> fine-binned q2 dist.
- unquenched L-QCD

Systematics (esp. for SF param.) will improve 
with more statistics --> Belle-II !

What did we learn?

49



Status of the 
CKM Δ

50

V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
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angles only
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with everything
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• Critical role of the B-factories in
the verification of the KM
hypothesis was recognized and
cited by the Nobel Foundation

• A single irreducible phase in the
weak int. matrix accounts for
most of the CP violation observed
in the K’s and in the B’s

• CP-violating effects in the B
sector are O(1) rather than
O(10−3) as in the K0 system.

Youngjoon Kwon New physics search in B decays Nov. 15, 2009 @ FAPPS09
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Any Tensions?
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Any Tensions?

Two “tensions” in CPV measurements

- φ1  from b → s Penguin

- Direct CPV in B → K+ π
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Two “tensions” in CPV measurements

- φ1  from b → s Penguin

- Direct CPV in B → K+ π

Vub tension with 

- B+ → τ+ ν
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Any Tensions?

Two “tensions” in CPV measurements

- φ1  from b → s Penguin

- Direct CPV in B → K+ π

Vub tension with 

- B+ → τ+ ν
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If confirmed, these could be potential hints for NP...
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!"#$ !"#% !"#& " "#& "#% "#$

QCDF:M.Beneke,
    PLB620, 143 (2005)

SCET/QCDF : A.R.Williamson, J.Zupan
    PRD74, 014003 (2006)

QCDF:H.Cheng, CK.Chua, A.Soni,
    PRD72, 014006 (2005),
    PRD72, 094003 (2005)

SU(3):M.Gronau, J.Rosner, Z.Zupan,
    PRD74, 093003 (2006)

 

'

f

S

tend  to  be  higher  than  the  observed  CP  in  b  ccs  transitions

SSM = (sin2     -sin2       )1 1
SMeff

LD  is  not  included

-1.67

b  s  penguin
DIS 2010 @ Florence,  Italy  (2010, Apr., 19-23) 13∆ sin 2φeff

1 by b → s penguin (SM)

57slide by T. Hara for DIS 2010
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Average 0.59  0.07
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FPCP 2009

PRELIMINARY

sin 2φ1 =

{

0.673 ± 0.023 (b → cc̄s)
0.569 ± 0.065 (clean b → sq̄q)
0.672 ± 0.023
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Kπ puzzle
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AK−π+ ≡ Γ(B̄0 → K−π+)− Γ(B0 → K+π−)
Γ(B̄0 → K−π+) + Γ(B0 → K+π−)

CP asymmetry in charmless hadronic B decays

< 0 by ∼ 8σ
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CP violation in B→ Kπ
CPV through interference

Vub

CPV in B -> K+ !" is not unexpected, but ...

CPV in B0 → K+π− is not unexpected, but ...
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Direct CPV in B → Kπ
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Figure 2 | Mbc projections for K
2p1 (a), K1p2 (b), K2p0 (c) and

K1p0 (d).Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06GeV for
K6p7 and 20.14,DE, 0.06GeV for K6p0.

AK+p+:
N !BB0?K{pzð Þ{N B0{Kzp{ð Þ
N !BB0?K{pzð ÞzN B0?Kzp{ð Þ

~{0:094+0:018+0:008

AK+p0~z0:07+0:03+0:01

AK+p0{AK+p+~z0:164+0:037

a 4.4 σ effect!

NBB̄ = 535× 106

BELLE
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Nature 452, 332 (2008)

B0 → K+π−B̄0 → K−π+

B− → K−π0 B+ → K+π0



ACP(Kπ) current status

ACP (%)

-10 -5 0 5 10

0 1 2 3 4

BaBar

0 1 2 3 4

Belle

0 1 2 3 4

CDF
world average

-10 -5 0 5 10

-10 -5 0 5 10

ACP (K+π−)

ACP (K+π0)

∆AKπ ≡ ACP(K+π−)− ACP(K+π0)

= −0.147± 0.028

a 5.3σ effect!
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Diagrams for B→ Kπ

LETTERS

Difference in direct charge-parity violation between
charged and neutral B meson decays
The Belle Collaboration*

Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral Kmeson (K0) and Bmeson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutralB0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K{pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV

!
ts (where tb and ts represent the transitions between t and b

quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to bemeasured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, wemust producemanyB
mesons and detect themwith high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.73 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report ourmeasurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.

a

b
B+, B0

u
p0, p–

u
K+, p+

u

u

B+

b

u

c

p+, K+

p0

d, s

u

W

B+

u, d

u, d

p+, K+

u

b

u

p0

d, s

b

u

u
B+, B0

d

u, d u, d

bs, d

u, d u, d p0, p–

W

W

Z

W

K+, p+s, d

g
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Vol 452 |20 March 2008 |doi:10.1038/nature06827

332
Nature   Publishing Group©2008

Diagrams for B0+ → K+π−0
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Conjectures for ΔACP ≠0

• Enhanced color-suppressed tree?

- Can it be bigger than color-favored tree?

• EW penguin?

- EWP has negligible CP phase in SM, hence cannot affect 
ΔA by much

- perhaps, picking up a new CP phase from NP?

