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Flavour motivations
• Matter antimatter asymmetry 
→ New sources of CP Violation 

• Quark and Lepton flavour & mass hierarchy  
→extended gauge sector coupling to third 
generation (H±, W’, Z’)  
→restored L-R symmetry 

• Finite neutrino masses  
→ LFV and LFUV. 

• 19 free parameters  
→ GUTs, leptoquarks 

• Hidden and dark sectors at the GeV scale, 
may have flavour properties.
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• Leptonic and Semileptonic decays 

• CKM matrix element magnitudes 

• Violations of lepton flavour universality 

• Direct and indirect CP violation 

• SM Weak CP phase 

• New sources of CP violation

Gochujang (HOT)

Kimchi (SPICY)
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CP violation in the SM
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• The SM describes the mixing of quarks 
of different generations through the 
weak force.

3 Generations, 1 Phase: single 
source of CPV in the SM. 

Wolfenstein parameterisation: 
Phase invariant, conserving CKM 
matrix unitarity at any order in λ. 
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Angles

/16Alex Birnkraut | Time-dependent CP violation in B->DX,,,, | July 6th, 2018B! DX
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‣ measurement of CP violation as precision test of  the SM 

‣ transition amplitudes of weak interactions described  
by CKM matrix 
- 4 parameters (3 real parameters + complex phase) 
- unitary 
→ triangle in the complex plane 

‣ discrepancy in position of the apex  
→ physics beyond SM 

‣ weak phase g is the least well measured angle 
‣ can be tested in tree-level decays: g= 72.1 
- interference of b->c,, and b->u,, transitions 
- time-dependent measurements in B2Dpi  

and Bs2DsK

Motivation
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CKM
f i t t e r

B0! D⌥⇡±
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CKM and CPV SM Metrology
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B → ππ, ρρ α / Φ2 B→D* l ν / b → c l ν |Vcb| via Form factor  / OPE
B → D(*) K(*) γ / Φ3 B→π l ν / b → u l ν |Vub| via Form factor  / OPE
B → J/ψ Ks β / Φ1 M → l ν (γ) |VUD| via Decay constant fM

Bs → J/ψ Φ βs εK (ρ, η ) via BK

K → π ν anti-ν ρ, η Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

B(s) → µ+ µ- |Vt{d,s}| via Decay constant fB

Some decays worth combining

Exp. uncertainties Th. uncertainties
B ! ⇡⇡, ⇢⇢ ↵ B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)
B ! DK � B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)

M ! `⌫(�) |VUD| vs fM
B ! J/ Ks � ✏K (⇢̄, ⌘̄) vs BK
B ! J/ � �s �Md ,�Ms |VtbVtd ,s| vs BB
K ! ⇡⌫⌫̄ (⇢̄, ⌘̄) B ! `+`� |Vtd ,s| vs fB

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 5

• How do we measure the CKM parameters?



ICHEP Seoul 2018 Phillip URQUIJO

Flavour data sets from colliders
• Several experiments at different machines contributing to the field with new results in 2018. 

• SuperKEKB is the first new collider since the LHC.

 6

Experiment ∫ L dt σ(bb) σ(cc)  σ(ss) Operation

Babar 530 fb-1 1.1 nb 1.6 nb 0.4 nb 1999-2008

Belle 1040 fb-1 1.1 nb 1.6 nb 0.4 nb 1999-2010

Belle II >0.5 fb-1 (50 ab-1) 1.1 nb 1.6 nb 0.4 nb 2018-
BESIII ~16 fb-1 - 6 nb (3770 MeV) - 2008-

KLOE-2 5.5 fb-1 - - ~3 µb (1020 MeV) 2014-2018

ATLAS > 100 fb-1 250-500 µb - - 2009-

CMS > 100 fb-1 250-500 µb - - 2009-

LHCb 1 + 2 + >5 fb-1 250-500 µb 1200- 2400 µb (∼1013 KS / fb−1) 2009-
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Leptonic and Semileptonic Decay
• 3-ways to measure |VCKM| with leptonic and semileptonic decays
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to the detector acceptance, e�ciency of particle detection, and the companion B meson76

reconstruction e�ciency expected in Belle II have a large impact on physics potential. The77

slightly reduced beam energy asymmetry at Super KEKB compared to KEKB leads to a78

small increase in solid angle coverage. Improved particle identification, and K0
S reconstruction79

e�ciency improves separation between b ! u and b ! c ! s transitions. Dedicated low-80

momentum tracking algorithms will improve tagging e�ciencies and identification of events81

that have slow pions from D⇤ decays. The latter is also very important for b ! c background82

rejection in inclusive b ! u`⌫ analyses. See Sec. ?? for more details on companion B meson83

reconstruction and expected performance at Belle II.84

1.2. Matrix Elements of Electroweak Currents85

Author: A. S. Kronfeld (th.)86

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in87

Chapter ??, as well as here, it is convenient to standardise notation by collecting the neces-88

sary formulae in one place. To keep the notation general, we write the definitions of decay89

constants and form factors using B mesons in the initial state decaying to either pseu-90

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The91

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.92

1.2.1. Leptonic Decays B+
! `+⌫ and B ! `+`�. At leading order in the electroweak93

interaction, the amplitude for the leptonic decay contains a hadronic factor94

h0|Aµ
|B(p)i = ipµfB, (2)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c95

decays will not be studied), and the decay constant fB is a useful parametrisation, because96

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of97

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is98

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (3)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and99

mu are renormalized quark masses.1 The decay constant fB is the same in Eqs. (2) and (3)100

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,101

which holds when Aµ, P , and the masses are renormalized consistently. These considerations102

apply amplitudes both to the charged-current decay B+
! `+⌫` and to the flavor-changing103

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are104

the mass and decay constant of the B±, B0, or Bs meson, as the case may be.105

The partial width for either decay is (assuming axial contributions only)106

�(B ! `1`2) =
MB

4⇡
|G|

2f2
B⇣12

�1/2
12

M2
B

, (4)

1 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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+z axis, the polarisation vectors, respectively, are (q0 = MB � EV , EV = p · k/MB)

✏(W )
s =

1p
q2

�
q0, 0, 0, �|k|

�
=

qp
q2

, (26)

✏(W )
0 =

1p
q2

�
|k|, 0, 0, �q0

�
, (27)

✏(W )
± =

1
p

2
(0, ±1, �i, 0) , (28)

where k is the three-momentum of the final-state vector meson in the rest frame of the B.

The subscript t denotes the J = 0 partial wave (for historical reasons), and 0 and ± denote

the Jz component of the J = 1 partial wave. Similarly

✏(V )
0 =

1

MV
(|k|, 0, 0, EV ) , (29)

✏(V )
± =

1
p

2
(0, ⌥1, �i, 0) (30)

provide the polarisation vectors for the final-state vector meson. In Eqs. (24)–(25), a bar162

on a polarisation vector denotes complex conjugation in Minkowski space, and complex163

conjugation of only the spatial components in Euclidean space (useful in lattice QCD).164

The helicity amplitudes Ha = hV (k, ✏(V ))|✏̄(W )
a · (V � A)|B(p)i are then

Hs(q
2) = �

�1/2

p
q2

A0(q
2), (31)

H0(q
2) = �

p
q2(M2

B + 3M2
V � q2)

2MV (MB � MV )
A1(q

2) �
�

(M2
B � M2

V )
p

q2
A3(q

2), (32)

H±(q2) = �(MB + MV )A1(q
2) ±

�1/2

MB + MV
V (q2), (33)

where the Källén function � is the same as before, except with MV instead of MP . In Hs and165

H0, the final-state vector meson has Jz = 0; in H±, it has Jz = ±1. Note that in lattice QCD,166

it is most straightforward to compute A1, V , and two more linear combinations of A0, A1,167

and A3. The full amplitude is then proportional to
P

ab gabLaHb = LsHs � L0H0 � L+H+ �168

L�H�, a 2 {t, 0, +, �}, with lepton helicity amplitudes La = ū(⌫)� · ✏(W )
a (1 � �5)v(`).169

The triply di↵erential rate (in q3, cos ✓, and �, which is the angle between the decay planes

of B and V ) for the semileptonic decay B+
! V 0`+⌫` can be found in Refs. [6]. Integrating

over all angles,

d�

dq2
= Cq|⌘EW|

2G2
F |Vqb|

2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

n
q2�12

h
|H+|

2 + |H�|
2 + |H0|

2
i

+ ⇣12|Hs|
2
o

, (34)

where Cq = 1/2 for ⇢0 and 1 otherwise, �12 and ⇣12 are obtained from Eqs. (5) and (6) by170

substituting M2
B ! q2, and171

�12 = 1 �
m2

1 + m2
2

q2
�

�12

q22
. (35)

8/64

1 Leptonic and Semileptonic B Decays

where G contains couplings and (for FCNCs) loop factors, m1 and m2 are the lepton masses,

and

�12 = (M2
B � m2

1 � m2
2)

2
� 4m2

1m
2
2, (5)

⇣12 = m2
1 + m2

2 �
(m2

1 � m2
2)

2

M2
B

, (6)

where m1 and m2 are the masses of the final-state leptons. These formulas do not hold when 107

the final-state leptons’ masses di↵er unless the interaction boils down to V ± A. In a general 108

setting, |G|
2⇣12 must be replaced with a more complicated expression. Processes such as 109

B0
! µ±⌧⌥ have unmeasurably small rates in the Standard Model, so the general formula 110

is not important. 111

In the Standard Model (SM), one finds

G =
GF
p

2
Vub, (m⌫` ! 0), charged-current decay B+

! `+⌫`, (7)

G =
G2

Fm2
W

⇡2
V ⇤
tbVtqCA, FCNC decay B0

(s) ! `+`�, q 2 {d, s}, (8)

where GF is the Fermi constant, V is the CKM matrix, mW is the W -boson mass, and CA 112

is the Wilson coe�cient obtained from integrating out the massive W , Z, and top quark. 113

Reference [1] contains results for CA including QED corrections. 114

The factor of the lepton mass in the leptonic-decay amplitude arises because the lepton 115

has to flip its spin to conserve angular momentum. This helicity suppression (for ` = e, µ) 116

does not apply to the radiative leptonic decay B+
! `+⌫`�. This feature is relevant for 117

D+
(s) ! µ+⌫µ(�) and important for B+

! µ+⌫µ(�) [2]. (For the D(s) decay, Ref. [3] esti- 118

mates a 1% e↵ect for photon cuts used in existing measurements.) Once measurements of 119

the B+
! µ+⌫µ branching fraction are made with a precision of a few percent, theorists 120

should revisit the radiative corrections; for light mesons these issues are under control [4]. 121

