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Introduction:  
Searching new physics in B physics 
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Flavour Physics within SM
In SM, the difference between mass and interaction basis explains, the GIM 
mechanism, the CP Violation! Very concise!  
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Origin of CP Violation  
(complex phase)!
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What has been confirmed?

up charm

strange

top

bottomdown

bsd

tcu

Vckm: Cabibbo-
Kobayashi-Maskawa 

matrix

1st generation 2nd generation 3rd generation

up type

charge 2/3

up

2.2±0.5MeV

charm

1.27±0.03GeV

top

173.21±0.87GeV

down type

charge -1/3

down

4.7±0.5MeV

strange

96±6MeV

bottom

4.18±0.04GeV

charged 
lepton


charge -1

electron

0.511MeV

𝝻

105.7MeV

𝞃

1.78GeV

neutrinos

charge 0

𝝼e

<2.0eV

𝝼𝝻

<0.17eV

𝝼𝞃

<18.2eV

down strange bottom

up Vub

0.97370±0.00014 

Vus

0.2245±0.0008 

Vub

0.00382±0.00024

charm Vcd

0.221±0.004 

Vcs

0.997±0.011

Vcb

0.0410±0.0014

top Vtd
 Vts
 Vtb

1.013 ± 0.030

Observed Quark masses

Observed Quark mixing VCKM

✓SM does not say anything about 
the Yukawa coupling so the 
masses and the couplings are not 
predictable.  

✓VCKM has to be a 3x3 unitary 
matrix which includes only 
one complex phase.  

✓N.B. LHC and LCs can tell us the 
linearity of the masse and the 
Higgs coupling.
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What has been confirmed?

up charm

strange

top

bottomdown

bsd

tcu

Vckm: Cabibbo-
Kobayashi-Maskawa 

matrix

1st generation 2nd generation 3rd generation

up type

charge 2/3

up

2.2±0.5MeV

charm

1.27±0.03GeV

top

173.21±0.87GeV

down type

charge -1/3

down

4.7±0.5MeV

strange

96±6MeV

bottom

4.18±0.04GeV

charged 
lepton


charge -1

electron

0.511MeV

𝝻

105.7MeV

𝞃

1.78GeV

neutrinos

charge 0

𝝼e

<2.0eV

𝝼𝝻

<0.17eV

𝝼𝞃

<18.2eV

down strange bottom

up Vub

0.97417±0.00021 

Vus

0.2248±0.0006 

Vub

0.00409±0.00039

charm Vcd

0.220±0.005 

Vcs

0.995±0.016

Vcb

0.0405±0.0015

top Vtd
 Vts
 Vtb

1.009 ± 0.031

Observed Quark masses

Observed Quark mixing VCKM

✓SM does not say anything about 
the Yukawa coupling so the 
masses and the couplings are not 
predictable.  

✓VCKM has to be a 3x3 unitary 
matrix which includes only 
one complex phase.  

✓N.B. LHC and LCs can tell us the 
linearity of the masse and the 
Higgs coupling.

Do fermion masses come entirely 
from  the Yukawa coupling? 

     Linear Colliders
✴ The LHC discovery of Higgs particle completed all the particles 
needed in SM.  
✴ Now we are aiming at precisely measuring the properties of these 
particles to search for signs of new physics. 
✴ Challenges towards precision can adequately be met in a clean 
environment ➠ e+e- colliders. Chapter 2. Higgs Boson
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Figure 2.8.21: Expected precision from the full ILC program of tests of the Standard
Model prediction that the Higgs coupling to each particle is proportional to its mass.

66 —DRAFT— Last built: March 31, 2013

Klute et al.  1301.1322 DBD 2012
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‣ Successful explanation of 
flavour physics up to now! 
Hundreds of observables 
(including dozens of CPV) are 
explained by this single matrix.  

What has been confirmed?
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Flavour Physics beyond SM
The indirect search of new physics through quantum effect: very powerful tool to 

search for new physics signal!  

‣ This very simple picture does not exist in most of the extensions 
of SM: suppression of the FCNC is NOT automatic and also 
extra CP violation parameters can appear.    

7

SUSY: Quark and 
Squark mass matrices 

can not be 
diagonalized at the 
same time ---> FCNC 

and CP violation

Mutli-Higgs model, 
Left-Right symmetric 
model: Many Higgs 

appearing in this 
model ---> tree level 

FCNC and CP 
violation

Warped extra-
dimension with 
flavour in bulk: 
Natural FCNC 

suppression though, 
K-K mixing might be 
too large due to the 
chiral enhancement
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Existence of new particles 
Excessive occurring of 
FCNC & CP violation 

process
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Existence of new particles 
Excessive occurring of 
FCNC & CP violation 

process



Evidence for direct CP  
violation in B → K+ π−

Evidence for B → τ ν

Observation of  b → dγ

Observation of B → K(*)ll 

Observation of CP  
violation in the B meson system

Measurements of mixing-induced 
CP violation in B →ϕKs, η’Ks etc

Discovery of X(3872)

Observation of direct CP  
violation in B → ρ+ ρ−

Slide taken from 

Legacy of B factories
B factories: e+e- circular collider with energy at 𝝪(4S)(→BBbar) 

A. J. Schwartz Physics Prospects for Belle II Gordon Research Conference 2019 3

History

2000   2002    2004   2006    2008    2010    2012

Lu
m

in
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ity
  (
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-1

)

>1000 fb-1

550 fb-1

CLEO 11 fb-1

Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data

Nobel Prize to Kobayashi-Maskawa 
(2009)

Origin of CP violation in Standard 
Model

KEK (Japan)＝Belle/KEKB
SLAC (US)＝Babar/PEP-II
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Legacy of B factories
Discovery of charm/bottom exotic bound states 

14 Quarkonium(like) Physics

Table 125: Quarkonium-like states at the lowest open flavour thresholds.

State M, MeV �, MeV J

PC Process (mode) Experiment (#�) Year Status

X(3872) 3871.69 ± 0.17 < 1.2 1++

B ! K(⇡+

⇡

�
J/ ) Belle [1050, 1138] (>10), 2003 Ok

BaBar [1139] (8.6)
pp̄ ! (⇡+

⇡

�
J/ ) ... CDF [1140–1142] (11.6), 2003 Ok

D0 [1143] (5.2)
pp ! (⇡+

⇡

�
J/ ) ... LHCb [1144–1146] (np), 2012 Ok

CMS [1147] (np)
Y (4260) ! � (⇡+

⇡

�
J/ ) BESIII [1148] (6.3) 2013 NC!

B ! K(!J/ ) Belle [1149] (4.3),
BaBar [1150] (4.0)

2005 NC!

B ! K(� J/ ) Belle [1149, 1151] (5.5), 2005 Ok
BaBar [1152, 1153] (3.6),
LHCb [1154] (> 10)

B ! K(�  (2S)) BaBar [1153] (3.5),
Belle [1151] (0.2),

2008 NC!

LHCb [1154] (4.4)
B ! K(D0

D̄

⇤0) Belle [1155, 1156] (6.4), 2006 NC!
BaBar [1157] (4.9)

Zc(3900)
+ 3891.2 ± 3.3 40 ± 8 1+�

Y (4260) ! ⇡

�(⇡+

J/ ) BESIII [1158] (>8),
Belle [1159] (5.2),

2013 Ok

CLEO data [1160] (>5)
Y (4260, 4360) !
⇡

0(⇡0

J/ )
CLEO data [1160] (3.5),
BESIII [1161] (10.4)

2013 Ok

Y (4260, 4390) !
⇡

�(⇡+

hc)
BESIII [1162] (2.1) 2013 NC!

Y (4260) ! ⇡

�(DD̄

⇤)+ BESIII [1163, 1164] (18) 2013 Ok
Y (4260) ! ⇡

0(DD̄

⇤)0 BESIII [1165] (>10) 2015 Ok

Zc(4020)
+ 4022.9 ± 2.8 7.9 ± 3.7 ??� Y (4260, 4390) !

⇡

�(⇡+

hc)
BESIII [1162] (8.9) 2013 NC!

Y (4260, 4390) ! ⇡

0(⇡0

hc) BESIII [1166] (>5) 2014 NC!
Y (4360) ! ⇡

�(⇡+

 (2S)) Belle [1167] (3.5),
BESIII [1168] (9.2)

2014 NC!

Y (4260) ! ⇡

�(D⇤
D̄

⇤)+ BESIII [1169] (10) 2013 NC!
Y (4260) ! ⇡

0(D⇤
D̄

⇤)0 BESIII [1170] (5.9) 2015 NC!

Zb(10610)
+ 10607.2 ± 2.0 18.4 ± 2.4 1+�

⌥ (10860) !
⇡

�(⇡+

⌥ (1S, 2S, 3S))
Belle [1171–1173] (>10) 2011 Ok

⌥ (10860) !
⇡

0(⇡0

⌥ (2S, 3S))
Belle [1174] (6.5) 2013 NC!

⌥ (10860) !
⇡

�(⇡+

hb(1P, 2P ))
Belle [1171, 1172] (16) 2011 Ok

⌥ (10860) ! ⇡

�(BB̄

⇤)+ Belle [1175, 1176] (9.3) 2012 NC!

Zb(10650)
+ 10652.2 ± 1.5 11.5 ± 2.2 1+�

⌥ (10860) !
⇡

�(⇡+

⌥ (1S, 2S, 3S))
Belle [1171–1173] (>10) 2011 Ok

⌥ (10860) !
⇡

�(⇡+

hb(1P, 2P ))
Belle [1171, 1172] (16) 2011 Ok

⌥ (11020) !
⇡

�(⇡+

hb(1P ))
Belle [1177] (3.3) 2015 NC!

⌥ (10860) ! ⇡

�(B⇤
B̄

⇤)+ Belle [1175, 1176] (8.1) 2012 NC!