I would love to talk about all the wonderful results on EWP, 
but I simply don’t have time for it today...



one important but poorly constrained piece in the puzzle

B→ K0
Sπ0 +1st obs. of B→ K0

Lπ0B!KS !0 Signal +1st B!KL !0 Signal

3-d fit gives a signal of 657±37 events
285±52±57 (3.7! incl. 

systematics)

One important but poorly constrained piece in the puzzle

(Using KS decays that are inside 

the silicon, we measure TCPV)
These modes will be very 
difficult at a hadron machine

Use flavor tagging to distinguish B0 

and anti-B^0

(Using K0
S decays that are inside the SVD,

we measure TCPV)
These modes will be very difficult at a hadron
machine
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Model-indep. detection of NP in the B→ Kπ system

  B !K!
       A(K0!+)=0.009 ±0.025

        A(K+!0)=0.050 ±0.025

        A(K+!-)=-0.098 ±0.012

        A(K0!0)=-0.01 ±0.10

HFAG, ICHEP08 A(K0!0)

A(K0!+)

sum ru
le

"A
(K

+
! 0)

measured (HFAG)

expected (sum rule)

Sum rule proposed by:
M. Gronau, PLB 627, 82 (2005); D. Atwwod, A. Soni, PRD 58, 036005 (1998).
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B+ → τ+ν
PRL 97, 251801 (2006)
arXiv:0809.3834 (2008)

PRD 77, 011107 (2008)
arXiv:0809.4027

BELLE



Motivations for B
+ → �+ν

Γ(B+ → �+ν) =
G

2
F
mBm

2
�

8π

�
1−

m
2
�

m
2
B

�2

f
2
B
|Vub|2

• very clean place to measure fB (or Vub?)
and/or search for new physics (e.g. H

+, LQ)

• but, helicity-suppressed: Γ(B+ → e
+ν)� Γ(B+ → µ+ν)� Γ(B+ → τ+ν)
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(B
+ → τ+ν) Constraints on new physics

• Hou, PRD 48, 2342 (1993)

rH ≡ B(B+ → τ+ν)
B(B+ → τ+ν)SM

=
�

1− m
2

B

m
2

H

tan
2 β

�2

• (Figure) from Belle SL-tag results
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(B+→τ+ ν) compared with CKM fit 

(B+ → τ+ν) Compared with CKM fit

HFAG, Spring ’09
(1.43 ± 0.37) x 10-4 • BSM ∝ (fB|Vub|)2

• fB cancels if taken
ratio with B0 mixing

• provides a constraint
on Vub in CKM � fit

• ∃ a tension?
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B-Factories  have  confirmed  the  large  CP  violation
in  particular,  B  cc K   modes : sin2     = 0.672E0.0230

1 high  precision !

Now,  the  reference  for  the  new  physics  search 
      = 21.15 0.90
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year

      = 69 19
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O.Long @ Moriond, 
                     EW, 2010

Now...
DIS 2010 @ Florence,  Italy  (2010, Apr., 19-23) 7Concluding Remarks

slide by T. Hara for DIS 2010



• Status of the “tension”s
- There are a few interesting results from the B-factory 

experiments indicating hints of something unknown...

★ leptonic B decays

★ hadronic penguin decays

★ NP or not-NP, we do not have clear understanding, yet

•What’s ahead
- (although I didn’t say a word about it...) The case for flavor 

physics in the LHC era is still compelling

- LHC, esp. LHCb experiment will be great tools for heavy-
flavor physics

- But some aspects, e.g. modes with neutrino(s), will require 
Super-B (i.e. Belle-II)
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Concluding Remarks



Future prospects

76

∫ L dt ΔB(B→τν) 

exp

Δ|Vub|

414 fb-1 36% 7.5%

5 ab-1 10% 5.8%

50 ab-1 3% 4.4%

extrapolations

for 50 ab-1

assuming 
Δ|Vub| = 0 & ΔfB = 0

ΔfB(LQCD) = 5% (?)

2σ band for rH



Extrapolation: B  φK0 at 50/ab
with present WA values

J/ψK0

φK0

Compelling measurement in a clean mode

MC

This would establish 
the existence of a NP 
phase



on Kπ puzzle

A(K0!0)

A(K0!+)

sum ru
le

"A
(K

+
! 0)

e.g. Belle II, 50 ab-1
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  What we call the beginning is often the end
  And to make an end is to make a beginning.
  ...

  We shall not cease from exploration
  And the end of all our exploring
  Will be to arrive where we started
  And know the place for the first time.
  Through the unknown, unremembered gate
  When the last of earth left to discover
  Is that which was the beginning
  ...

T. S. Elliot, from “Four Quartets”
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The (still) open questions

• Why flavors; why 3?

• Why the mass & mixing patterns?

• Why/how did the antimatter disappear?

• ...

- Questions may remain unanswered even if SUSY or new physics is found

at LHC and/or Super-B...

- But, step-by-step experimental approach in flavor physics, esp. in B
physics is definitely needed to address these grand questions
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---------------------------------------------------------------------------------------------------------------

"A special search at Dubna was carried out by E. Okonov and his 
group. They did not find a single KL ! "+ "-  event among

600 decays into charged particles [12] (Anikira et al., JETP 1962). 
At that stage the search was terminated by the administration of 
the Lab. The group was unlucky."

                      -Lev Okun, "The Vacuum as Seen from Moscow"
-----------------------------------------------------------------------------------------------

A lesson from history

1964: BF= 2 x 10-3

A failure of imagination ? Lack of patience ?

“Imagine if Fitch and Cronin had stopped at the 1% level, 

how much physics would have been missed” 

–A. Soni@Super KEKB proto-collaboration meeting

(1964) B = 2× 10−3

A failure of imagination, or lack of patience?
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Thank you!