As discussed in Sec. 1.4.1, when the photon is hard, E� ⇠
1
2MB, these decays can be used to 122

extract information about B-meson structure that can be used in the theory of non-leptonic 123

decays [5]. 124

1.2.2. Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semilep- 125

tonic decays B0
! P�`+⌫` and B+

! P 0`⌫` , at leading order in the electroweak interaction, 126

contain the hadronic factor 127

hP (k)|V µ
|B(p)i =

✓
pµ + kµ

�
M2

B � M2
P

q2
qµ
◆

f+(q2) +
M2

B � M2
P

q2
qµ f0(q

2), (9)

where V µ is the vector part of the weak current (V µ = b̄�µu for B ! ⇡ and Bs ! K, and 128

V µ = b̄�µc for B ! D and Bs ! Ds). Two 4-vectors appear in this process, and, hence, two 129

form factors, which are functions of q2 (where q = p � k). The vector (scalar) form factor 130

f+ (f0) arises when the ⌫` system has JP = 1� (0+). At q2 = 0, f0(0) = f+(0). 131

Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors

hP (k)|S|B(p)i =
M2

B � M2
P

mb � mq
f0(q

2), (10)

hP (k)|Tµ⌫
|B(p)i =

2

MB + MP
(pµk⌫

� p⌫kµ) fT (q2), (11)
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where the Källén function � is the same as before, except with MV instead of MP . In Hs and165

H0, the final-state vector meson has Jz = 0; in H±, it has Jz = ±1. Note that in lattice QCD,166

it is most straightforward to compute A1, V , and two more linear combinations of A0, A1,167

and A3. The full amplitude is then proportional to
P

ab gabLaHb = LsHs � L0H0 � L+H+ �168

L�H�, a 2 {t, 0, +, �}, with lepton helicity amplitudes La = ū(⌫)� · ✏(W )
a (1 � �5)v(`).169

The triply di↵erential rate (in q3, cos ✓, and �, which is the angle between the decay planes

of B and V ) for the semileptonic decay B+
! V 0`+⌫` can be found in Refs. [6]. Integrating

over all angles,

d�

dq2
= Cq|⌘EW|

2G2
F |Vqb|

2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

n
q2�12

h
|H+|

2 + |H�|
2 + |H0|

2
i

+ ⇣12|Hs|
2
o

, (34)

where Cq = 1/2 for ⇢0 and 1 otherwise, �12 and ⇣12 are obtained from Eqs. (5) and (6) by170

substituting M2
B ! q2, and171

�12 = 1 �
m2

1 + m2
2

q2
�

�12

q22
. (35)
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where G contains couplings and (for FCNCs) loop factors, m1 and m2 are the lepton masses,

and

�12 = (M2
B � m2

1 � m2
2)

2
� 4m2

1m
2
2, (5)

⇣12 = m2
1 + m2

2 �
(m2

1 � m2
2)

2

M2
B

, (6)

where m1 and m2 are the masses of the final-state leptons. These formulas do not hold when 107

the final-state leptons’ masses di↵er unless the interaction boils down to V ± A. In a general 108

setting, |G|
2⇣12 must be replaced with a more complicated expression. Processes such as 109

B0
! µ±⌧⌥ have unmeasurably small rates in the Standard Model, so the general formula 110

is not important. 111

In the Standard Model (SM), one finds

G =
GF
p

2
Vub, (m⌫` ! 0), charged-current decay B+

! `+⌫`, (7)

G =
G2

Fm2
W

⇡2
V ⇤
tbVtqCA, FCNC decay B0

(s) ! `+`�, q 2 {d, s}, (8)

where GF is the Fermi constant, V is the CKM matrix, mW is the W -boson mass, and CA 112

is the Wilson coe�cient obtained from integrating out the massive W , Z, and top quark. 113

Reference [1] contains results for CA including QED corrections. 114

The factor of the lepton mass in the leptonic-decay amplitude arises because the lepton 115

has to flip its spin to conserve angular momentum. This helicity suppression (for ` = e, µ) 116

does not apply to the radiative leptonic decay B+
! `+⌫`�. This feature is relevant for 117

D+
(s) ! µ+⌫µ(�) and important for B+

! µ+⌫µ(�) [2]. (For the D(s) decay, Ref. [3] esti- 118

mates a 1% e↵ect for photon cuts used in existing measurements.) Once measurements of 119

the B+
! µ+⌫µ branching fraction are made with a precision of a few percent, theorists 120

should revisit the radiative corrections; for light mesons these issues are under control [4]. 121

As discussed in Sec. 1.4.1, when the photon is hard, E� ⇠
1
2MB, these decays can be used to 122

extract information about B-meson structure that can be used in the theory of non-leptonic 123

decays [5]. 124

1.2.2. Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semilep- 125

tonic decays B0
! P�`+⌫` and B+

! P 0`⌫` , at leading order in the electroweak interaction, 126

contain the hadronic factor 127

hP (k)|V µ
|B(p)i =

✓
pµ + kµ

�
M2

B � M2
P

q2
qµ
◆

f+(q2) +
M2

B � M2
P

q2
qµ f0(q

2), (9)

where V µ is the vector part of the weak current (V µ = b̄�µu for B ! ⇡ and Bs ! K, and 128

V µ = b̄�µc for B ! D and Bs ! Ds). Two 4-vectors appear in this process, and, hence, two 129

form factors, which are functions of q2 (where q = p � k). The vector (scalar) form factor 130

f+ (f0) arises when the ⌫` system has JP = 1� (0+). At q2 = 0, f0(0) = f+(0). 131

Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors

hP (k)|S|B(p)i =
M2

B � M2
P

mb � mq
f0(q

2), (10)

hP (k)|Tµ⌫
|B(p)i =

2

MB + MP
(pµk⌫

� p⌫kµ) fT (q2), (11)
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Γ(B → Xcℓν) =
G2

Fm5
b

192π3
|Vcb|

2[[1 + Aew]AnonpertApert]

• Leptonic: decay constant from LQCD

• Exclusive semileptonic: form factor parameterisation with 
normalisation from LQCD or Light Cone Sum Rules

• Inclusive semileptonic: Heavy quark symmetry if you measure 
the full rate, described by heavy quark expansion

Florian Bernlochner BPAC Report for the Missing Energy and EWP Physics Groups
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~ 4σ Tension

5

Physics Motivation

R =
B(b ! q ⌧ ⌫̄⌧ )

B(b ! q ` ⌫̄`)
<latexit sha1_base64="cRr0hEXHruZ2jaqmxryNmetlx6M="></latexit>

Semileptonic and Missing Energy Decay WG

⇾ e.g. B → Xq ! ν, B → ! ν (ɣ), B → ν ν, B → h ν ν, B → " ", B → " !

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated

Vqb

W
�

�

⌫̄

b

q

Vqb

W
�

�

⌫̄

b

q
u

u

* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2
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The R(D(⇤)) anomaly
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B → D(*) τ ν, Bc → J/ψ τ ν
• → Large anomaly (first seen by Belle), now numerous 

measurements. Do we understand the background? 
Only Belle(II) has high hermetic coverage (for τ reco.)

 8

LHCb PRL 120, 121801 (2018) 
LHCb PRD97 7, 072013 (2018) 
Belle PRD97 1, 012004 (2018)

Belle and Babar still yet to release 
full semileptonic tagged R(D)+R(D*)

Measurement of the Ratio of Branching 
Fractions B(B+c→J/ψτ+ντ)/B(B+c→J/ψμ+νμ)

Test of LFU in B0→D*−τ+ντ branching fraction 
using 3-prong τ decays

Measurement of τ lepton polarisation and 
R(D*) in the decay B→D*τ−ντ with 1-prong 

hadronic τ decays at Belle

R(D⇤) hadronic (⌧ ! 3⇡⌫⌧ ) [PRL 120, 171802 2018], [PRD 97,072013 2018]

3D template binned likelihood fit results
presented for the 3⇡ decay time and q

2

in 4 BDT bins
Templates extracted from simulation and
data control samples
The increase in signal (red) purity as
function of BDT output is clearly seen, as
well as the decrease of the D

+
s component

(orange)
The dominant background at high BDT
output becomes the D

+ component (blue),
with its distinctive long lifetime
N(B0 ! D

⇤�⌧+⌫⌧ ) = 1296 ± 86

R(D⇤) = 0.291 ± 0.019(stat)
± 0.026(syst)± 0.013(ext)

0.9� above SM
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B+
c ! J/ ⌧+⌫ : RJ/ [PRL 120, 121801 (2018)]

3D template binned fit
Shapes of various components
are represented by a template
distribution derived from
control samples or simulations
validated against data
Main background is
b ! J/ + mis-ID hadron
First evidence for the decay
B+

c ! J/ ⌧+⌫⌧ (3�)

R(J/ ) = 0.71 ± 0.17(stat)± 0.18(syst)
About 2� above SM

Main systematics: form factor
and size of simulation sample
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B → D(*) τ ν & B → D(*) π l ν
• World average near 3.9 σ from SM expectation 

• R(D*) with hadronic modes are 1σ consistent with SM 

• Belle R(D*) combination < 2 σ from SM. 

• τ  are mimicked by background → enhancement. More studies of B→D** (→ Dnπ) lν necessary

 9

HFLAV ICHEP 2018  
Belle arXiv:1803.06444

Measurement of the branching fraction of B→D(*)πℓν at 
Belle using hadronic tagging in fully reconstructed events

HFlav Combination
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FIG. 1. (Color online) Binned extended maximum likelihood of the MC templates to the data for the combined fit to
B+ ! D�⇡+`+⌫ (left) and B+ ! D⇤�⇡+`+⌫ (right). The data is shown with error bars. The legend in the left panel indicates
each component in the fit. The dots at the bottom of each panel show the pulls between the data and the fit. For better
visibility, we doubled the bin width for this plot.
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correction factors of the simulation of the PID discussed
earlier as well as the uncertainty on the tracking e�ciency.
Similarly, for the underlying physical processes, we con-
sider the uncertainty of the D and B meson branching
fractions and the D⇤ and D⇤⇤ form factors. Further-

more, we consider the uncertainty of the calibration of
the tagging algorithm, the uncertainty on the total num-
ber of BB̄ pairs, and the uncertainty on the branching
fractions of ⌥(4S) to B+B� and B0B̄0. These sources
of uncertainty of the simulation of the detector and un-
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|Vcb|
• Persistent difference in inclusive and exclusive |Vcb| and |Vub|. What is the cause? 