Symmetry (HQSS) for pure quarkonium, however, can be explained naturally within both

the tetraquark picture [1238] as well as the molecular scenario [1239]. The isovector states

in the charmonium sector, the Zc(3900) and Zc(4020), seem to be close relatives of the Zb

states. Their masses as reported in the current literature are located somewhat above the

DD̄⇤ and D⇤D̄⇤ thresholds, which is disastrous for the molecular interpretation. However,

those mass determinations neither take into account the interference between the Zc signals

and the non-resonant background, which could shift the peak position by as much as �/2,

nor the proper analytic structure of the amplitudes.

Recently BESIII studied the process e+e� ! ⇡+⇡� (2S) and reported observation of an

intermediate charged state [1168]. Previously, Belle had found evidence for this state [1167].
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Table 126: Quarkonium(-like) states above the open flavour thresholds.

State M, MeV �, MeV J

PC Process (mode) Experiment (#�) Year Status

 (3770) 3773.13 ± 0.35 27.2 ± 1.0 1��
e

+

e

� ! (DD̄) PDG [77] 1977 Ok

B ! K(DD̄) Belle [1178, 1179] (5.5),
BaBar [1157] (6.4)

2003 Ok

e

+

e

� ! (⇡+

⇡

�
J/ ) BES [1180] (3),

CLEO [1181] (11.6)
2003 Ok

e

+

e

� ! (⇡0

⇡

0

J/ ) CLEO [1181] (3.4) 2005 NC!

e

+

e

� ! (⌘ J/ ) CLEO [1181] (3.5) 2005 NC!

e

+

e

� ! (� ⌘) CLEO [1182] (5) 2005 NC!

e

+

e

� ! (� �c0,1) PDG [77] 2005 Ok

 

2

(3823) 3822.2 ± 1.2 < 16 2��
B ! K(��c1) Belle [1183] (3.8) 2013 NC!

or X(3823) e

+

e

� ! ⇡

+

⇡

�(��c1) BESIII [1184] (6.2) 2015 NC!

X(3860) 3862+48

�35

201+177

�106

0/2++

e

+

e

� ! J/ (DD̄) Belle [1185] (6.5) 2017 NC!

X(3915) 3918.4 ± 1.9 20 ± 5 0/2?+

B ! K(!J/ ) Belle [1186] (8),
BaBar [1150, 1187] (19)

2004 Ok

or Y (3940) e

+

e

� ! e

+

e

�(!J/ ) Belle [1188] (7.7),
BaBar [1189] (7.6)

2009 Ok

�c2(2P ) 3927.2 ± 2.6 24 ± 6 2++

e

+

e

� ! e

+

e

�(DD̄) Belle [1190] (5.3),
BaBar [1191] (5.8)

2005 Ok

X(3940) 3942+9

�8

37+27

�17

??+ e

+

e

� ! J/ (DD̄

⇤) Belle [1192, 1193] (6) 2005 NC!

 (4040) 4039 ± 1 80 ± 10 1��
e

+

e

� ! (hadrons) PDG [77] 1978 Ok

e

+

e

� ! (⌘J/ ) BESIII [1194] (>10),
Belle [1195] (6.0)

2012 NC!

Z(4050)+ 4051+24

�43

82+51

�55

??+ B̄

0 ! K

�(⇡+

�c1) Belle [1196] (5.0),
BaBar [1197] (1.1)

2008 NC!

X(4140) 4146.5+6.4
�5.3 83+30

�25

1++

B

+ ! K

+(�J/ ) CDF [1198, 1199] (5.0),
Belle [1200] (1.9),

2009 Ok

or Y (4140) LHCb [1201] (1.4),
CMS [1202] (>5),

D0 [1203] (3.1),
BaBar [1204] (1.6),

LHCb [1205, 1206] (8.4)

pp̄ ! (�J/ ) ... D0 [1207] (4.7) 2015 NC!

 (4160) 4153 ± 3 103 ± 8 1��
e

+

e

� ! (hadrons) PDG [77] 1978 Ok

e

+

e

� ! (⌘J/ ) Belle [1195] (6.5),
BESIII [1208] (>5)

2013 NC!

X(4160) 4156+29

�25

139+113

�65

??+ e

+

e

� ! J/ (D⇤
D̄

⇤) Belle [1193] (5.5) 2007 NC!

Z(4200)+ 4196+35

�32

370+99

�149

1+�
B̄

0 ! K

�(⇡+

J/ ) Belle [1209] (6.2) 2014 NC!

Z(4250)+ 4248+185

�45

177+321

�72

??+ B̄

0 ! K

�(⇡+

�c1) Belle [1196] (5.0),
BaBar [1197] (2.0)

2008 NC!

Y (4260) 4221.1 ± 2.5 47.7 ± 4.0 1��
e

+

e

� ! (⇡+

⇡

�
J/ ) BaBar [1210, 1211] (8),

CLEO [1212, 1213] (11),
2005 Ok

Belle [1159, 1214] (15),
BESIII [1158, 1215] (np)

e

+

e

� ! (⇡0

⇡

0

J/ ) CLEO [1212] (5.1),
BESIII [1161] (np)

2006 Ok

e

+

e

� ! (K+

K

�
J/ ) CLEO [1212] (3.7) 2006 NC!

e

+

e

� ! (f
0

(980)J/ ) BaBar [1211] (np),
Belle [1159] (np)

2012 Ok

e

+

e

� ! (⇡+

⇡

�
hc) BESIII [1162, 1216] (10) 2013 NC!

e

+

e

� ! (⇡0

⇡

0

hc) BESIII [1166] (np) 2014 NC!

e

+

e

� ! (!�c0) BESIII [1217] (>9) 2014 NC!

e

+

e

� ! (�X(3872)) BESIII [1148] (6.3) 2013 NC!

e

+

e

� ! (⇡�
Zc(3900)

+) BESIII [1158, 1164] (>8),
Belle [1159] (5.2)

2013 Ok

e

+

e

� ! (⇡0

Zc(3900)
0) BESIII [1161, 1165] (10.4) 2015 Ok

e

+

e

� !
(⇡⌥,0

Zc(4020)
±,0)

BESIII [1162, 1166, 1169,
1170] (>10)

2013 Ok
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Introduction
Charmonium spectrum: observation and prediction

Recent discoveries of X, Y, Z

Identification of X, Y, Z requires information not only mass and width but
also quantum number, decay channels, etc...

Observed charmed mesons Potential model prediction

0−+ 1−− 1+− 0++ 1++ 2++

ηc

ηc(2S)

J/ψ

ψ(2S)

ψ(3770)

hc

χc0

χc1
χc2

X(3943) Y (3940) Z(3930)
X(3872)

Y (4260)

3.0 GeV

3.6 GeV

D + D̄

D + D̄∗

D∗ + D̄∗

D + D̄1

0−+ 1−− 1+− 0++ 1++ 2++

11S0

21S0

31S0

13S1

23S1

13D1

33S1

23D1

11P0

21P1

13P0

23P0

13P1

23P1

13P2

23P2

13F2

3.0 GeV

3.6 GeV

D + D̄

D + D̄∗

D∗ + D̄∗

D + D̄1

! Identified chamonium ! Recent discoveries

Good agreement below the threshold 

Difficulties above the threshold → appearance of exotic states

X(3872)

Y(4260)

❖identified charmonium 
❖un-identified charmonium 
❖Newly discovered state

23P1

PRL115 (‘15)PRL91 (‘03)
Belle

X(3872)

Y(4260)

Zc(3900)+

X(3872) Pc+
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1 Introduction

In the Standard Model (SM) of particle physics, the electroweak couplings of leptons to
gauge bosons are independent of their flavour and the model is referred to as exhibiting
lepton universality (LU). Flavour-changing neutral-current (FCNC) processes, where a
quark changes its flavour without altering its electric charge, provide an ideal laboratory
to test LU. The SM forbids FCNCs at tree level and only allows amplitudes involving
electroweak loop (penguin and box) Feynman diagrams. The absence of a dominant
tree-level SM contribution implies that such transitions are rare, and therefore sensitive
to the existence of new particles. The presence of such particles could lead to a sizeable
increase or decrease in the rate of particular decays, or change the angular distribution
of the final-state particles. Particularly sensitive probes for such e↵ects are ratios of the
type [1]

RH =

R
d�(B!Hµ+µ�

)

dq2
dq2R

d�(B!He+e�)

dq2
dq2

,

where H represents a hadron containing an s quark, such as a K or a K⇤ meson. The
decay rate, �, is integrated over a range of the squared dilepton invariant mass, q2. The
RH ratios allow very precise tests of LU, as hadronic uncertainties in the theoretical
predictions cancel, and are expected to be close to unity in the SM [1–3].

At e+e� colliders operating at the ⌥ (4S) resonance, the ratios RK(⇤) have been
measured to be consistent with unity with a precision of 20 to 50% [4,5]. More recently,
the most precise determination to date of RK in the q2 range between 1.0 and 6.0 GeV2/c4

has been performed by the LHCb collaboration. The measurement has a relative precision
of 12% [6] and is found to be 2.6 standard deviations lower than the SM expectation [1].
Hints of LU violation have been observed in B! D(⇤)`⌫` decays [7–9]. Tensions with
the SM have also been found in several measurements of branching fractions [10–12]
and angular observables [13,14] of rare b! s decays. Models containing a new, neutral,
heavy gauge boson [15–20] or leptoquarks [21, 22] have been proposed to explain these
measurements.