• New Belle B→D* l ν, BF, |Vcb| and form factor measurements 

• BGL z-expansion: |Vcb| = (42.5 ± 0.3stat ± 0.7sys ± 0.6LQCD) x 10-3  NEW 

• CLN model: |Vcb| = (38.4 ± 0.2stat ± 0.6sys ± 0.6LQCD) x 10-3 

• Inclusive: |Vcb| = (42.2 ± 0.8) x 10-3 
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Belle ICHEP Preliminary

Measurement of the branching fraction of B→D*ℓν, determination 
of |Vcb|, and tests of lepton flavour universality at Belle
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106CHAPTER 9. FIT FOR EXTRACTION OF F(1)|VCB| USING BGL PARAMETERISATION

Parameters Value

ã
f
0 ◊ 102 0.05635 ± 0.0004

ã
f
1 ◊ 102 -0.0701 ± 0.01834

ã
F
1

◊ 102 -0.0276 ±0.0071

ã
F
2

◊ 102 -0.3242 ±0.1388

ã
g
0 ◊ 102 -0.1037± 0.0020

F(1)|Vcb| ◊ 10≠3 38.73 ± 0.25

Table 9.2: Combined results for the full data sample.
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62 CHAPTER 5. ANALYSIS PROCEDURE

D0 candidate vertices are selected if the ‰2 probability of the fit is greater than 10≠3 as

shown in Fig. 5.6. The reconstructed mass of the D0 is constrained to lie within a 3‡

range from the accepted PDG value as shown in the Fig. 5.7. The standard deviation

value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Figure 5.7: Reconstructed D
0 mass distribution distribution and the dashed line

show 3‡ mass window.

Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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Figure 5.8: Distribution of � M where the dashed line show the signal selection.
The colour scheme is defined in the Fig. 5.7

F(1)|Vcb|ηEW.103=..38.7.±.0.3.±.0.6
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value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Figure 5.7: Reconstructed D
0 mass distribution distribution and the dashed line

show 3‡ mass window.

Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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Parameters Value

ã
f
0 ◊ 102 0.05635 ± 0.0004

ã
f
1 ◊ 102 -0.0701 ± 0.01834

ã
F
1

◊ 102 -0.0276 ±0.0071

ã
F
2

◊ 102 -0.3242 ±0.1388

ã
g
0 ◊ 102 -0.1037± 0.0020

F(1)|Vcb| ◊ 10≠3 38.73 ± 0.25

Table 9.2: Combined results for the full data sample.
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D0 candidate vertices are selected if the ‰2 probability of the fit is greater than 10≠3 as

shown in Fig. 5.6. The reconstructed mass of the D0 is constrained to lie within a 3‡

range from the accepted PDG value as shown in the Fig. 5.7. The standard deviation

value is found to be 4.5 MeV/c2, as calculated using real data. For reconstruction of the
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Dú candidate, the D0 candidate is combined with a charged slow pion, fi+
s . This slow pion

is reconstructed with low e�ciency, due to its very low momentum and doesn’t need to

satisfy the impact parameter cuts or SVD hit requirement. To minimise the qq̄ continuum,

the centre-of-mass frame momentum of the Dú must be less then 2.45 GeV/c as shown in

Fig. 5.15. For final analysis signal selection, the mass di�erence (� M) between Dú and

D0 is required to lie between 0.144 and 0.147 GeV as shown in Fig. 5.8.
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|Vub| & |Vub|/|Vcb|
• |Vub| - exclusive inclusive difference is still ~20%. 2017 Babar study 

shows b→ulν  and b→clν modelling affects endpoint analyses. 

• LHCb precisely compared LQCD and predictions in Λb →Λc l ν. 

• Belle found a first hint of B→µν: a BSM probe or clean |Vub| at Belle II

 11

Belle arXiv: 1712.04123 
Babar PRD95 7, 072001 (2017) 
Belle PRD96 9, 091102 (2017) 

LHCb PRD96 11, 112005 (2017)

Measurement of B→Xu l ν from and determination of 
|Vub| at Babar

Measurement of the shape of the Λ0b → 
Λ+cμ−νμ differential decay rate 

seven corrected yields and their associated covariance
matrix, where the nondiagonal terms are related to the
unfolding procedure. We then perform a χ2 fit to the seven
experimental dNcorr=dq2 data points using the theoretical
functional shape given in Eq. (85) of Ref. [19], which also
provides the nominal values of the form-factor parameters,
and thus we leave only the relative normalization floating.
This fit uses a covariance matrix that combines experi-
mental and theoretical uncertainties, which yields a χ2

equal to 1.32 for 6 degrees of freedom and a corresponding
p-value of 97%. This shows that the predicted shape is in
good agreement with our measurement.
The form-factor decomposition in Ref. [19] does not

allow a straightforward extrapolation to the HQET limit of
infinite heavy-quark masses. However, we know that in the
static limit all the form factors are proportional to a single
universal function. In order to assess how well our data are
consistent with the static limit, we perform a second χ2 fit
assuming that all the form factors are proportional to a
single z-expansion function [46]. Fits with different pole
masses used in the six form factors determined in Ref. [19]
are performed. The overall shape does not change appreci-
ably; the pole mass of 6.768 GeV is preferred. The two fit
parameters are the coefficients a0 and a1, giving the
strength of the first two terms in the z-expansion. The
resulting fitted shape is shown in Fig. 5. This fit has a χ2

equal to 1.85 for 5 degrees of freedom, with a correspond-
ing p-value of 87%. Note that the shape obtained with a
single form factor is very similar to the one predicted in
Ref. [19]. This is consistent with the HQET prediction [15]
that the shape of the differential distribution is well
described by the static approximation, modulo a scale
correction of the order of 10%, reflecting higher-order
contributions. Further details of this fit and the fit using the
lattice QCD calculation can be found in the Appendix.

VII. CONCLUSIONS

A precise measurement of the shape of the Isgur-Wise
function describing the semileptonic decay Λ0

b → Λþ
c μ−ν̄μ

has been performed. The measured slope is consistent with
theoretical models and the bound ρ2 ≥ 3=4 [16]. The
measured curvature σ2 is consistent with the lower-bound
constraint σ2 ≥ 3=5½ρ2 þ ðρ2Þ2% [18]. The shape of dΓ=dq2
is studied and found to be well described by the
unquenched lattice QCD prediction of Ref. [19], as well
as by a single form-factor parametrization. Further studies
with a suitable normalization channel will lead to a precise
independent determination of the CKM parameter jVcbj.
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APPENDIX A: ANALYTICAL EXPRESSION
FOR dΓ=dq2

This Appendix describes the formalism used in the
dΓ=dq2 fits. In particular, we give the expression of
dΓ=dq2 in terms of the form-factor basis chosen in
Ref. [19], the so-called helicity form factors. In addition,
we show the corresponding expression used to model the
static limit.
The lattice QCD calculations reported in Ref. [19] predict

the differential decay width dΓðΛ0
b → Λþ

c μ−ν̄μÞ=dq2 as
follows,
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FIG. 5. Comparison between the fit to the seven experimental
data points using either the lattice QCD calculation of Ref. [19],
shown as gray points with a shaded area corresponding to the
binned 1σ theory uncertainty, or a single form-factor fit in the z-
expansion, shown as the solid blue curve. The data points,
modulo a scale factor, are shown as black points with error bars.
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FIG. 12: The differential branching fraction for charmless
semileptonic B decays (data points) as a function of the elec-
tron momentum [in the B rest frame] after background sub-
traction and corrections for bremsstrahlung and final state ra-
diation, compared to the Monte Carlo simulation (histogram).
The uncertainties indicate the statistical uncertainties on the
background subtraction, including the uncertainties of the fit
parameters. The shaded area indicates the momentum inter-
val for which the on-resonance data are combined into a single
bin.
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FIG. 13: The comparison of the theoretical differential
branching fraction for charmless semileptonic B decays with
normalization based on the fit as a function of the electron
momentum [in the Υ (4S) rest frame] for DN (solid), BLNP
(dashed), GGOU (dotted) and DGE (dash-dotted). The
shaded area indicates the momentum interval for which the
on-resonance data are combined into a single bin.

such that the data summed over the wide bin agree with
the predictions in this momentum range.

A comparison of the predicted B → Xueν electron
spectra, each normalized to the fitted rate is presented
in Fig. 13. While these spectra agree reasonably well
for DN, GGOU and DGE, the BLNP prediction deviates
substantially. This is explained by a lower predicted rate
for momenta above 2.1 GeV/c, which leads to a signifi-
cantly larger fitted normalization of this spectrum.

C. Total charmless branching fraction

The total BF for charmless B → Xueν decays is deter-
mined from the partial BF∆B(∆p) in a given momentum
range ∆p, as follows:

B(B → Xueν) = ∆B(∆p)/fu(∆p), (15)

where fu(∆p) is the theoretically predicted fraction of
the electron spectrum. These total BF which have been
determined as a function of pmin, the lower limit of the
momentum range ∆p = [pmin, 2.7GeV/c], (with fixed up-
per limit of 2.7 GeV/c) and their relative uncertainties
are shown in Figs. 14 and 15, for the four different the-
oretical predictions. Up to 2.1 GeV/c, the resulting BFs
are independent of pmin, above 2.1 GeV/c, the BFs and
their uncertainties increase significantly.

Search for B→µν at Belle

ρ2 = 1.63 ± 0.07(stat) ± 0.08(syst)

SM
Belle

R. Gomez
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|Vcd| - Cabbibo angle
• New semileptonic Vcd results from D→ π e ν, Ds→ K e ν,  

tests of D+→ τ ν LFUV (no signs of NP)

 12

BESIII PRD 96 (2017) 1, 012002 
BESIII PRD97 (2018) 9, 092009 

BESIII arXiv:1803.02166 
BESIII ICHEP Preliminary

Other recent results on  
D→a0(980)−e+νe and 
D+→η(′)e+νe at BESIII Leptonic:          0.2210 ± 0.0058 ± 0.0047 

Semileptonic: 0.2155 ± 0.0027 ± 0.0014 ± 0.0094 
CKMfitter:         0.22494 +0.00029 -0.00028

Study of the form factors in Ds
+ÆK0e+νe

BESIII 
preliminary

BESIII

Æ 0

BESIII 
preliminary

Fit to partial decay rates in Ds
+ÆK0e+νe

21

Ds → K0 e ν 
BES III [MeV] 
fD+ = (203.2 ± 5.3 ± 1.8) 
LQCD [MeV] 
fD+ = (211.9 ± 1.0)

J-C. Chen
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|Vcs|
• New leptonic and semileptonic results from BESIII 

• Impressive agreement with LQCD!

 13

BESIII PRD97 1, 012006 (2018) 
BESIII Preliminary

d f th fi t timeasured for the first time

13

Leptonic:                       0.974 ± 0.014 ± 0.016 
Semileptonic:              0.9601 ± 0.0033 ± 0.0047 ± 0.0239 
CKMFitter (indirect): 0.9743 ± 0.00015

input  fDsLQCD (PRD90(2014)074509)

input |V |CKMfitter

SM prediction: R = 9.74 ± 0.01
BESIII result: R = 10.2 ± 0.5 

input |Vcs|CKMfitter

8

BES III [MeV] 
fDs+ = (249.1 ± 3.6 ± 3.8) 
LQCD [MeV] 
fDs+ = (249.0 ± 0.3 ± 1.5)
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Time dependent CP Violation (mixing+decay)

 14

February 12th 2018 A. Gaz 6

Dz

TD CPV: analysis technique
● Flagship analysis technique at the B-factories, exploiting the coherent 

state of the neutral B’s from the Y(4S) decay:

S

S � sin2f
1

Belle II
simulation

<Dz> ~ 130 mm at Belle II

• Vertex fitting and flavour tagging: Boost, IP resolution, hermetic coverage  

• Hadron identification: K / π / proton separation 

• Kaons (KL, KS) from CP eigenstate b→c anti-c s and b→s penguin decays  

Time-dependent CP violation

• Caused by quantum interference (like double slit experiment)

2018-07-06 ICHEP 2018 | TDCPV at Belle 3

𝐵𝐵0

𝐵𝐵0

𝐵𝐵0

𝑓𝑓CP

TDCPV

Double slit

Decay time

• 𝐵𝐵0 can change to 𝐵𝐵0, vice-
versa(𝐵𝐵 �𝐵𝐵 oscillation)

• Both 𝐵𝐵0 and 𝐵𝐵0 can decay to 
CP eigenstate, 𝑓𝑓CP. 

• ÆQuantum interference on 
decay time distribution.

• Two paths can interfere 
both constructive and 
destructiveÆ Quantum 
interference on the 
screen

Flavour tagging eff. 
3-5% LHCb 
30% Belle 

35% Belle II
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Φ1/β (phase of Vtd)

 15
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Φ1 challenges
• What is the sign of cos2Φ1? (2 fold ambiguity) Positive! 

• Can we control theory errors to < 1o (penguin pollution)?

 16

Belle+Babar arXiv: 1804.06153 
Belle+Babar arXiv: 1804.06152 

LHCb JHEP 1711 (2017) 170 
LHCb PRD95 5, 052005 (2017)

Belle+Babar: 7σ evidence for cos2β>0 
and resolution of the CKM Unitarity Triangle 
ambiguity by a time-dependent Dalitz plot 
analysis of B0→D(*)h0 with D→K0Sπ+π− decays

Measurement of the B± production asymmetry 
and the CP asymmetry in B±→J/ψK± decays

8

FIG. 2. (color online). Data distributions for a) M 0
bc, b) �E, and c) C0

NNout
(points with error bars) for the BABAR and Belle

data samples combined. The solid black lines represent projections of the total fit function, and the colored dotted lines show
the signal and background components of the fit as indicated in the legend. In plotting the M 0

bc, �E, and C0
NNout

distributions,
each of the other two observables are required to satisfy M 0

bc > 5.272 GeV/c2, |�E| < 100 MeV, or 0 < C0
NNout

< 8 to select
signal-enhanced regions.

and cos 2�, and the results are

sin 2� = 0.80 ± 0.14 (stat.) ± 0.06 (syst.) ± 0.03 (model),

cos 2� = 0.91 ± 0.22 (stat.) ± 0.09 (syst.) ± 0.07 (model).
(4)

The second quoted uncertainty is the experimental sys-
tematic error, and the third is due to the D0

! K0
S⇡

+⇡�

decay amplitude model. The evaluation of these uncer-
tainties is described in detail in Ref. [20]. The linear
correlation between sin 2� and cos 2� is 5.1%. The re-
sult deviates less than 1.0 standard deviations from the
trigonometric constraint given by sin2 2� + cos2 2� = 1.

An alternative fit is performed to measure directly the
angle � using the signal p.d.f. constructed from Eq. (1),
and the result is

� = (22.5 ± 4.4 (stat.) ± 1.2 (syst.) ± 0.6 (model))� . (5)

The proper-time interval distributions and projections
of the fit for sin 2� and cos 2� are shown in Fig. 3 for
two di↵erent regions of the D0

! K0
S⇡

+⇡� phase space.
Figure 3a shows a region predominantly populated by

CP eigenstates, B0
!

⇥
K0

S⇢(770)
0
⇤(⇤)
D

h0. For these de-
cays, interference emerges between the amplitude for di-
rect decays of neutral B mesons into these final states
and those following B0-B0 oscillations. The time evolu-
tion exhibits mixing-induced CP violation governed by
the CP -violating weak phase 2�, which manifests as a
sinusoidal oscillation in the CP asymmetry. Figure 3b
shows a region predominantly populated by quasi-flavor-

specific decays, B0
! [K⇤(892)±⇡⌥]

(⇤)
D h0. For these de-

cays, the time evolution exhibits B0-B0 oscillations gov-
erned by the oscillation frequency, �md, which appears
as an oscillation proportional to cos(�md�t) in the cor-
responding asymmetry.
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FIG. 3. (color online). Distributions of the proper-time
interval (data points with error bars) and the correspond-
ing asymmetries for B0 ! D(⇤)h0 candidates associated
with high-quality flavor tags for two di↵erent regions of the
D ! K0

S⇡+⇡� phase space and for the BABAR and Belle data
samples combined. The background has been subtracted us-
ing the sPlot technique [49], with weights obtained from the
fit presented in Fig. 2.

The measurement procedure is validated by various
cross-checks. The B0

! D(⇤)0h0 decays with the CKM-
favored D0

! K+⇡� decay have very similar kinemat-
ics and background composition as B0

! D(⇤)h0 with
D ! K0

S⇡
+⇡� decays and provide a high-statistics con-

trol sample. Using the same analysis approach, the
time-dependent CP violation measurement of the con-
trol sample results in mixing-induced and direct CP

CP violation in B0 æ J/Â K 0
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Direct CP Violation in B+ æ J/Â fi+
from Run I data

[ JHEP 03 (2017) 036], [PDG, Chin. Phys. C, 40,

100001 (2016) ]

Measure �Adir
CP wrt B+ æ J/Â K+

AJ/Â fi

CP ≠ AJ/Â K
CP = AJ/Â fi

raw ≠ AJ/Â K
raw ≠ ”AfiK

det

Modes have similar kinematics ∆ No binning in pT
or y necessary

Fit 19k B+ æ J/Â fi+
and 250k B+ æ J/Â K+

events

With new Adir
CP (B+ æ J/Â K+

) result:

Adir
CP (B+ æ J/Â fi+

) = (1.91 ± 0.89 ± 0.16) ◊ 10
≠2

previous world average:

Adir
CP (B+ æ J/Â fi+

) = (0.10 ± 2.80) ◊ 10
≠2

B+ æ J/Â fi+

B+ æ J/Â K+

Jascha Grabowski Direct CP violation in B decays at LHCb 8

∆φpeng =(−1.10+0.70–0.85)◦ 

σ(Δφobs) = 1.6◦

φobs =φtree+∆φpeng+φNP 

V. Vorobyev 
J. Grabowski
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Direct CP Violation

 17

For CPV A1 and A2 need to have different weak phases Φ and different CP invariant  (e.g. strong) phases δ.  
To measure Φ you need to know δ, and ratio of amplitudes -   

e.g. in γ/Φ3 measurements the relative strength of Vub and Vcb processes and colour suppression.

|Āf̄ |
2 = |Ā1 + Ā2|

2 (3.43)

= |A1|
2 + |A2|

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

= |A1|
2 + |A2|

2 + |A1 + A2|2 cos(�����) (3.45)

(3.46)

CPV: |Af |
2
6= |Āf̄ |

2
) �� and �� 6= 0

3.3 Types of CPV: Lecture 11

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

38

Motivation
• A	rich	set	of	physics	processes	participates	

in	the	Hbàh+h’- decays

– Tree	and	penguin	decay	topologies

– Neutral	B	mixing

• CPV	observables	are	sensitive	to	CKM	angles	
g and	a and	mixing	phases	fs and	fd
– presence	of	loop	diagrams	introduces	

hadronic	uncertainties	

– presence	of	loop	diagrams	makes	the	CPV	
observables	sensitive	to	New	Physics	contributions

NP?

2

[PLB459(1999)306,	PLB621(2005)126,	PJC71(2011)1532,	JHEP	10	(2012)	029,	
PLB741(2015)1,	PRD94(2016)113014,	EPJ	C77(2017)574,	JHEP03(2017)55]

Φ1 relies on ΔF=2 (mixing+decay), but we can also use ΔF=1 (direct) as a precise probe
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Φ3 (phase of Vub), CPV in B→Charm
• Theory is “pristine” in these approaches, << 1% on Φ3 

• LHCb triumph B±, B0, Bs combination w/ D phase input from CLEO
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LHCb arXiv:1806.01202 
LHCb JHEP 1803 (2018) 059 
LHCb PLB777 (2018) 16-30 

LHCb JHEP 1806 (2018) 084

Measurement of the CKM angle γ using 
B±→DK± with D→K0Sπ+π−,K0SK+K− decays

06/07/2018

The new combination

 16

• Breakdown the results by B meson type 
• Everything consistent at the 2 sigma level currently 
• In the SM they should be the same - if NP appears it could affect the different species 

differently due to differing decay topologies

[LHCb-CONF-2018-002]

0 50 100 150
]° [γ

0

0.05

0.1

0.15

0.2
D
K

Br +DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

0 50 100 150
]° [γ

0

50

100

150

200

]° [
D
K

B
δ

+DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

Figure 4: Profile likelihood contours of � vs rDK
B (left) and � vs �DK

B (right) for the GLW/ADS

analysis of B+ ! DK+
, D ! h+h� (blue) alongisde the Run 1 (brown) and Run 2 (pink)

GGSZ analyses of B+ ! DK+
, D ! K0

Sh
+h�.

0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150
]° [γ

68.3%

95.5%

LHCb
Preliminary

 decays0
sB
 decays0B
 decays+B

Combination

Figure 5: 1� CL plots, using the profile likelihood method, for combinations split by the initial

B meson flavour: (orange) B0
s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160

10

0 50 100 150
]° [γ

0

0.05

0.1

0.15

0.2

D
K

Br +DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

0 50 100 150
]° [γ

0

50

100

150

200

]° [
D
K

B
δ

+DK→+BGLW/ADS 
 Run 1+DK→+BGGSZ 
 Run 2+DK→+BGGSZ 

LHCb
Preliminary

Figure 4: Profile likelihood contours of � vs rDK
B (left) and � vs �DK

B (right) for the GLW/ADS

analysis of B+ ! DK+
, D ! h+h� (blue) alongisde the Run 1 (brown) and Run 2 (pink)

GGSZ analyses of B+ ! DK+
, D ! K0

Sh
+h�.