A precise measurement of RK⇤0 can provide a deeper understanding of the nature
of the present discrepancies [23]. Some of the leading-order Feynman diagrams for the
B0! K⇤0`+`� decays, where ` represents either a muon or an electron, are shown in
figure 1 for both SM and possible New Physics (NP) scenarios. If the NP particles
couple di↵erently to electrons and muons, LU could be violated. The K⇤0 represents a
K⇤(892)0 meson, which is reconstructed in the K+⇡� final state by selecting candidates
within 100 MeV/c2 of the known mass [24]. No attempt is made to separate the K⇤0

meson from S-wave or other broad contributions present in the selected K+⇡� region.
The S-wave fraction contribution to the B0! K⇤0µ+µ� mode has been measured by the
LHCb collaboration and found to be small [25]. Inclusion of charge-conjugate processes is
implied throughout the paper, unless stated otherwise. The analysis is performed in two
regions of q2 that are sensitive to di↵erent NP contributions: a low-q2 bin, between 0.045
and 1.1 GeV2/c4, and a central-q2 bin, between 1.1 and 6.0 GeV2/c4. The lower boundary of
the low-q2 region corresponds roughly to the dimuon kinematic threshold. The boundary
at 1.1 GeV2/c4 is chosen such that �(1020)! `+`� decays, which could potentially dilute
NP e↵ects, are included in the low-q2 interval. The upper boundary of the central-q2
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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B->K*𝝻+𝝻-: Re(C9) (~3-4σ)

B->D*𝞃𝝼/B->D*𝝻𝝼: R(D*) (~3σ)

B->K*𝝻+𝝻-/K*e+e-: R(K*) (~2-3σ)

P5’
P5’ anomaly

• One such observable is so-called P’5 , not intuitive, but constructed 
from angular observables to be robust from ‘form-factor uncertainties’ 

• Is the SM prediction less precise than what is claimed?
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 Coming years for B Physics
Competition/Complementarity between Belle II vs LHCb

LHCb Belle II

Higher number of 
B mesons

B production in a 
cleaner 

environment Higher boost (Bs 
oscillation)

Full kinematics 
(e.g. ν channels)

B, Bs, Bc, Λb, 
Ξb...

Inclusive 
processes

Upgrade I: 
hadronic 
channels

First e+e- machine 
with nano beam 

technology 

2015
2016

2017
2018

2019
2020

2021
2022

2023
2024

2025
2026

2027
2028

2029
2030

2031
2032

Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5

2033
2034

L = 4x1032 cm-2.s-1

1.1 interaction per 
crossing
9 fb-1 (Run 1 and 2)

Upgrade I : L = 2x1033 cm-2.s-1

~5 interactions per bunch crossing
~50 fb-1 (Run 3 and 4)

Upgrade II : L = 2x1034 cm-2.s-1

~50 interactions per bunch
crossing
~300 fb-1 (Run 5….)

LHC

LHCb
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B physics in nutshell… 
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Trees, Boxes and Penguins
Basic quark level interactions in SM for B physics 

1
1

1 1

1

b

b

b

c

s, d

d, s

q1,e-,μ-,τ-

q2,νe,νμ,ντ

q,e-,μ-,τ-,ν

q,e+,μ+,τ+,ν

bd, s

—

— —

— —

W

W

W W

g,γ,Z

✦ CKM elements Vcb,ub measurement* 
✦ New physics in the tree

✦ FCNC process (rare decay) 
✦ New physics in the loop 
✦ CKM elements Vtb,ts measurement

✦ FCNC process (oscillation)  
✦ New physics in the loop 
✦ CKM element Vtd,ts measurement*—

* Including its phase 15

t

t
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SM Effective Hamiltonian
Basic quark level interactions in SM for B physics 

✦ All the four fermi interactions are described Effective Hamiltonian. 
✦ The Wilson Coefficient includes the QCD correction and its 

renormalisation running from mW to mb scale. 

1

W

1

1

W

γ,Z

b c

νe,νμ,ντ

b s

e-,μ-,τ-e-,μ-,τ-

e+,μ+,τ+

O = ¯̀
L�µ⌫Lc̄L�

µbL

H�B=1
e↵ =

4GFp
2
�CKM

X

i

CiOi

O9 =
e2

16⇡2
¯̀�µ`s̄L�

µbL

O10 =
e2

16⇡2
¯̀�µ�5`s̄L�

µbL

⊗
⊗
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SM Effective Hamiltonian
Basic quark level interactions in SM for B physics 

1

W

1

1

W

g

1

H�B=1
e↵ =

4GFp
2
�CKM

X

i

CiOi

1

✦ All the four fermi interactions are described Effective Hamiltonian. 
✦ The Wilson Coefficient includes the QCD correction and its 

renormalisation running from mW to mb scale. 

O1 = d̄↵L�µu
�
Lc̄

�
L�

µb↵L

O2 = d̄L�µuLc̄L�
µbL

O3 =
X

u,d,s,c

q̄L�µqLs̄L�
µbL

O5 =
X

u,d,s,c

q̄R�µqRs̄L�
µbL

O6 =
X

u,d,s,c

q̄↵R�µq
�
Rs̄

�
L�

µb↵L

O4 =
X

u,d,s,c

q̄↵L�µq
�
Ls̄

�
L�

µb↵L

b c

u

d

b s

q

q

g g
⊗
⊗
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Extending the SM Effective Hamiltonian to BSM 

✦ New physics induces new types of operator beyond SM ones.  
✦ The Wilson Coefficient includes renormalisation running from 

new physics scale to electroweak scale and to mb scale. 

H,W’

BSM Effective Hamiltonian

b c

u

d

OV�A = d̄L�µuL c̄�µbL

OV+A = d̄R�µuR c̄R�
µbR

OS+P = d̄RuR c̄RbR

OS�P = d̄LuL c̄LbL

1

g

γ,Z

s

e-,μ-,τ-

e+,μ+,τ+

2

2

~b

O9 =
e2

16⇡2
¯̀�µ`s̄L�

µbL

O10 =
e2

16⇡2
¯̀�µ�5`s̄L�

µbL O0
10 =

e2

16⇡2
¯̀�µ�5`s̄R�

µbR

O0
9 =

e2

16⇡2
¯̀�µ`s̄R�

µbR

OP =
e2

16⇡2
¯̀�5`s̄RbR

OS =
e2

16⇡2
¯̀̀ s̄RbR O0

S =
e2

16⇡2
¯̀̀ s̄LbL

O0
P =

e2

16⇡2
¯̀�5`s̄LbL

SM

⊗
⊗
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Leptoquark as solution of anomalies?
Tree level LQ diagrams seem to explain the patterns of anomaly

b

e-,μ-

LQ
s

e+,μ+

b c

τ- ντ

—

LQ

—

I. Doršner et.al, Phys.Rept. 641 (‘16)

B→K*μμ(ee) B→D*τν

Scalar leptoquark Vector leptoquark 

x and y are the flavour coupling
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Leptoquark as solution of anomalies?

b

μ-

LQ
s

μ+

b

μ-

LQ
s

τ+

τ-

LQ

s

μ-

s

τ-

LQ

d

μ-

s
b

e-

LQ
s

μ+

b

e-

LQ

τ+

d
b

ν

LQ

ν

d

B→K*μμ

B→K*μτ

τ→Kμ

τ→𝜙μ

B→πνν

B→πeτ

B→K*eμ

All possible leptoquark couplings are explored in B and tau decays!
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Basic hadronic level interactions in BSM for B physics 

Semi-leptonic, Leptonic B meson decays Hadronic B meson decays

✦ Form factors include the non-perturbative QCD effect. 
✦ Non-factorisable effect for hadronic decays: QCD effect 

between mb and ΛQCD scale.

B physics and strong interaction

⊗
⊗

quark diagram

21
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Basic hadronic level interactions in BSM for B physics 

⊗
⊗

⊗⊗

Semi-leptonic, Leptonic B meson decays Hadronic B meson decays

⊗
⊗

✦ Form factors include the non-perturbative QCD effect 
✦ Non-factorisable effect for hadronic decays: QCD effect 

between mb and ΛQCD scale

⊗
⊗

B physics and strong interaction

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

1 1

1

⊗
⊗

quark diagram
B D

νe,νμ,ντ

e-,μ-,τ-

B
νe,νμ,ντ

e-,μ-,τ-

B D

π

π

K
B
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Basic hadronic level interactions in BSM for B physics 

⊗
⊗

⊗⊗

Semi-leptonic, Leptonic B meson decays Hadronic B meson decays

⊗
⊗

✦ Form factors include the non-perturbative QCD effect 
✦ Non-factorisable effect for hadronic decays: QCD effect 

between mb and ΛQCD scale

⊗
⊗

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

1 1

1

⊗
⊗

quark diagram
B D

νe,νμ,ντ

e-,μ-,τ-

B
νe,νμ,ντ

e-,μ-,τ-

B D

π

π

K
B

B→D form factor

B decay constant

B→D form factor

π decay constant

B physics and strong interaction

The non-perturbative QCD 
effects, such as form factors and 
decay constants are calculable 
by lattice QCD. The precision is 
improving very rapidly recent 

years. 
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Basic hadronic level interactions in BSM for B physics 

⊗
⊗

⊗⊗

Semi-leptonic, Leptonic B meson decays Hadronic B meson decays

⊗
⊗

✦ Form factors include the non-perturbative QCD effect 
✦ Non-factorisable effect for hadronic decays: QCD effect 

between mb and ΛQCD scale

⊗
⊗

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

1 1

1

⊗
⊗

quark diagram
B D

νe,νμ,ντ

e-,μ-,τ-

B
νe,νμ,ντ

e-,μ-,τ-

B

D

J/ψ

π

K

B

B→D form factor

B decay constant

B→K form factor

π decay constant

Non-factorisable contribution of 
hadronic decays is more difficult 

to handle. QCD factorisation 
allows to organise the 
perturbative and non-

perturbative contributions, to 
systematically improve the 

precision. The non-perturbative 
part can be improved as more 

data become available.

B physics and strong interaction
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An observation of CP violation requires a complex phase from strong interaction!

is the condition to have CP violation. 

|A(B ! f)| 6= |A(B ! f)|
How To Measure ✟✟✟✟

✟✟✟✟
✟✟✟✟
✟✟✟✟
CP phases In B Decays

Exercise 1: Direct ✟✟✟✟
✟✟✟✟
✟✟✟✟
✟✟✟✟
CP

We can measure ✟✟✟
✟✟✟
✟✟✟
✟✟✟
CP only through an interference of two amplitudes with

different CP conserving and CP violating phases.

A(B0 → f) = A1e+iθ1e+iδ1 + A2e+iθ2e+iδ2

A(B0 → f) = A1e−iθ1e+iδ1 + A2e−iθ2e+iδ2

θ1,2: CP the violating phase, δ1,2: the CP conserving phase.

Γ(B0 → f) − Γ(B0 → f)

Γ(B0 → f) + Γ(B0 → f)
=

2(A2/A1) sin(θ1 − θ2) sin(δ1 − δ2)

1 + 2(A2/A1) cos(θ1 − θ2) cos(δ1 − δ2)

Unless θ1 ̸= θ2 and δ1 ̸= δ2, CP asymmetry is always zero. Thus, to mea-

sure ✟✟✟
✟✟✟
✟✟✟
✟✟✟
CP we have to choose a process which has both CP conserving and

violating phases.

⊗
⊗

1
1

1

1

1

11

1

1 D

π

B

B physics and strong interaction

Complex phase coming from strong interaction is 
NEEDED to be able to observe the complex 

phase coming from CP violation!
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Challenges and 
progresses in B physics
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BS
M BSM

gl
uo
ns

Hadrons

gluons
Hadrons

gluons

Challenge of Flavour Physics
BSM information is hidden in the strong interaction effects

Theoretical computation 
eliminate the effects of  

strong interaction

• Perturbative QCD 
factorisation approach… 

• Non-perturbative QCD 
lattice QCD, QCD sum rule… 

• Effective theory  
ChPT, HQET, SCET…

Rough stone

Discovery!

Difficult to precisely estimate the uncertainties 
associated to each assumption behind27
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Hadrons

gluons
Hadrons

gluons

Challenge of Flavour Physics
Amplitude Analysis : new paradigm in the high statistics era?  

Data driven method 
extract the hadronic information  

from data
Rough stone

Discovery!

Parametrise the strong interaction and fit those 
parameters from data (either the same data or 

from the others). Cross check with  
 theory computation is essential. 

Theoretical computation

Famous example : muon g-2
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Hadrons

gluons

Challenge of Flavour Physics

Data driven method 
extract the hadronic information  

from data
Rough stone

Discovery!

Parametrise the strong interaction and fit those 
parameters from data (either the same data or 
from the others). Cross check with theory 

computation is essential. 

Theoretical computation

Famous example : muon g-2Famous example : muon g-2

Amplitude Analysis : new paradigm in the high statistics era?  
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Data driven method for UT precision test 
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Fig. 4: The current situation of the unitarity triangle constraints by CKMfitter (left) and

UTfit (right).

which is related to ⌃, ⌅ in Eq. (11) as2 67

⌃+ i⌅ =

⇤
1�A2⇧4(⌃̄+ i⌅̄)⇤

1� ⇧2[1�A2⇧4(⌃̄+ i⌅̄)]
(16)

The unitarity triangle is then obtained by drawing Eq. (14) on the ⌃̄ = ⌅̄ plane (see Fig. ??). 68

The three angles are defined as:69

⌥1 ⇥ arg

�
�
VcdV

�
cb

VtdV
�
tb

⇥
, ⌥2 ⇥ arg

�
�

VtdV
�
tb

VudV
�
ub

⇥
, ⌥3 ⇥ arg

�
�
VudV

�
ub

VcdV
�
cb

⇥
(17)

These angles are also known as ⌥1 = ⇥,⌥2 = � and ⌥3 = ⇤.70

The latest results of the global fit to UT parameters is shown in Fig. 4. Two sides of the71

triangle are determined from measurements of decay rates |Vub|/|Vcb| and mixing�Md/�Ms.72

2 Note that the definition of ⌃̄, ⌅̄ in Eq. (15) and the relation in Eq.(16) are to all orders in ⇧. The
⌃̄, ⌅̄ here are equivalent to those in [? ] up to O(⇧4).
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1 Theory overview

To date flavour physics is the only field in which CP violation has been observed. The45

Standard Model accomodates CP violation in flavour-changing transitions through a single46

parameter, the Kobayashi-Maskawa (KM) phase in the CKM matrix.47

1.2. CKM matrix and unitarity triangle48

The CKM matrix is the 3⇥ 3 unitary matrix49

V =

�

⇧⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥

⌃⌅ , VV† = 1, (9)

which can be parameterized by four free parameters. The flavour physics program at Belle50

II, just like at its predecessors, will have an ability to over-constrain these parameters and51

a potential to discover significant deviations from SM expectations.52

The standard choice of the CKM matrix is obtained as a product of three rotation matrices53

ordered as [? ? ]:54

V =

�

⇧⇤
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

⇥

⌃⌅ (10)

where cij = cos ⇤ij , sij = sin ⇤ij and � is the CP violating phase. With experimental knowl- 55

edge of the hierarchy |Vub|2 ⌅ |Vcb|2 ⌅ |Vus|2, an expansion was introduced [? ]. By 56

defining [? ] 57

s12 ⇤ ⌅, s23 ⇤ A⌅2, s13e
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Exclusive determination relies 
heavily on the form factor values 
determined by the lattice QCD. 

Attempt: determining the various 
form factors, including its 

momentum dependence, from the 
data to learn some aspects of form 

factor behaviour.

⊗
⊗

1

1

1

1

1

B D*

νe,νμ
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TABLE VI. Fit results for the electron and muon sub-samples in the BGL parameterization where the following parameters
are floated: ãf

0 , ã
f
1 , ã

F1
1 , ãF1

2 , ãg
0 along with F(1)|Vcb|⌘EW (derived from ãf

0 ). The p-value corresponds to the �2/ndf using the
statistical errors only.

e µ

ãf
0 ⇥ 102 �0.0507 ± 0.0005 �0.0505 ± 0.0006

ãf
1 ⇥ 102 �0.0673 ± 0.0220 �0.0626 ± 0.0252

ãF1
1 ⇥ 102 �0.0292 ± 0.0086 �0.0247 ± 0.0096

ãF1
2 ⇥ 102 +0.3407 ± 0.1674 +0.3123 ± 0.1871

ãg
0 ⇥ 102 �0.0864 ± 0.0024 �0.0994 ± 0.0027

F(1)|Vcb|⌘EW ⇥ 103 35.01 ± 0.31 34.84 ± 0.35

�2/ndf 48/35 43/35

p-value 0.08 0.26

B(B0 ! D⇤�`+⌫`) [%] 4.91 ± 0.02 4.88 ± 0.03

TABLE VII. Statistical correlation matrix of the fit to the full
sample in the BGL parameterization.

ãf
0 ãf

1 ãF
1 ãF

2 ãg
0

ãf
0 +1.000 �0.790 �0.775 +0.669 �0.038

ãf
1 +1.000 +0.472 �0.411 �0.406

ãF
1 +1.000 �0.981 +0.071

ãF
2 +1.000 �0.057

ãg
0 +1.000

into 10 bins of equal width where the width of each dis-
tribution is equal to 0.05, 0.2, 0.2 and 2⇡

10

respectively.
The bins are labelled with a common index i where i
= 1,...,40. The bins i = 1,...,10 correspond to the 10
bins of w distribution with bin ranging from w = 1.0
to w = 1.50, i = 11,...,20 correspond to the 10 bins of
cos ✓` distribution with bin ranging from cos ✓` = �1.0 to
cos ✓` = +1.0, i = 21,...,30 correspond to the 10 bins of
cos ✓

v

distribution with bin ranging from cos ✓
v

= �1.0
to cos ✓

v

= +1.0 and i = 31,...,40 correspond to the 10
bins of � distribution with the bin ranging from � = �⇡
to � = ⇡.

The values of |Vcb| and the form factors extracted from
fits to these data are found to be compatible with the
nominal analysis approach used in this paper. The over-
all uncertainties may be slightly larger as non-linear cor-
relations of systematic uncertainties are not captured by
the covariance matrices.

IX. RESULTS

The full results for the CLN fit are given below, where
the first uncertainty is statistical, and the second system-

atic:

⇢2 = 1.106 ± 0.031 ± 0.007, (24)

R
1

(1) = 1.229 ± 0.028 ± 0.009, (25)

R
2

(1) = 0.852 ± 0.021 ± 0.006, (26)

F(1)|Vcb|⌘EW

⇥ 103 = 35.06 ± 0.15 ± 0.56, (27)

B(B0 ! D⇤�`+⌫`) = (4.90 ± 0.02 ± 0.16)%, (28)

where the first error is statistical and the second error
is systematic. The dominant systematic uncertainties
are the track reconstruction or the lepton ID uncertainty
which are correlated between di↵erent bins. These results
are consistent with, and more precise than, those pub-
lished in Refs. [7, 25–27]. We find the value of branching
fraction is insensitive to the choice of parameterization.
We also present the results from the BGL fit, where the
first uncertainty is statistical, and the second systematic.

ãf
0

⇥ 103 = �0.506 ± 0.004 ± 0.008, (29)

ãf
1

⇥ 103 = �0.65 ± 0.17 ± 0.09, (30)

ãF1
1

⇥ 103 = �0.270 ± 0.064 ± 0.023, (31)

ãF1
2

⇥ 103 = +3.27 ± 1.25 ± 0.45, (32)

ãg
0

⇥ 103 = �0.929 ± 0.018 ± 0.013, (33)

F(1)|Vcb|⌘EW

⇥ 103 = 34.93 ± 0.23 ± 0.59, (34)

B(B0 ! D⇤�`+⌫`) = (4.90 ± 0.02 ± 0.16)%. (35)

These results are lower than those based on a prelim-
inary tagged approach by Belle [28], as performed in
Refs. [20, 21]. Both sets of fits give acceptable �2/ndf:
therefore the data do not discriminate between the pa-
rameterizations. The result with the BGL paramterisa-
tion is consistent with the CLN result but has a larger
fit uncertainty.