0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150
]° [γ

68.3%

95.5%

LHCb
Preliminary

 decays0
sB
 decays0B
 decays+B

Combination

Figure 5: 1� CL plots, using the profile likelihood method, for combinations split by the initial

B meson flavour: (orange) B0
s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160

10

(73.5+4.2-5.1)o WA HFLAV 
(73.5+5.1-5.7)o LHCb 
(65.3+1.0-2.5)o Indirect CKMFitter

/16Alex Birnkraut | Time-dependent CP violation in B->DX,,,, | July 6th, 2018B! DX
<latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit>

‣ presented time-dependent results on g from B2Dpi,,,,,,,,, and Bs2DsK 
‣ Bd2Dpi,,,,,,, :  
- g 
- agrees quite well with world average 

‣ Bs2DsK s     : 
- g 
- shows some tension with world average  

‣ measurements statistically limited  
→ Run II data will improve sensitivity 

‣ LHCb collaboration provides its own g combination 
- See Mark Whitehead’s talk!

� 2 [5, 86]� [ [185, 266]�­68% �
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Conclusion
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�
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→ uncertainties still quite large for both results

�
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‣ external inputs fixed to central values 

‣ tagging calibration parameters floating within  
Gaussian constraints 

‣ obtained CP parameters:  

‣ systematic uncertainties estimated using  
pseudoexperiments and simulation 

‣ CP asymmetries folded into one mixing period 
→ evidence of oscillation

Decay time fit & asymmetries
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�9J9E=L=J �9DM=

Cf 0.730± 0.142± 0.045
A��f 0.387± 0.277± 0.153
A��
f

0.308± 0.275± 0.152
Sf �0.519± 0.202± 0.070
S f �0.489± 0.196± 0.068
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LHCb-PAPER-2017-047

JHEP 06 (2018) 084 
JHEP 03 (2018) 059

New time-dependent measurements in 
B→Dπ (2Φ1 + Φ3) and  Bs →DsK (Φs-Φ3)

M. Whitehead 
A. Birnkraut

A dream of Belle & Babar: difficult due to Vub 
and colour suppression. Many Direct CPV 
techniques developed at the B-factories.

Relative weak phase Φ3, 
Relative strong phase δR

(BES III data coming)
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Φ2 & CPV in B→2-body charmless
• Extremely precise tests of B→Kπ, and B→ππ. 

• Isospin sum rules exploited to control strong 
phase, but need neutral modes.
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LHCb arXiv: 1805.06759 
Belle PRD96 (2017) 3, 032007 

EPJ C77 (2017) no.8, 574

Measurement of CP asymmetries in two-body 
B0(s)-meson decays to charged pions and kaons
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• Thanks	to	the	time-dependent	analysis	the	production	asymmetries	
are	automatically	subtracted
– AP(B0)	=	(0.19	± 0.60)%
– AP(Bs)	=	(2.4	± 2.1)%

arXiv:1805.06759

Compatible	with	expectation	
from	Phys.	Lett.	B	774	(2017)	139

from	ACP

SM	test	assuming	U-spin	validity	[PLB621(2005)126]

• Main	syst.:	
– B0:	Det.	asymmetry
– Bs:	mass	model
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Fixed	parameters

arXiv:1805.06759

OS	tagging SSp+SSp tagging

• Most	precise	from	a	single	experiment
– x2	better	precision	than	previous	LHCb

• Main	syst.:	cross-feed	and	3-body	model

r(Cpp,Spp)	=	0.448
- p +p®0B

- p +p®s0B

- p +K®0B

3-Body bkg.

Comb. bkg.
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arXiv:1805.06759

Compatible	with	expectation	
from	Phys.	Lett.	B	774	(2017)	139

from	ACP

SM	test	assuming	U-spin	validity	[PLB621(2005)126]

• Main	syst.:	
– B0:	Det.	asymmetry
– Bs:	mass	model
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(84.9 +5.1−4.5)° HFLAV 2018 
(86.2 +4.4−4.0)° CKMFitter Direct 2017 
(92.5 +1.5−1.1)° CKMFitter Indirect 2016

Measurement of the branching fraction and 
CP asymmetry in B0→π0π0 decays, and an 

improved constraint on ϕ2

C-L. Hsu 
S. Perazzini

Original Direct CPV 
signature of the B-factories.
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Large CPV in B→3- and 4-body
• Very large CP asymmetries in localised Dalitz space. 

• Experiments switched gear to amplitude analyses! 

• New triple product studies in 4-body as a tool to probe new CPV.
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LHCb PRL 120 (2018) 26, 261801 
LHCb JHEP 1803 (2018) 140 

Belle PRD96 (2017) 3, 031101 
Belle ICHEP Prelminary

Amplitude Analysis of the Decay  
B0→K0Sπ+π− and First Observation of the 

CP Asymmetry in B0→K*(892)−π+

Measurement of branching fraction and 
direct CP asymmetry in charmless 

B+→K+K−π+ and B0→KSK−π+ decays at Belle
First measurement of the CP-violating 
phase ϕsdd in B0s→(K+π−)(K−π+)decays 
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Amplitude analysis of                              B
0 ! K0

S⇡
+⇡�

• Fit model and data projections:
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Observation of CP violation at > 6σ significance!

Total model 
Signal 
Background

• After correcting for the efficiency and production asymmetry:

ACP

⇣
B

0 ! K⇤(892)�⇡+
⌘
= �0.308± 0.060 (stat.)± 0.011 (syst.)± 0.012 (model.)

Phys. Rev. Lett. 120 261801 / arXiv:1712.09320

CPV > 6 σ significance, due to B→ K* π 
ACP(B0→K*π)=-0.308±0.060stat±0.011sys±0.012model
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B+ ! K+K�⇡+

PRD 96,031101(R) (2017)• Large ACP are seen in low MKK region. 
•                                                

with 4.8! significance at MKK <1.1 GeV/c2 
• The overall results are obtained by integrating over the whole MKK 

region.

ACP = − 0.90 ± 0.17 ± 0.03

Br(B+ → K+ K−π+ ) = (5.38 ± 0.40 ± 0.35) × 10− 6

ACP = − 0.170 ± 0.073 ± 0.017
PDG: Br  = (5.0 ± 0.5 ± 0.5) x 10-6  
          ACP = 0.123 ±  0.017 ± 0.012 ± 0.007

B0
s → K∗0K̄∗0

Penguin dominated final state

s
0B

b

s

*0K
s

d

*0
K

d

s

NP?/+W

g
xb
*

V xsV

Highly sensitive to New Physics amplitudes in the mixing and decay processes

Additional complication of finite K∗ width

QCDf predictions: ACP = (0.4+1.0
−0.6)%, fL = 0.56+0.22

−0.27

Phys. Rev. D 80, 114026 (2009)

First observed at LHCb PLB 50, 709 (2012), first angular measurement JHEP 07, 166 (2015)

CP Violation and Polarisation Amplitudes in B → V V Decays at LHCb 17

B0
s → K∗0K̄∗0

800 1000 1200 1400 1600
]2c) [MeV/−π+K(m

0

200

400

600

800

1000

1200 )2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 / 

( 
34

 M
eV

/ Data

Total PDF

SS

SV+VS

VV

ST+TS

VT+TV

TT

LHCb

800 1000 1200 1400 1600
]2c) [MeV/+π−K(m

0

200

400

600

800

1000

1200 )2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 / 

( 
34

 M
eV

/ LHCb

1− 0.5− 0 0.5 1
)1θcos(

0

100

200

300

400

500

600

W
ei

gh
te

d 
ca

nd
id

at
es

 / 
( 

0.
12

5 
)

LHCb

1− 0.5− 0 0.5 1
)2θcos(

0

100

200

300

400

500

600

W
ei

gh
te

d 
ca

nd
id

at
es

 / 
( 

0.
12

5 
)

LHCb

0 2 4 6
 [rad]ϕ

0

100

200

300

400

500

W
ei

gh
te

d 
ca

nd
id

at
es

 / 
( 

0.
45

 r
ad

 )

LHCb

0 5 10
 [ps]t

2−10

1−10

1

10

210

310

W
ei

gh
te

d 
ca

nd
id

at
es

 / 
( 

1 
ps

 )

LHCb

World’s first time-dependent measurement

JHEP 03 (2018) 140

Kπ mass distribution modelled

Effective tagging efficiency: (5.17± 0.17)%

Systematics dominated by multi-dimensional acceptance

No evidence for CP violation

Results consistent with B0
s → φφ and QCDf

φsd̄d
s = −0.10± 0.13 (stat)± 0.14 (syst) rad

|λCP | = 1.035± 0.034 (stat)± 0.089 (syst)

fL = 0.208± 0.032 (stat)± 0.046 (syst)
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Systematics dominated by multi-dimensional acceptance

No evidence for CP violation

Results consistent with B0
s → φφ and QCDf
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J. Dalseno 
D. O’Hanlon
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Charm CP Violation
• Recent work on CPV in modes with neutrals at Belle and LHCb 

• Need neutrals to constrain strong phases if CP observed. 

• No sign of CPV direct or indirect 
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LHCb arXiv: 1806.01642 
Belle PRD97 (2018) 1, 011101 

Belle PRL 119 (2017) 17, 171801 
LHCb PRL 118, 261803 (2017) 
LHCb PRD97, 031101 (2018)

Other recent results on 
Search for CP violation in 
the D+→π+π0 decay at Belle

Measurements of the time-integrated 
CP asymmetry (and branching fraction) in D0→K0S K0S decays at Belle  / and LHCb

AΓ with D0→hh decays - Results

No CPV 
• Compatible to CP conservation up to 3x10-4 sensitivity 

AΓ(KK) = (-3.0±3.2±1.0)x10-4 
AΓ(ππ) = (4.6±5.8±1.2)x10-4 

• A complementary measurement yields compatible results 
Based on data-driven per-event acceptance calculation 

• Combination with statistically independent muon-tagged sample (B→D0µ-X) 
AΓ = (-2.9±2.8)x10-4 

!9Maurizio Martinelli - Mixing and Indirect CPV in Charm at LHCb | 6.7.2018Notable LHCb Results
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PHYS. REV. LETT. 118, 261803 (2017)
JHEP 04 (2015) 043

Updated determination of D0 mixing and CP 
violation parameters with D0→K+π− decays

AΓ with D0→hh decays

CP Violation in Time-Dependent Rate 
• Decay to same CP eigenstate 

CPV leads to different time-dependent rate between D0 and D0 

Dataset 
• Run1 (2011-2012): 3/fb 
• D*+→D0π+ 

• Cut on D0 mass, study Δm 
• Combinatorial background 

sideband-subtracted 
• Measured asymmetry in  

intervals of decay time  
[0.6,20]τD0
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AΓ with D0→hh decays - Results