Taking the value of F(1) = 0.906 ± 0.013 from Lattice
QCD in Ref. [29] and ⌘

EW

= 1.0066 from Ref. [19], we
find the following values for |Vcb|: (38.4±0.2±0.6±0.6)⇥
10�3 (CLN+LQCD) and (38.3 ± 0.3 ± 0.7 ± 0.6) ⇥ 10�3

(BGL+LQCD). The errors correspond to the statistical,
systematic and lattice QCD uncertainties respectively.
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0 , ã
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the invariant mass squared of the lepton-neutrino system.
The range of w is restricted by the allowed values of q2

such that the minimum value of q2
min

= m2

` ⇡ 0 GeV2

corresponds to the maximum value of w,

w
max

=
m2

B + m2

D⇤

2mBmD⇤
. (4)

The three angular variables are depicted in Fig. 3 and
are defined as follows:

• ✓`: the angle between the direction of the lepton
and the direction opposite the B meson in the vir-
tual W rest frame.

• ✓
v

: the angle between the direction of the D0 meson
and the direction opposite the B meson in the D⇤

rest frame.

• �: the angle between the two planes formed by the
decays of the W and the D⇤ meson, defined in the
rest frame of the B0 meson.
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B
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$
l

$
V

D0

l

Figure 2.3: [B ! D⇤`⌫ decay geometry] Geometry of B ! D⇤`⌫ decays.

The di�erential decay rate is given by

d�(B�D⇤`�)
dwdcos�V dcos�`d� =

3G2
F

4(4�)4 |Vcb|2mBm2
D⇤

p
w2 � 1(1 � 2wr + r2)⇥

[(1 � cos�`)2sin2�V |H+(w)|2

+(1 + cos�`)2sin2�V |H�(w)|2

+4sin2�`cos2�V |H0(w)|2

�4sin�`(1 � cos�`)sin�V cos�V cos�H+(w)H0(w)

+4sin�`(1 + cos�`)sin�V cos�V cos�H�(w)H0(w)

�2sin2�`sin
2�V cos2�H+(w)H�(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = �mB
R(1 � r2)(w + 1)

2
p

1 � 2wr + r2
hA1(w) �Hi(w) (2.19)

where �Hi(w) are given by

�H±(w) =
�

1�2wr+r2

1�r

�
1 ⌥

�
w�1
w+1R1(w)

�

�H0(w) = 1 + w�1
1�r (1 � R2(w))

(2.20)

FIG. 3. Definition of the angles ✓`, ✓v and � for the decay
B0 ! D⇤�`+⌫`.

IV. SEMILEPTONIC DECAYS

In the massless lepton limit, the B0 ! D⇤�`+⌫` dif-
ferential decay rate is given by [4]

d�(B0 ! D⇤�`+⌫`)

dwd cos ✓`d cos ✓
v

d�
=

⌘2

EW

3mBm2

D⇤

4(4⇡)2
G2

F |Vcb|2
p

w2 � 1(1 � 2wr + r2)

�
(1 � cos ✓`)

2 sin2 ✓
v

H2

+

(w) + (1 + cos ✓`)
2 sin2 ✓

v

H2

�(w)

+4 sin2 ✓` cos2 ✓
v

H2

0

� 2 sin2 ✓` sin2 ✓
v

cos 2�H
+

(w)H�(w)

�4 sin ✓`(1 � cos ✓`) sin ✓
v

cos ✓
v

cos �H
+

(w)H
0

(w)

+4 sin ✓`(1 + cos ✓`) sin ✓
v

cos ✓
v

cos �H�(w) � H
0

(w)} ,(5)

where r = mD⇤/mB , GF = (1.6637 ± 0.00001) ⇥
10�5~c2GeV�2 and ⌘

EW

is a small electroweak correc-
tion (Calculated to be 1.006 in Ref. [19]).

A. The CLN Parameterization

The helicity amplitudes H±,0(w) in Eq. 5 are given
in terms of three form factors. In the CLN parameter-
ization [4] one writes these helicity amplitudes in terms
of the form factor hA1(w) and the form factor ratios
R

1,2(w). They are defined as

hA1(w) = hA1(1)
⇥
1 � 8⇢2z + (53⇢2 � 15)z2

�(231⇢2 � 91)z3
⇤
,

R
1

(w) = R
1

(1) � 0.12(w � 1) + 0.05(w � 1)2,

R
2

(w) = R
2

(1) � 0.11(w � 1) � 0.06(w � 1)2, (6)

where z = (
p

w + 1 � p
2)/(

p
w + 1 +

p
2). In addition

to the form factor normalization, there are three inde-
pendent parameters ⇢2, R

1

(1) and R
2

(1). The values of
these parameters are not calculated theoretically instead
they are extracted by an analysis of experimental data.

B. The BGL Parameterization

A more general parameterization comes from BGL [5],
recently used in Refs. [20, 21]. In their approach, the
helicity amplitudes Hi are given by

H
0

(w) = F
1

(w)/
p

q2 ,

H±(w) = f(w) ⌥ mBmD⇤

p
w2 � 1g(w) . (7)

The three BGL form factors can be written as a series
in powers of z,

f(z) =
1

P
1+

(z)�f (z)

1X

n=0

af
nzn ,

F
1

(z) =
1

P
1+

(z)�F1(z)

1X

n=0

aF1
n zn ,

g(z) =
1

P
1�(z)�g(z)

1X

n=0

ag
nzn . (8)

In these equations the Blaschke factors, P
1±, are given

by

P
1±(z) =

nY

P=1

z � zP
1 � zzP

, (9)

where zP is defined as

zP =

p
t
+

� m2

P � p
t
+

� t�p
t
+

� m2

P +
p

t
+

� t�
, (10)

while t± = (mB ± mD⇤)2 and mP denotes the masses of
the B⇤

c resonances. The product is extended to include
all the Bc resonances below the B �D⇤ threshold of 7.29
GeV/c2 with the appropriate quantum numbers (1+ for
f(w) and F

1

(w), and 1� for g(w)). We use the the Bc

resonances listed in Table I. The Bc resonances also enter

Form factors including its momentum dependence are 
fitted to the experimental data (3 angles, 1 

momentum) along with the Vcb. 

B→D* form factor

⊗
⊗

1

1

1

1

1

B D*

νe,νμ

e-,μ-

Results in CNL parameterisation

Results in BGL parameterisation
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Determining the CKM element Vcb and form factors simultaneously

5

the invariant mass squared of the lepton-neutrino system.
The range of w is restricted by the allowed values of q2

such that the minimum value of q2
min

= m2

` ⇡ 0 GeV2

corresponds to the maximum value of w,

w
max

=
m2

B + m2

D⇤

2mBmD⇤
. (4)

The three angular variables are depicted in Fig. 3 and
are defined as follows:

• ✓`: the angle between the direction of the lepton
and the direction opposite the B meson in the vir-
tual W rest frame.

• ✓
v

: the angle between the direction of the D0 meson
and the direction opposite the B meson in the D⇤

rest frame.

• �: the angle between the two planes formed by the
decays of the W and the D⇤ meson, defined in the
rest frame of the B0 meson.

18

B
W D*!

" #s

$
l

$
V

D0

l

Figure 2.3: [B ! D⇤`⌫ decay geometry] Geometry of B ! D⇤`⌫ decays.

The di�erential decay rate is given by

d�(B�D⇤`�)
dwdcos�V dcos�`d� =

3G2
F

4(4�)4 |Vcb|2mBm2
D⇤

p
w2 � 1(1 � 2wr + r2)⇥

[(1 � cos�`)2sin2�V |H+(w)|2

+(1 + cos�`)2sin2�V |H�(w)|2

+4sin2�`cos2�V |H0(w)|2

�4sin�`(1 � cos�`)sin�V cos�V cos�H+(w)H0(w)

+4sin�`(1 + cos�`)sin�V cos�V cos�H�(w)H0(w)

�2sin2�`sin
2�V cos2�H+(w)H�(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = �mB
R(1 � r2)(w + 1)

2
p

1 � 2wr + r2
hA1(w) �Hi(w) (2.19)

where �Hi(w) are given by

�H±(w) =
�

1�2wr+r2

1�r

�
1 ⌥

�
w�1
w+1R1(w)

�

�H0(w) = 1 + w�1
1�r (1 � R2(w))

(2.20)

FIG. 3. Definition of the angles ✓`, ✓v and � for the decay
B0 ! D⇤�`+⌫`.

IV. SEMILEPTONIC DECAYS

In the massless lepton limit, the B0 ! D⇤�`+⌫` dif-
ferential decay rate is given by [4]

d�(B0 ! D⇤�`+⌫`)

dwd cos ✓`d cos ✓
v

d�
=

⌘2

EW

3mBm2

D⇤

4(4⇡)2
G2

F |Vcb|2
p

w2 � 1(1 � 2wr + r2)

�
(1 � cos ✓`)

2 sin2 ✓
v

H2

+

(w) + (1 + cos ✓`)
2 sin2 ✓

v

H2

�(w)

+4 sin2 ✓` cos2 ✓
v

H2

0

� 2 sin2 ✓` sin2 ✓
v

cos 2�H
+

(w)H�(w)

�4 sin ✓`(1 � cos ✓`) sin ✓
v

cos ✓
v

cos �H
+

(w)H
0

(w)

+4 sin ✓`(1 + cos ✓`) sin ✓
v

cos ✓
v

cos �H�(w) � H
0

(w)} ,(5)

where r = mD⇤/mB , GF = (1.6637 ± 0.00001) ⇥
10�5~c2GeV�2 and ⌘

EW

is a small electroweak correc-
tion (Calculated to be 1.006 in Ref. [19]).

A. The CLN Parameterization

The helicity amplitudes H±,0(w) in Eq. 5 are given
in terms of three form factors. In the CLN parameter-
ization [4] one writes these helicity amplitudes in terms
of the form factor hA1(w) and the form factor ratios
R

1,2(w). They are defined as

hA1(w) = hA1(1)
⇥
1 � 8⇢2z + (53⇢2 � 15)z2

�(231⇢2 � 91)z3
⇤
,

R
1

(w) = R
1

(1) � 0.12(w � 1) + 0.05(w � 1)2,

R
2

(w) = R
2

(1) � 0.11(w � 1) � 0.06(w � 1)2, (6)

where z = (
p

w + 1 � p
2)/(

p
w + 1 +

p
2). In addition

to the form factor normalization, there are three inde-
pendent parameters ⇢2, R

1

(1) and R
2

(1). The values of
these parameters are not calculated theoretically instead
they are extracted by an analysis of experimental data.

B. The BGL Parameterization

A more general parameterization comes from BGL [5],
recently used in Refs. [20, 21]. In their approach, the
helicity amplitudes Hi are given by

H
0

(w) = F
1

(w)/
p

q2 ,

H±(w) = f(w) ⌥ mBmD⇤

p
w2 � 1g(w) . (7)

The three BGL form factors can be written as a series
in powers of z,

f(z) =
1

P
1+

(z)�f (z)

1X

n=0

af
nzn ,

F
1

(z) =
1

P
1+

(z)�F1(z)

1X

n=0

aF1
n zn ,

g(z) =
1

P
1�(z)�g(z)

1X

n=0

ag
nzn . (8)

In these equations the Blaschke factors, P
1±, are given

by

P
1±(z) =

nY

P=1

z � zP
1 � zzP

, (9)

where zP is defined as

zP =

p
t
+

� m2

P � p
t
+

� t�p
t
+

� m2

P +
p

t
+

� t�
, (10)

while t± = (mB ± mD⇤)2 and mP denotes the masses of
the B⇤

c resonances. The product is extended to include
all the Bc resonances below the B �D⇤ threshold of 7.29
GeV/c2 with the appropriate quantum numbers (1+ for
f(w) and F

1

(w), and 1� for g(w)). We use the the Bc

resonances listed in Table I. The Bc resonances also enter

Most recently, two lattice QCD group have 
presented their results on the form factor! 
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FIG. 8. Results for separate fits to each dataset (left) and joint fit of all data (right). On the left we compare the BaBar result
(gray), the Belle result from the untagged dataset (green), and the lattice QCD result coming from our synthetic data (red).
In this plot the lattice result used the |Vcb| coming from the joint fit. All results agree within ⇡ 2� over the whole kinematic
range. On the right, the lattice-QCD values have been multiplied by our best fit value of |Vcb|. There is tension between the
slope predicted by the lattice calculation and that of the experimental data. Since the lattice-QCD slope is well determined,
correlations in the joint fit cause the central lattice-QCD values (multiplied by the best fit |Vcb|) to fall slightly below the
experimental values.

collaboration claims such an analysis is needed to achieve correct results [19]. Nonetheless, both the Belle and BaBar
collaborations give compatible final values of |V

cb

| in their respective publications [18, 19].
For Belle, we integrate Eq. (5.21) in the required bins, and the BGL expressions are introduced in the integrated

results. Also, we multiply the right-hand side of Eq. (5.21) by the Coulomb factor (1 + ↵⇡), because these data are
for neutral B mesons only. We perform a combined fit to both the electron and muon modes, instead of averaging
them4. For BaBar, we fit the lattice-QCD synthetic data with those in Ref. [19]. BaBar publishes results for a BGL
fit to their data that includes both neutral and charged B-meson decays but does not discuss the Coulomb factor.
Reference [19] does, however, provide separate |V

cb

| results for neutral and charged decays, finding consistency within
uncertainties. We therefore do not apply the Coulomb correction to the BaBar data.

BaBar uses the previous Fermilab-MILC result of h
A

1

at zero recoil to extract |V
cb

| [19, 22]. In order to minimize
the influence of the lattice-QCD results for h

A

1

(1) from Ref. [22] in the joint fit, we create synthetic data from Ref. [19]
for |⌘

EW

|2|V
cb

|2|F(w)|2 at five recoil values away from w = 1, as shown in Fig. 8.
The kinematic constraint in Eq. (5.18) is included in these fits, and although there are no direct experimental

measurements that determine F2, experiments also have an impact on the d
j

coe�cients through the correlations
between this and other form factors. Our preferred fits, coming from quadratic z expansions, are shown in Table XII
and Fig. 8. The mean of the lattice estimate falls below the experimental curves, but the errors are large enough
to make the di↵erence remain at ⇡ 2�. The full correlation matrix is provided in the ancillary files, as described in
Appendix D. Form factors from this information can be used in phenomenology, under the assumption that only the
⌧ couples to new physics.

The value for |V
cb

| coming from the fit to lattice QCD and both experimental datasets is

|V
cb

| = (38.40± 0.74)⇥ 10�3. (5.22)

It is very similar to previous exclusive determinations, for example |V
cb

|excl = (39.9± 0.9)⇥ 10�3 from the PDG [2].
The long-standing tension with inclusive determinations thus remains: |V

cb

|incl = (42.2± 0.8)⇥ 10�3 [2]. The p value

4

The systematic correlation matrices given in Ref. [18] do not include o↵-diagonal blocks for the correlated systematic errors between

electron and muon modes. They can be reconstructed from the given data [93], but we do not attempt such a reconstruction in our

analysis.
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TABLE XI. Results of linear, quadratic, and unitarity-constrained cubic z expansions using only lattice-QCD data.

Linear Quadratic Cubic
a
0

0.0330(12) 0.0330(12) 0.0330(12)
a
1

�0.157(52) �0.155(55) �0.155(55)
a
2

�0.12(98) �0.12(98)
a
3

�0.004(1.000)
b
0

0.01229(23) 0.01229(24) 0.01229(23)
b
1

�0.002(10) �0.003(12) �0.003(12)
b
2

0.07(53) 0.05(55)
b
3

�0.01(1.00)
c
1

�0.0057(22) �0.0058(25) �0.0057(25)
c
2

�0.013(91) �0.02(10)
c
3

0.10(95)
d
0

0.0508(15) 0.0509(15) 0.0509(15)
d
1

�0.317(59) �0.327(67) �0.327(67)
d
2

�0.03(96) �0.02(96)
d
3

�0.0006(1.0000)

�2/dof 0.83/5 0.64/3 0.64/3PN
i a2

i 0.026(16) 0.04(24) 0.04(24)PN
i (b2i + c2i ) 0.000193(69) 0.005(70) 0.01(18)PN

i d2i 0.103(37) 0.110(61) 0.110(52)

covariance in the fit parameters is then easily converted to the covariance of the values of the resulting fitted form
factors (at zero lattice spacing and physical quark masses) at any pair of recoil parameters (w,w0). Through the BGL
parametrization, this covariance is then converted to a covariance in the form factors values at any z pair, (z, z0). The
method has the esthetic property that information from the best fit continuum form factors is spread over the entire
physical region in z, rather than at a few arbitrarily chosen discrete points.

We have compared form factors from the functional approach with those from the synthetic data. They show no
discernible di↵erence in the form factors, implying that the systematic errors associated with the choice of synthetic
data from the chiral-continuum extrapolation are very small. Since the functional fits do not provide any new insight,
and they make it di�cult to combine data from several sources, we focus on the synthetic-data results in the rest of
the paper.

B. Determination of |Vcb|

The lattice-QCD form factors can be used in conjunction with experimental data to perform a joint fit to the
BGL parametrization, with an additional fit parameter for the relative normalization, which is nothing but |V

cb

|. In
these fits, the low-recoil behavior is determined by lattice QCD, and the large-recoil behavior by experiment. As
experimental input, we use the 2018 raw dataset from Belle [18] and the synthetic data generated from the 2019
BaBar analysis [19]. These data are combined with the lattice-QCD synthetic data. We do not use Belle’s 2017
tagged dataset [13], because it is still unpublished.

Experiments extract the fully di↵erential decay rate, not only with respect to the recoil parameter, but also to all
the angular variables in the decay chain B ! D⇤`⌫, D⇤ ! D⇡ [14, 18, 92],

d�

dw d cos ✓
v

d cos ✓
`

d�
= |V

cb

|2 |⌘EW|2 3G2
F

M5
B

1024⇡4
r3
p

w2 � 1(1� 2wr + r2)⇥
h
(1� cos ✓

`

)2 sin2 ✓
v

H2
+(w) + (1 + cos ✓

`

)2 sin2 ✓
v

H2
�(w) + 4 sin2 ✓

`

cos2 ✓
v

H2
0 (w)

� 2 sin2 ✓
`

sin2 ✓
v

cos 2�H+(w)H�(w)� 4 sin ✓
`

(1� cos ✓
`

) sin ✓
v

cos ✓
v

cos�H+(w)H0(w)

+4 sin ✓
`

(1 + cos ✓
`

) sin ✓
v

cos ✓
v

cos�H�(w)H0(w)
i
B(D⇤ ! D⇡), (5.21)

where B(D⇤ ! D⇡) is the branching fraction of the daughter D⇤ decay; further, ✓
v

, ✓
`

, and � are the polar angle of
the D in the D⇤ rest frame, the polar angle of the charged lepton in the rest frame of the virtual W meson, and the
angle between the `⌫ and D⇡ planes, respectively. Belle marginalizes on one variable at a time, integrating (binning)
the rest. BaBar’s method consists of a full, four-dimensional analysis without integrating over any variable. The

B→D*l ν (l=e,𝝻) 
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Strong phase for 𝜙3(γ) measurement
Determining the CKM phase 𝜙3 using external input for strong phase

-

We need to measure interference to extract a complex phase

.Vub

color-allowed color-suppressed

AB ABrBei(�B��3)

A(B� ! (KS⇡�⇡+)D,DK�) = AB

h
AD(s12, s13)ei�D(s12,s13) + rBei(�B��3)AD(s12, s13)ei�D(s12,s13)

i

To have interference, we need the D and D decay into 
the same final state, e.g.  Ksπ+π-
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Strong phase for 𝜙3(γ) measurement

A(B� ! (KS⇡�⇡+)D,DK�) = AB

h
AD(s12, s13)ei�D(s12,s13) + rBei(�B��3)AD(s12, s13)ei�D(s12,s13)

i

To have interference, we need the D and D decay into 
the same final state, e.g.  Ksπ+π-

AD(s12, s13)ei�D(s12,s13) = AD(s13, s12)ei�D(s13,s12)

= AB

h
AD(s12, s13)ei�D(s12,s13) + rBei(�B��3)AD(s13, s12)ei�D(s13,s12)

i

Since strong interaction is CP conserving, we have relation between D and D amplitudes

Determining the CKM phase 𝜙3 using external input for strong phase
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We need to measure interference to extract a complex phase
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Strong phase for 𝜙3(γ) measurement

-

We need to measure interference to extract a complex phase

.Vub

color-allowed color-suppressed

AB ABrBei(�B��3)

A(B� ! (KS⇡�⇡+)D,DK�) = AB

h
AD(s12, s13)ei�D(s12,s13) + rBei(�B��3)AD(s12, s13)ei�D(s12,s13)

i

To have interference, we need the D and D decay into 
the same final state, e.g.  Ksπ+π-

AD(s12, s13)ei�D(s12,s13) = AD(s13, s12)ei�D(s13,s12)

= AB

h
AD(s12, s13)ei�D(s12,s13) + rBei(�B��3)AD(s13, s12)ei�D(s13,s12)

i

Since strong interaction is CP conserving, we have relation between D and D amplitudes
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FIG. 2: (a) m−, (b) m+, (c) mππ and (d) Dalitz plot distribution for D∗−
→ D0π−

s , D0
→ K0

Sπ+π− decays from the e+e− → cc̄
continuum process. The points with error bars show the data; the smooth curve is the fit result.