No CPV 
• Compatible to CP conservation up to 3x10-4 sensitivity 

AΓ(KK) = (-3.0±3.2±1.0)x10-4 
AΓ(ππ) = (4.6±5.8±1.2)x10-4 

• A complementary measurement yields compatible results 
Based on data-driven per-event acceptance calculation 

• Combination with statistically independent muon-tagged sample (B→D0µ-X) 
AΓ = (-2.9±2.8)x10-4 

!9Maurizio Martinelli - Mixing and Indirect CPV in Charm at LHCb | 6.7.2018Notable LHCb Results

0 2 4 6 8
�1

0

1

2

A
(t

)[
%

]

LHCb D0 ! K+K� Data
Fit

20
t/⌧D

0 2 4 6 8
�2

�1

0

1

2

A
(t

)[
%

]

LHCb D0 ! ⇡+⇡� Data
Fit

20
t/⌧D

PHYS. REV. LETT. 118, 261803 (2017)
JHEP 04 (2015) 043

ACP in D0! K 0
S K 0

S decays [arXiv:1806.01642]

Various possible tracks in LHCb:

For this analysis:
LL: the two K 0

S decay in the VELO and both form long tracks
LD: one K 0

S decays inside and one decays downstream of the
VELO

Maxime Schubiger 6 July 2018 Searches for direct CPV in charm at LHCb 21

ACPLHCb = (2.0 ± 2.9 ± 1.0)% 
ACPBelle = (-0.02 ±1.53 ± 0.18)%

LHCb

Y-T. Lai 
L-Y. Dong 

M. Martinelli

Non-zero CPV in charm is a 
New physics smoking gun.
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CPT tests in Kaon decays
• Final KLOE-2 dataset collected on 30 March 2018 - we await 

their CPV and CKM analyses. 

• CPT and QM tests with kaon interferometry  

• Direct T and CPT tests using QM entanglement  

• CP violation and CPT test: KS→3π0,  Im(ε’/ε) 

• CKM Vus: KS semileptonic, Kµ3, Kl3
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KLOE ICHEP Preliminary 
KLOE arXiv:1806.08654

A. Di Domenico  ICHEP 2018, Seoul, Korea– 4-11 July 2018  
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Direct test of T and CPT in neutral kaon transitions 
• EPR correlations at a φ-factory can be exploited to study transitions involving 
orthogonal “CP states” K+ and K- 

A. Di Domenico  ICHEP 2018, Seoul, Korea– 4-11 July 2018  
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A. Di Domenico

Should be 1 to conserve CPT

Relation to SL asymmetries
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VCKM - Summary
• |Vcb| puzzle addressed by Belle 

• B→D(*) τ ν anomaly needs new B→D** l ν background studies 

• |Vub|/|Vcb| at LHCb has better understood form factors! 

• |Vub| inclusive-exclusive puzzle - final B-factory results awaited. 

• |Vcd| & |Vcs| direct constraints from BES III are world best. Outstanding test of LQCD! No LFUV found.
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• CPV for SM phase measurements (WA HFLAV) 

• sin2Φ1 = 0.70±0.02 

• Φ2  =  (84.9 +5.1−4.5)°  

• Φ3 = (73.5+4.2-5.1)°  

• All measurements are statistics limited. 

• CPV for new physics searches:  

• Large local asymmetries. Switching gear to 
amplitude analyses. 

• Baryon decays a new window to CPV (see backup) 

• Φs  = −0.021 ± 0.031 WA HFLAV 2018 (see backup)

• LHCb upgrade & Belle II will push 1 order of magnitude 
further on searches for CPV sources. 20-30% NP 
amplitude still allowed in CKM ΔB=2.

2 Global analyses
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Fig. 16: Results of the fit to NP in mixing, for current constraints (left) and year 2025

constraints (right).
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Fig. 17: SM UTA today (left) and extrapolated to the 5 ab�1 (centre) and 50 ab�1 (right)

scenarios.

for q = u and c, where the four-Fermi operators OX are written as

O(q,⌫`)
V1

= (q̄�µPLb)(⌧̄ �µPL⌫`) , (52)

O(q,⌫`)
V2

= (q̄�µPRb)(⌧̄ �µPL⌫`) , (53)

O(q,⌫`)
S1

= (q̄PRb)(⌧̄PL⌫`) , (54)

O(q,⌫`)
S2

= (q̄PLb)(⌧̄PL⌫`) , (55)

O(q,⌫`)
T = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫`) , (56)

and CX denotes the Wilson coe�cient of OX normalised by 2
p

2GFVqb. The SM contribution 1188

is presented as �⌫⌧ ,⌫` in Eq. (51). The superscript (q, ⌫`) specifies the flavours of the quark 1189

q and the neutrino ⌫` in b ! q⌧⌫`; O(c,⌫`)
X contributes to B̄ ! D(⇤)⌧ ⌫̄, whereas O(u,⌫`)

X to 1190

B̄ ! ⇡⌧ ⌫̄ and B̄ ! ⌧ ⌫̄. Note that it is not necessary that the neutrino flavour is the same as 1191
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Fig. 12: |Vub| today (left) and extrapolated to the 50 ab�1 scenario (right).

(1) World average (ca. 2016) central values. Belle II + LHCb + LQCD projections using1128

world average values as of 2017. For reference we show the precision of Belle II only1129

scenarios (rather than Belle II + LHCb )1130

(2) SM-like central values. Belle II + LHCb + LQCD projections using SM-like values.1131

For reference we show the precision of Belle II only scenarios.1132

While the projections include input from Belle II and LHCb, it is expected that Belle II will1133

provide the most precise measurements of many key observables used in the determination1134

of these parameters. The exceptions are �3, which will be of similar precision at LHCb, and1135

Bs and B mixing, which will be measured with greater precision at LHCb.1136

One of the most important inputs from Belle II will be the measurement of |Vub| from1137

inclusive semileptonic B decays. Figure 12 shows the current and projected precision of1138

exclusive and inclusive world averages, their combination performed by CKMFitter, and the1139

expected value based on CKM unitarity. An interesting test in the Belle II era will be the1140

comparison between Br(B ! ⌧⌫) and sin 2�1. We depict the projected precision for these1141

inputs compared to the constraints from the global fit in Fig. 13.1142

The fit results of scenarios 1 and 2 are shown in Fig. 14, and summarised in Table 10. For1143

scenario 1 we show the associated p-values for the fits. For scenario 2 we show the numerical1144

precision of the CKM UT parameters.1145

The current and projected (Belle II combined with LHCb) fits at WA values for various1146

data subsets are shown in Fig. 15. The plots show constraints from loop, tree, CP-conserving,1147

and CP-violating scenarios respectively.1148

The CKMFitter group has performed analyses of new physics in mixing, in particular1149

i.e.�B = 2 operators, assuming that tree decays are not a↵ected by NP e↵ects. Within this1150

framework, NP contributions to the Bd,s mixing amplitudes can be parameterised as1151

Md,s
12 = (Md,s

12 )SM ⇥
�
1 + hd,se

2i�d,s
�

(48)

For a NP contribution to the mixing of a meson with qiq̄j flavour quantum numbers due to1152

the operator1153

C2
ij

⇤2
(q̄i,L�µqj,L)2 , (49)
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Belle

Belle II+LHCb UG

Constraint on new 
physics amplitude 

and phase in 
mixing from UT fit
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Belle II & SuperKEKB online
• Nano-beam scheme in action 

• 5.5 x 1033 cm-2 s-1 achieved 

• > 0.5 fb-1 collected to date. 

• Belle II first studies shown at ICHEP

 24

Kobayashi @ First 
collisions ceremony

First hadronic event, April 26 2018
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Belle II and SuperKEKB
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5-10 ab-1 
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• >800 Collaborators from 110 institutions and 25 countries. 

• Belle II Korea (45 members) makes high-impact contributions to the calorimeter, trigger, DAQ and computing. 

• The foreign co-spokesperson of Belle is Youngjoon Kwon.
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Detector layout (Belle -> Belle II)

Belle 

RPC 
->Scintillator

(Endcap and inner two layer of Barrel for neutron BG)

Belle II VXD
R=14-140mm
(Ks acceptance)
Belle SVD
R=20-88mm

5

(Better K/p separation)

The Belle II Experiment: Status and Prospects

KS→ π+π- candidate

• Silicon vertex detectors (Layers 1, 3-6) to be installed for 2019 operation
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Performance / Calibration modes
• Spatial resolution of the new vertex detector a factor 

~2x better than Belle, ~30% larger acceptance for KS  

• K/π separation → 2x lower misidentification rates 

• After first calibration: spectacular performance (mid-
commissioning run). Invariant masses spot-on!
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Figure 2: This figure shows the invariant mass distribution of K0

S ! ⇡+⇡� candidates
in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.

2

 σDATA = σMC*1.05

 σDATA = σMC*1.1

Nano-beam z-
profile measured 
with Silicon VXD

S. Tanaka
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Particle identification
• Central Drift Chamber dE/dx & Time of propagation Cherenkov patterns - 2018 data 

• New detector technology (TOP) working well!
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FIG. 9: x � t plot, expected PDFs and impact point diagram of a kaon candidate tagged by a D?

decay.

Upper row: x � t plot superimposed to expected pattern in the pion (left, red), kaon (left, blue)
and proton (right, green) hypothesis. Each plot reports the corresponding log-likelihood value.

Bottom row: Sketch of the impact point and direction on the TOP bar. The coordinate system is

the one of the bar itself: with respect to the detector frame, z is unchanged, x runs along � and y is

the radial direction. The diagram shows the bar as seen from the IP. The impact point of the track

is marked by a colored spot, whose size and color is proportional to the track’s momentum. The

short line pointing to the impact point represents the direction of the incoming particle, projected

on the bar surface: it’s orientation represent the actual orientation of the track on the x� y plane,

while its length is proportional to the cosine of the dip angle (i.e. the angle at which the track

enters the bar). Shorter lines are associated to dip angles closer to 90
�
, i.e. to track that are

entering the bar perpendicularly to its surface.

The parameters reported on the right side of the impact point diagram are, in order: slot ID

(1-16), the track momentum p, the polar angle ✓IP and azimuthal angle �IP calculated at the IP,

the coordinates x and z of the impact point in the bar reference frame, the dip angle ✓dip, and the

azimuthal angle in the bar frame, respect to the z axis (�dip).
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Upper row: x � t plot superimposed to expected pattern in the pion (left, red), kaon (left, blue)
and proton (right, green) hypothesis. Each plot reports the corresponding log-likelihood value.