IV. DALITZ PLOT ANALYSIS OF B+
→ D(∗)K(∗)+ DECAYS

In our previous analyses, the two Dalitz distributions corresponding to the decays of B+ and B− were fitted
simultaneously to give the parameters r, φ3 and δ. Confidence intervals were then calculated using a frequentist
technique, relying on toy MC simulation. In this approach, there was a bias in the fitted value of the (positive
definite) parameter r, and the errors on φ3 and δ were also r-dependent.

In the present analysis, we use a method similar to that of BaBar [12]: fitting the Dalitz distributions of the B+

and B− samples separately, using Cartesian parameters x± = r± cos(±φ3 + δ) and y± = r± sin(±φ3 + δ), where the
indices “+” and “−” correspond to B+ and B− decays, respectively. Note that in this approach the amplitude ratios
(r+ and r−) are not constrained to be equal for the B+ and B− samples. Confidence intervals in r, φ3 and δ are
then obtained from the (x±, y±) using a frequentist technique. The advantage of this approach is low bias and simple
distributions of the fitted parameters, at the price of fitting in a space with higher dimensionality (x+, y+, x−, y−)
than that of the physical parameters (r, φ3, δ); see Section IVE.

The fit to a single Dalitz distribution with free parameters x and y is performed by minimizing the negative unbinned

Although, now it boils down to  
only one strong phase (in 2D 

space), there have been 
difficulties to obtain it from the 

Dalitz plot. 

BPGGSZ idea: obtain the strong 
phase from D meson experiments 
(CLEO, BESIII) and copy them! 

Determining the CKM phase 𝜙3 using external input for strong phase
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c(s12, s13) = AD(s12, s13)AD(s13, s12) cos[�D(s12, s13)� �D(s13, s12)]

s(s12, s13) = AD(s12, s13)AD(s13, s12) sin[�D(s12, s13)� �D(s13, s12)]

x(s12, s13) ⌘ 2rB cos(�B � �3)

y(s12, s13) ⌘ 2rB sin(�B � �3)
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FIG. 1. The (left) equal ��D , (middle) optimal and (right) modified optimal binnings of the D ! K0
S,L⇡

+⇡� Dalitz plot from Ref. [23].
The color scale represents the absolute value of the bin number |i|.

to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci

p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡

+

⇡

�
⇡

0 where the fractional CP -even content
is measured to be F

⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K

0

S⇡
+

⇡

� decay. Important additional information can be
gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K

0

S⇡
+

⇡

�.
The amplitude of the  (3770) decay is in this case given by

f(m

2

+

,m

2

�,m
2†
+

,m

2†
� )

=

fD(m

2

+

,m

2

�)fD(m

2†
� ,m

2†
+

)� fD(m

2†
+

,m

2†
� )fD(m

2

�,m
2

+

)

p
2

,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K

0

S⇡
+

⇡

� decays. The variable
Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K

0

S⇡
+

⇡

� Dalitz plot,
and is given by

Mij =h

corr

[KiK�j +K�iKj

�2

p
KiK�jK�iKj(cicj + sisj)], (9)

where h

corr

is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K

0

L⇡
+

⇡

� which is closely related to the D ! K

0

S⇡
+

⇡

�

decay. The convention A(D

0 ! K

0

S⇡
+

⇡

�
) = A(

¯

D

0 !
K

0

S⇡
�
⇡

+

) is used, making the good approximation that the
K

0

S meson is CP -even. Similarly, it follows that A(D

0 !
K

0

L⇡
+

⇡

�
) = �A(

¯

D

0 ! K

0

L⇡
�
⇡

+

). Hence, where the
D ! K

0

L⇡
+

⇡

� is used as the signal decay, and the tag is a
self-conjugate final state, the observed event yield M

0
i is given

by

M

0
i = h

0
CP (K

0
i + (2FCP � 1)2ci

q
K

0
iK

0
�i +K

0
�i), (10)

where K

0
i and c

0
i are associated to the D ! K

0

L⇡
+

⇡

� de-
cay. The event yield M

0
ij , corresponding to the yield of events

where the D ! K

0

S⇡
+

⇡

� decay is observed in the ith bin and
the D ! K

0

L⇡
+

⇡

� decay is observed in the jth bin, is given
by

M

0
ij =h

0
corr

[KiK
0
�j +K�iK

0
j

+2

q
KiK

0
�jK�iK

0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K

0

L⇡
+

⇡

� decay.
In Eqs. (7), (9), (10) and (11), the normalization factors

h

(0)
CP and h

(0)
corr

can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs ND ¯D produced
in the data set, with h

(0)
CP = SCP /2S

FT

(0) ⇥ ✏

K0
S(L)⇡

+⇡�
,

h

corr

= ND ¯D/(2S

2

FT

) ⇥ ✏

K0
S⇡+⇡�vs.K0

S⇡+⇡�
and h

0
corr

=

ND ¯D/(S

FT

S

0
FT

) ⇥ ✏

K0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and S

FT

(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K

(0)
i . The effective effi-

ciency for detecting the D ! K

0

S(L)

⇡

+

⇡

� decay recoiling
against the particular CP -tag under consideration, is defined
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.

Strong phase from BESIII LHCb γ measurement
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CKM triangel 2020

Illustration of CKM triangle 2020 
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Vub, ΔMs/ΔMd , εK

 𝞍1,2,3(=β,α,ɣ)

✦ Vcb: Exclusive (inclusive) measurements point to lower (higher) values. 
Individual uncertainties are much smaller.  

✦ ΔMs/ΔMd : The latest lattice QCD ξ value has about a half uncertainty.  

✦ α,β,ɣ : Experimental error dominant. The uncertainties will go down to   
𝝳𝞍1 (𝝳𝝱)=~0.4°, 𝝳𝞍2 (𝝳𝞪)=~1°, 𝝳𝞍3 (𝝳ɣ)=~1.5°

CKM unitarity triangle 2020 ➯ 2030
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✦ Curiously, the current central values indicate α+β+ɣ very close to 180 degree. 
✦ But by varying them within 1 sigma range, we find that a significant deviation 

from α+β+ɣ≠180o is still quite possible. 
✦ Solving the side measurement issues is very important to pin down the new 

physics!

Illustration of CKM triangle 2030 

CKM triangel 2020

Central values remain  

the same

Central values shift  
to lower side  (within 1σ)

2030
??

CKM unitarity triangle 2020 ➯ 2030
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Testing left-handedness of W
The b→sγ processes can be used to test left-handedness of W!

b s
W�

�

✍ b ➔s γL (left-handed polarisation)

✍ b ➔s γR (right-handed polarisation)- -

t

‣Time dependent CP asymmetry 

✓Bd➔KSπ0γ,  Bd➔ργ (Belle II)

✓Bd➔KSπ+π-γ (Belle II)

✓Bd➔KSϕγ, KS𝜼γ

✓Bs➔ϕγ (LHCb)

‣Angular distribution (require more than 4 body final state)

✓Transverse asymmetry in Bd➔K*l+l-(called ΑΤ(2), ΑΤ(im)) (LHCb)

✓B➔Kres(➔Kππ)γ (called λγ)(Belle II/LHCB)

✓Λb➔Λ(*)γ (LHCb)
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E.K. Le Yaouanc, Tayduganov

PRD83
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LHCb PRL (‘14)

Figure 3: Background-subtracted K+���+ invariant mass distribution, obtained using
the sPlot technique [24].
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Figure 4: Invariant K⇥⇥� mass for B+ (left) and B� (right) candidates with the result of the
simultaneous fit overlaid. The signal component is shown in red (solid), combinatorial background
in green (dotted), missing pion background in black (dashed) and partially reconstructed
background in purple (dot-dashed).

sample. As expected, the up-down asymmetries obtained for B+ and B� are compatible,
�0.084± 0.026 and �0.086± 0.025, respectively, where uncertainties are statistical only.

8

[1+] K1(1270) [1+] K1(1400)???

[1-, 2+] K*(1410), K2*(1430)??

[1-] K*(1680)???

4.2. Angular fit results

4.2 Angular fit results

A χ2 fit of the normalised binned angular distribution, built with the signal yields obtained
from the simultaneous fits to the data in bins of cos θ̂, is performed taking into account
the full covariance matrix of the bin contents and all the systematic uncertainties.

In order to underline the effect of the photon polarisation on the cos θ̂ distribution, an
analogous fit using an even-only PDF (c1 = c3 = 0), hence forbidding the terms that
carry the λγ dependence, is performed for comparison. The results of the two fits are
shown in Fig. 4.6 for each K+π−π+ mass interval of interest. The shape of the cos θ̂
distribution depends on the resonances present in the interval and on their interference
pattern. It is interesting to note how the shape of the distribution in the last bin is clearly
different from the others.