Bottom row: Sketch of the impact point and direction on the TOP bar. The coordinate system is

the one of the bar itself: with respect to the detector frame, z is unchanged, x runs along � and y is

the radial direction. The diagram shows the bar as seen from the IP. The impact point of the track

is marked by a colored spot, whose size and color is proportional to the track’s momentum. The

short line pointing to the impact point represents the direction of the incoming particle, projected

on the bar surface: it’s orientation represent the actual orientation of the track on the x� y plane,

while its length is proportional to the cosine of the dip angle (i.e. the angle at which the track

enters the bar). Shorter lines are associated to dip angles closer to 90
�
, i.e. to track that are

entering the bar perpendicularly to its surface.

The parameters reported on the right side of the impact point diagram are, in order: slot ID

(1-16), the track momentum p, the polar angle ✓IP and azimuthal angle �IP calculated at the IP,

the coordinates x and z of the impact point in the bar reference frame, the dip angle ✓dip, and the

azimuthal angle in the bar frame, respect to the z axis (�dip).
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• Hadron saturation correction determined “by hand”

Performance in prod3 collision data (hadron skim)

!5

pions

kaons
protons

deuterons

Extra cuts:

- |d0| < 1

- |dz| < 3

- # layers hit > 20

• Hadron saturation correction determined “by hand”

Performance in prod3 collision data (hadron skim)

!5

pions

kaons
protons

deuterons

Extra cuts:

- |d0| < 1

- |dz| < 3

- # layers hit > 20

CDC dE/dx
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Fig. 23: Fake rates versus e�ciencies for K/⇡ (left) and ⇡/K (right) separation in release-

00-07-00. The coloured lines show the ROC curves for di↵erent momentum regions. The

markers represent di↵erent cuts on the likelihood ratio.
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Fig. 24: Kaon detection e�ciency and pion fake rate for low momentum tracks from

release-00-05-03. The performance is determined using only those tracks that are within

the acceptance of the detector of interest. That is, the denominator for the e�ciency is

di↵erent for each detector.

� Number of inner most layers hit: hadronic clusters are likely to have a wider radius than 729

electromagnetic clusters. 730

In total, 19 variables are used for this classifier. 731

732

In the ECL the most significant variables are as follows. 733

� Distance to the next track: neutral clusters should only rarely jhave a track close by. 734

31/??

Belle II  
MC
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Charm “rediscovery”
• Open charm, D0, D+, Ds+, D*+, D*0 and Charmonium J/ψ. Found the difficult to see D0→KS π0.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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-1 L dt = 250 pb ∫

Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K0
S⇡

0 for 0.144 < �M < 0.146 GeV/c2.
The selection criteria are the same as mentioned in BELLE2-NOTE-PL-2018-012. Addi-
tionally ⇡0 candidates are selected with 0.124 < M(��) < 0.140 GeV/c2 and the daughter
� candidates are kinematically constrained to the nominal ⇡0 mass. The K0

S candidate
selection is applied as mentioned in BELLE2-NOTE-PL-2018-016. The internal document
reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D+ ! K�⇡+⇡+. Events are required to contain at least
three good tracks to purify the sample with processes of the type e+e� ! hadrons, while
rejecting beam induced background, Bhabha scattering, and other low multiplicity back-
ground sources. The charged kaon and pion tracks are required to have impact parameters,
|d0| and |z0| less than 0.5 cm and 3.0 cm respectively. No particle identification criteria is
applied. The D+ candidates are required to have a centre-of-mass momentum of greater
than 2.5 GeV/c to select cc̄ events. The internal document reference is BELLE2-NOTE-
PH-2018-004.
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-1L dt = 250 pb∫

Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K+K� for 0.144 < �M <
0.146 GeV/c2. The selection criteria are the same as mentioned in BELLE2-NOTE-PL-
2018-012. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Beauty “Rediscovery”
• Recreating CLEO & ARGUS 

• ~100 B candidates in 
hadronic modes 

• ~14 B → D* e ν found

 30
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Figure 1: The cos ✓BY =
2E⇤

BE⇤
Y �M2

B�m2
Y

2p⇤Bp⇤Y
distribution of B̄0 ! D⇤+e�⌫̄e candidates using

250 pb�1 of collision data, where E⇤
Y , p

⇤
Y , and mY are the CM energy, momentum, and in-

variant mass of the D⇤e system, MB is the nominal B mass, and E⇤
B, p

⇤
B are the CM energy

and momentum of the B, inferred from the CMmachine energy. For correctly reconstructed
B candidates, ignoring mismeasurements and the spread in machine energy, ✓BY is the CM
angle between theB and Y momenta. Here the data (points with error bars) is overlaid with
the combination of MC events, scaled to the same area as the data. D0 candidates are re-
constructed from K�⇡+ pairs, selected without particle identification requirements, within
the invariant mass range 1.85 GeV/c2 < mK⇡ < 1.88 GeV/c2. D⇤+ candidates are recon-
structed from a D0 candidate and a ⇡+ candidate track, with the invariant-mass di↵erence
between the D⇤+ and D0 candidates in the range 0.144 GeV/c2 < �m < 0.148 GeV/c2.
The momentum of D⇤+ candidates is required to satisfy p⇤D⇤+ < 2.5 GeV/c. Continuum
e+e� ! qq̄ background is suppressed with the Fox-Wolfram moment ratio R2 < 0.25.
Electron candidates are selected with requirements on the energy-to-momentum ratio
EECL/p > 0.8 and on the shower width parameter E9/E21 > 0.94, and must have center-
of-mass momentum in the range 1.2 GeV/c < p⇤l < 2.4 GeV/c. The internal document
reference is BELLE2-NOTE-PH-2018-018.
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Figure 1: This figure shows the �E distribution of B candidates in 250 pb�1 of collision
data, in the mode B ! D(⇤)h, J/ K(⇤) where h = ⇡, ⇢. Events are required to contain at
least three good tracks to purify the sample with processes of the type e+e� ! hadrons,
while rejecting beam induced background, Bhabha scattering, and other low multiplicity
background sources. The charged kaon and pion tracks are required to have impact param-
eters, |d0| and |z0| less than 0.5 cm and 3.0 cm respectively. Particle identification criteria >
0.5 is applied to K. The K0

S , D
0, ⇢+, J/ and K⇤ candidates are selected within 0.489 <

M⇡+⇡� < 0.506 GeV/c2, 1.85 < MD < 1.89 GeV/c2, 0.675 < M⇡+⇡0 < 0.875 GeV/c2,
3.0 < Ml+l� < 3.12 GeV/c2 and 0.845 < MK⇡ < 0.942 GeV/c2, respectively. The D⇤+

candidates are required to have 0.143 < �M < 0.147 GeV/c2 and D⇤0 candidates are re-
quired to have 0.140 < �M < 0.144 GeV/c2. qq̄ background is suppressed with R2 < 0.3,
0.25 and 0.4 for B ! D⇡ and B ! J/ K(⇤), B ! D⇢ and B ! D⇤h modes, respectively.
The internal document reference is BELLE2-NOTE-PH-2018-004.
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Figure 2: This figure shows the Mbc distribution of B candidates in 250 pb�1 of collision
data, in the mode B ! D(⇤)h, J/ K(⇤) where h = ⇡, ⇢. Events are required to contain at
least three good tracks to purify the sample with processes of the type e+e� ! hadrons,
while rejecting beam induced background, Bhabha scattering, and other low multiplicity
background sources. The charged kaon and pion tracks are required to have impact param-
eters, |d0| and |z0| less than 0.5 cm and 3.0 cm respectively. Particle identification criteria >
0.5 is applied to K. The K0

S , D
0, ⇢+, J/ and K⇤ candidates are selected within 0.489 <

M⇡+⇡� < 0.506 GeV/c2, 1.85 < MD < 1.89 GeV/c2, 0.675 < M⇡+⇡0 < 0.875 GeV/c2,
3.0 < Ml+l� < 3.12 GeV/c2 and 0.845 < MK⇡ < 0.942 GeV/c2, respectively. The D⇤+

candidates are required to have 0.143 < �M < 0.147 GeV/c2 and D⇤0 candidates are re-
quired to have 0.140 < �M < 0.144 GeV/c2. qq̄ background is suppressed with R2 < 0.3,
0.25 and 0.4 for B ! D⇡ and B ! J/ K(⇤), B ! D⇢ and B ! D⇤h modes, respectively.
The internal document reference is BELLE2-NOTE-PH-2018-004.

T. Lück
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Belle II prospects CKM & CPV
• |Vub| @ 1% from semileptonic, 2% from leptonic 

• Excellent detection universality for e and µ - strong on τ. 

• Φ1 @ 0.7%, Φ2 <1o, Φ3~1o 

• Attack new phases and right handed currents in TDCPV in Bd decays 

• Excellent prospects for amplitude analysis of multi-body decays 
 - flat efficiency in Dalitz plane.

 31

Belle II Physics Book Eds. E. Kou, P.U. 
+ Belle II & B2TiP Theory community 
(to be submitted to PTEP this week)
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Fig. 25: Projections of Vub error to various luminosity values and lattice-QCD error fore-

casts for B ! ⇡`⌫ tagged and untagged modes. The figure on the left is obtained by using

lattice forecasts with EM corrections and the figure on the right by forecasts without these

corrections.

Table 16: Projections of |Vub| uncertainties to Belle II luminosities for B ! ⇡`⌫ tagged (T)

and untagged (UT) modes along. All uncertainties are in %. Lattice-QCD error forecasts

were taken into account according to Sec. ??. The error in the second right-most column

corresponds to forecasts with EM corrections Sec. ??, and the final column corresponds to

forecasts without this correction.

L [ab�1] �B (stat, sys) �forecast
QCD �Vub

(EM) �Vub
(no EM)

1 T 3.6, 4.4
current

6.2 -

UT 1.3, 3.6 3.6 3.6

5 T 1.6, 2.7
in 5 yrs

3.2 3.0

UT 0.6, 2.2 2.1 1.9

10 T 1.2, 2.4
in 5 yrs

2.7 2.6

UT 0.4, 1.9 1.9 1.7

50 T 0.5, 2.1
in 10 yrs

1.7 1.4

UT 0.2, 1.7 1.3 1.0

The remaining long-distance corrections are related to the initial B meson. They can1091

be expanded in the heavy-quark expansion (HQE) in powers of ⇤QCD/mb ⇠ 0.1, where1092

⇤QCD is a typical hadronic scale of order MB � mb ⇠ 0.5 GeV. This expansion systemat-1093

ically expresses the decay rate in terms of non-perturbative parameters that describe the1094

universal properties of the B meson.1095

The non-perturbative parameters a↵ect the di↵erential decay rates from which |Vcb| and1096

|Vub| are extracted. Their dominant e↵ect is on the shapes of the distributions while |Vcb|1097

and |Vub| only enter through the overall normalisation. Hence, the strategy for a precise1098

determination of |Vcb| and |Vub| is to fit them together with the relevant non-perturbative1099

parameters, as well as the b-quark mass, from the experimental measurements.1100

The present inclusive |Vcb| and |Vub| determinations are theoretically limited by the impre-1101

cise knowledge of the required non-perturbative parameters. Hence, a key goal for Belle II1102

will be to reduce this systematic limitation, in conjunction with theoretical improvements,1103
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Table 12: Expected precision for RD(⇤) and P⌧ (D⇤) at Belle II, given as the relative uncer-

tainty for RD(⇤) and absolute for P⌧ (D⇤). The values given are the statistical and systematic

errors respectively.