The fit results are summarized in Tables 4.2 and 4.3, and the corresponding covariance
matrices can be found in Tables 4.4 and 4.5.
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Figure 4.6 Normalised cos θ̂ distribution for background-subtracted and efficiency-corrected
B+ → K+π−π+γ events in four intervals of K+π−π+ mass, in the sign-flip
scenario. The blue (red) curve is the result of a fit allowing all (only even)
Legendre components up to the fourth power.
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Testing left-handedness of W

We have been working on the 
method utilising the 

B→Kresγ→Kππγ final states. 
Photon polarisation is measured 
via the polarisation measurement 
of the recoiling hadrons, which 

can be obtained through 
amplitude analysis (2 angles and 

2 Dalitz variables)

The b→sγ processes can be used to test left-handedness of W!

41
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Update from LHCb

The observed signal (0.0008<q2 <0.257 GeV2) at LHCb:~450 @9fb-1 

å

e+

e-

Testing left-handedness of W
The b→sγ processes can be used to test left-handedness of W!

The B→K*e+e- process is 
dominated by the B→K*γ at low 
q2 (e+e- mass) region. Using 3 

angle distribution, one can 
determine the photon 

polarisation.

42



Testing left-handedness of W
The b→sγ processes can be used to test left-handedness of W!

CKM matrix. In section 3 and 4, we describe the b ⇧ s� and meson mixings in LRSM.
We show our numerical results in section 5 and we conclude in section 6.

2 Left-Right Symmetric Model

The Left-Right Symmetric Model (LRSM) is based on the extended gauge group SU(2)L⇥
SU(2)R ⇥ U(1)Ỹ which involves additional charged and neutral gauge bosons [12]. The
electric charge can be also extended as Q = TL3+TR3+ Ỹ . Then, for the ordinary quarks
and leptons, the hypercharge gets a physical meaning, i.e. Ỹ = (B � L)/2 in this model.
The Lagrangian of LRSM is symmetric under parity, which is broken only spontaneously
by the non-zero vacuum expectation values of Higgs fields as shown in the following.

The left-handed fermions are SU(2)L doublets and SU(2)R singlets as in the SM while
the right-handed fermions are SU(2)R doublets and SU(2)L singlets. Thus, the charge
assignments (TL3, TR3, Ỹ ) of fermions yields:

QL ⇤
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⇥
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�
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�
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�
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⇥
, (1)
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�
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⇥
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2
, 0,�1

2

⇥
, LR ⇤

�
⇤R
⇧R

⇥
⌅

�
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1

2
,�1

2

⇥
, (2)

The symmetry is spontaneously broken in two steps

SU(2)L ⇥ SU(2)R ⇥ U(1)Ỹ ⇧ SU(2)L ⇥ U(1)Y ⇧ U(1)EM. (3)

The first step SU(2)R ⇥ U(1)Ỹ ⇧ U(1)Y is parity and B � L violating while the second
step is equivalent to the electroweak symmetry breaking. Let us first see the scalar
multiplet ⇥, which triggers the second step symmetry breaking. Consulting the Yukawa
interaction of the form, QL⇥QR, ⇥ should be a 2⇥2 unitary matrix. Moreover, this term
to be invariant under SU(2) transformation requires ⇥ to be bi-doublet scalar fields with
charge assignment:

⇥ ⇤
�

⌅0
1 ⌅+

2

⌅�
1 ⌅0

2

⇥
⌅

�
1

2
,
1

2
, 0

⇥
. (4)

The ⇥ field can not trigger the first step symmetry breaking because (i), ⇥ couples to
both of SU(2)L and SU(2)R and does not distinguish these two groups. Therefore ⇥ could
not break parity. (ii) ⇥ does not couple to U(1)Ỹ which would be unbroken and would
leave a massless gauge boson which is not observed. Thus, we must introduce another
scalar multiplets to break parity, namely the SU(2)R, and also U(1)Ỹ . In particular, the
scalar multiplet with charge B � L = 2 is attractive since it can generate right-handed
Majorana neutrino masses. As a result, we introduce the scalar triplet:

�R ⇤
�

⇥+R/
⌃
2 ⇥++

R

⇥0R �⇥+R/
⌃
2

⇥
⌅ (0, 1, 2) ,
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where the mass of W1 and W2 are

MW1 ⇤
gLv⇧

2
(1� ⇤2 sin2 � cos2 �), MW2 ⇤ gRvR(1 +

1

4
⇤2), (8)

and the mixing angle

sin ⌅ ⇤ gL

gR

|⇧||⇧�|
v2

R

=
gL

gR

1

2
⇤2 sin 2� ⇤

M2
W1

M2
W2

gR

gL
sin 2�. (9)

The full Lagrangian for the neutral current and the charged current associated with gauge
bosons and Goldstone bosons in the LRSM are given in Appendix A.

In [6], it is shown that the masses of charged Higgs bosons and heavy flavor-changing
neutral Higgs bosons in this model are nearly the same. To the leading order, their masses
are equal to each other [16],

MH± = MH0 = MA0 . (10)

For simplicity, we use MH representing the masses of charged and heavy neutral Higgs.
The Lagrangians for the interactions between H0, H± and fermions are given in Appendix
A. As we see later-on, the tree-level flavor changing neutral current due to Higgs H0 and
A0 will a⇥ect the �F = 2 processes very much unless MH is su⇤ciently large [16]. In
this work, we consider the cases of MH = 20TeV and 50TeV. For such heavy mass, the
contributions on b⌅ s⇥ and �F = 2 processes from charged Higgs in the loop diagrams
become negligibly small.

Concerning the CKM matrix, we have one for left-handed coupling V L
CKM and one

right-handed V R
CKM. We define V L

CKM by usual three rotation angles and one phase. In
this way, The right-handed CKM matrix V R

CKM is written by nine parameters remained
after imposing the unitarity condition.

There are many models on the right-handed CKM matrix. In the most of the previous
works, the two quark mixing matrices are assumed to be related to each other. In the
so-callsoed manifest Left-Right Symmetric Model[4], the right-handed matrix is exactly
the same as the left-handed one, V R

CKM = V L
CKM , while in the so-called pseudo-manifest

Left-Right Symmetric Model[5], the right-handed matrix is related to the left-handed one
by diagonal phase matrices Ku,d, V R

CKM = KuV L
CKMKd† . In the first scenario, VEV in the

Higgs sector are all real and then there are only explicit CP violations from the phases
in CKM matrices. In the second scenario, the Yukawa couplings are taken real which
leads to spontaneous CP violation from the complex Higgs VEV. Both scenarios confront
strong constraints from the mass di⇥erence and CP violation in K0 � K

0
system and

sin 2� [7]. More general right-handed CKM matrix have been studies in [6, 16, 17, 18].

Motivated by the K0 �K
0

mass di⇥erence, Langacker and Sankar proposed two simple
formulae of right-handed CKM matrix [18],

V R
(A) =

�

⇤
1 0 0
0 c� ±s�

0 s� ⇥c�

⇥

⌅ , V R
(B) =

�

⇤
0 1 0
c� 0 ±s�

s� 0 ⇥c�

⇥

⌅ , (11)
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Figure 2: Plots of real part and imaginary part of C �e�
7� /Ce�

7� in the LRM. The left and
right figures corresponds to the cases that the heavy Higgs mass at 20 and 50 TeV. The
white circle represents the constraint from the measured branching ratio of B � Xs� with
three standard deviation, in the scenario assuming CNP

7� = 0, i.e. C7� = CSM
7� , C �NP

7� ⇥ C.
The points with di⇥erent colors represent the cases that the mass of W2 is taken to be
1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 and 5.5 TeV respectively, with the circles from the outside to
the inside in the figure. The points represents the solutions that are mainly constrained
by ⇥K , �Ms and ⌅s. |C �

7�/C7�| would be larger as the mass of W2 decreases. We can find
that |C �

7�/C7�| can be as large as 0.7 as MW2 = 1.5 TeV, 0.5 for MW2 = 2 TeV, and 0.3
for MW2 = 2.5 TeV. There are fewer points for the circles of lower mass of W2 than those
of higher mass, because of the more sever constraints for the lower mass cases, which
may be kind of fine-tuning. This also means that the possibility of C �

7�/C7� localized in
the regions with few points is smaller than those with more points. The width of each
circle is from the several solutions of ⇤23. The few points excludes the constraint of
Br(B � Xs�) in the right figure, because of the small contribution of CNP

7� in the LRM
while in this figure it is assumed to be zero.
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Model parameters;  gR/gL=1, tan beta=10

EK, C.-D. Lu and F.-S. Yu (JHEP 2013)

Pati,Salam,1974;Mohapatra,Pati,1975; Mohapatra,Sejanovic,1975, 
See also M. Blanke et al. JHEP1203 for flavour studies         

Generic resonance search with dijets 
(sequential model i.e. gR/gL=1)
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2 3 4 5 6 7 8 9Figure 8: The observed 95% CL upper limits on the product of the cross section, branch-
ing fraction, and acceptance for quark-quark, quark-gluon, and gluon-gluon type dijet res-
onances. Limits are compared to predicted cross sections for string resonances [18, 19], ex-
cited quarks [24, 25], axigluons [21], colorons [23], scalar diquarks [20], color-octet scalars [26],
new gauge bosons W0 and Z0 with SM-like couplings [27], dark matter mediators for mDM =
1 GeV [28, 29], and RS gravitons [30].

LHCb result indicates mW2 ≳ 
3 TeV, which is close to the 

limit at high PT search.
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Conclusions
• The coming years are very exciting for flavour physics: the 

Belle II and the upgrades of LHCb will improve the sensitivity 
to new physics drastically.  

• Searching new physics through FCNC/CPV is sensible as 
introducing a new particle immediately induces FCNC and  
extra freedoms for CP violating phase.  

• The challenge of B physics comes from the strong interaction 
effects, which hide the new physics information.  

• Lattice QCD is one of the the most powerful tools to 
overcome this issue.  

• Data driven method is becoming more and more available 
and it will open possibilities to reduce the uncertainties 
coming from the strong interactions. 
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