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04
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Fig. 10: Expected Belle II constraints on the RD vs RD⇤ plane (left) and the RD⇤ vs P⌧ (D⇤)

plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

be achieved. However, although challenging, our understanding of these modes should be603

improved by future measurements at Belle II and hence the systematic uncertainty will be604

further reduced. As shown in Fig. 8, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the605

EECL shape to discriminate between signal and background events. One possible challenge606

at Belle II is therefore to understand the e↵ects from the large beam-induced background607

on EECL. From studies of B ! ⌧⌫, shown earlier in this section, EECL should be a robust608

observable.609

With the Belle II data set NP scenarios can be precisely tested with q2, and other distri-

butions of kinematic observables. Figure 11 demonstrates the statistical precision of the q2

measurement with 50 ab�1 data based on a toy-MC study with the hadron tag based anal-

ysis. A quantitative estimation of the future sensitivity to a search for NP in B̄ ! D(⇤)⌧ ⌫̄

is shown in Fig. 12 [78]: it shows the regions of CX that are probed by the ratios (red)

and the q2 distributions (blue) at Belle II with 5. ab�1 (dashed lines) and 50 ab�1 (solid

lines) respectively, at 95% CL.6 One finds that the distributions are very sensitive to all

6 To see how small a NP contribution that can be probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [52] for
q2 distributions and given as the world average [11] for the ratios, are luminosity scaled. See Ref. [78]
for further details of the analysis.
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Belle II @ 50 ab-1

σ|Vub| → 1%

 B→η’KS

Confirm NP with <5 ab-1
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Conclusion
• Many new, constraining CKM and CPV measurements. 

• Our most powerful tests will continue to be statistics limited, clean theoretically and 
systematically. 

• LFUV in leptonic and semileptonic theoretically clean but NOT always experimentally clean. 
Material mapping, hermetic coverage, and lepton universality in DETECTION is critical. 

• Belle II is having a very successful commissioning run, and has big ambitions for ICHEP 2020. 

 32(a) CNP

9

µµ
versus CNP

10

µµ
.

�2.0 �1.5 �1.0 �0.5 0.0 0.5
CNP µµ

9

�1.0

�0.5

0.0

0.5

1.0

C
N

P
ee

9

flavio v0.22.1

SM

1�

3�

5�

7�

LH
C
b

B
el
le

(I
I)

ex
cl
us

iv
e

B
elle

(II)
inclusive

(b) CNP

9

µµ
versus CNP

9

ee
.

(c) Re
�
CNP

7

�
versus Im

�
CNP

7

�
.

Fig. 22: In the two-dimensional scans of pairs of Wilson coe�cients, the current average (not

filled) as well as the extrapolations to future sensitivities (filled) of LHCb at milestones I,

II and III (exclusive) and Belle II at milestones I and II (inclusive and exclusive) are given

and are progressively overlaid. The central values of the extrapolations have been evaluated

in the NP scenarios listed in Table 18. The future projections at milestones I, II and III are

given by the filled contours The contours correspond to 1� uncertainty bands. The Standard

Model point (black dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined

sensitivity of Belle II’s 50 ab�1 and LHCb’s 50 fb�1 datasets is indicated in light grey. The

primed operators show no tensions with respect to the SM; hence no SM exclusions are

provided.

64/79

2 Global analyses

βsin 2
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

)ντ 
→

B
R

(B
 

0.00

0.05

0.10

0.15

0.20
-310×

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
p-value

ICHEP 16

CKM
f i t t e r

1
φsin 2

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

)ντ 
→

B
R

(B
 

0.00

0.05

0.10

0.15

0.20
-310×

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
p-value

-1Belle II 50 ab

CKM
f i t t e r

Fig. 13: sin 2�1 versus Br(B ! ⌧⌫) derived from the global fit (contour) and direct mea-

surements (data points) for current world average values (left) and Belle II projections

(right).

smΔ & dmΔ

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

 SM 2017-1BELLEII 50 ab

CKM
f i t t e r smΔ & dmΔ

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

 WA 2017-1BELLEII 50 ab

CKM
f i t t e r

smΔ & dmΔ

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

 SM 2017-1BELLEII 50 ab

CKM
f i t t e r

smΔ & dmΔ

3
φ

2
φ

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ
0.05 0.10 0.15 0.20 0.25

η

0.25

0.30

0.35

0.40

0.45

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

 WA 2017-1BELLEII 50 ab

CKM
f i t t e r
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Belle II Wishlist / Roadmap

 33

B → µ ν 
Discovery

Resolve |Vub| 
puzzle

τ LFV Discovery

B→Kee LFUV 
New Physics

B→Kνν SM 
Discovery

B→ η’ Ks New CP

WR in B→ργ

ee→ ππ(γ) 
precision µ(g-2)

Confirm B→D*τ ν 
New physics

Φ2, Φ3 < 2o

ee→A’ (χ χ) γ

Belle II @ ICHEP 2018

Sookyung Choi 
discoverer of X, Y, Z mesons on Belle, 
recipient of 2017 Ho-Am Science Prize



Backup
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Belle II Collaboration Map 2018

 35
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Lepton reconstruction and identification
• Lepton reconstruction (efficiency and resolution) is crucial for VCKM measurements. 

• Decays with electrons, muons and taus should all be identical, correcting for phase space 

• Discovery of lepton flavour non-universality is a key signature of New physics  
e.g. Leptoquarks, W’, Z’, H± 

• Identification / reconstruction of leptons is not universal 

 36

• Muons: Little to no radiation (heavy), Stable 
within particle detectors, no strong interactions 

• Electrons are light: Final state radiation, 
Bremsstrahlung in material is likely, 

• Τaus have a lifetime of 10-12 s: background 
mimics the the signal where some daughters are 
lost e.g. KL, π0
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R(D) and R(D*)
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0.2 0.3
R(D*)

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle hadronic tau
 0.027± 0.035 ±0.270 

LHCb muonic tau
 0.030± 0.027 ±0.336 

LHCb hadronic tau
 0.029± 0.019 ±0.291 

Average 
 0.007± 0.013 ±0.306 

SM Pred. average 
 0.005±0.258 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1711 (2017) 061  
 0.008±0.260 

JHEP 1712 (2017) 060
 0.005±0.257 

HFLAV
Summer 2018

/dof = 0.4/ 1 (CL = 52.00 %)2χ

0.2 0.4 0.6
R(D)

BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag
 0.026± 0.064 ±0.375 

Average 
 0.024± 0.039 ±0.407 

PRD94,094008(2016)
 0.003±0.299 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 

HFLAV
Summer 2018

/dof = 0.4/ 1 (CL = 52.00 %)2χ
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Φ3/γ (phase of Vub)  Determination
• Theory is “pristine” in these approaches, << 1% on Φ3

 38

SuppressedFavoured

rB =
|Asuppressed|
|Afavoured|

⇡ VubV ⇤
cs

VcbV ⇤
us

⇥ [colour supp.] = 0.1� 0.2

Relative weak phase is Φ3, Relative strong phase is δR

3 D0 mode categories: 
• DCP, CP eigenstates [GLW] 
• Dsup, Doubly cabibbo suppressed [ADS] 
• 3-Body [GGSZ] 

06/07/2018

The new combination

 13

• Best sensitivity from combining many decays and methods [LHCb-CONF-2018-002]
Table 1: List of the LHCb measurements used in the combination, where TD is time-dependent

and the method acronyms refer to the authors of Refs. [4–13].

B decay D decay Method Ref. Dataset
†

Status since last
combination [3]

B+ ! DK+ D ! h+h� GLW [14] Run 1 & 2 Minor update

B+ ! DK+ D ! h+h� ADS [15] Run 1 As before

B+ ! DK+ D ! h+⇡�⇡+⇡� GLW/ADS [15] Run 1 As before

B+ ! DK+ D ! h+h�⇡0 GLW/ADS [16] Run 1 As before

B+ ! DK+ D ! K0
Sh

+h� GGSZ [17] Run 1 As before

B+ ! DK+ D ! K0
Sh

+h� GGSZ [18] Run 2 New

B+ ! DK+ D ! K0
SK

+⇡� GLS [19] Run 1 As before

B+ ! D⇤K+ D ! h+h� GLW [14] Run 1 & 2 Minor update

B+ ! DK⇤+ D ! h+h� GLW/ADS [20] Run 1 & 2 Updated results

B+ ! DK⇤+ D ! h+⇡�⇡+⇡� GLW/ADS [20] Run 1 & 2 New

B+ ! DK+⇡+⇡� D ! h+h� GLW/ADS [21] Run 1 As before

B0 ! DK⇤0 D ! K+⇡� ADS [22] Run 1 As before

B0! DK+⇡� D ! h+h� GLW-Dalitz [23] Run 1 As before

B0 ! DK⇤0 D ! K0
S⇡

+⇡� GGSZ [24] Run 1 As before

B0
s ! D⌥

s K
± D+

s ! h+h�⇡+ TD [25] Run 1 Updated results

B0! D⌥⇡± D+! K+⇡�⇡+ TD [26] Run 1 New

†
Run 1 corresponds to an integrated luminosity of 3 fb

�1
taken at centre-of-mass energies of 7 and

8TeV. Run 2 corresponds to an integrated luminosity of 2 fb
�1

taken at a centre-of-mass energy of

13TeV.

separately to the already published Run 1 equivalent [17] where the correlations43

between the results of this analysis and the previous analysis have been computed44

and are reported in Ref. [18]. This update is consequently used in conjunction with45

the previous result as input for this combination.46

• B+ ! DK⇤+
, D ! h+h�

. The combined GLW and ADS [6, 7] measurement47

using the B+ ! DK⇤+, D ! h+h� decays modes, where K⇤+ ! K0
S⇡

+, has been48

updated to the full Run 1 and Run 2 data samples [20] and replaces the preliminary49

results [27] used in the previous combination.50

• B+ ! DK⇤+
, D ! h+⇡�⇡+⇡�

. The GLW/ADS measurement using the51

B+ ! DK⇤+, D ! h+⇡�⇡+⇡� decay modes, where K⇤+ ! K0
S⇡

+ [20], is added to52

the combination for the first time. The analysis is based on the full Run 1 and Run53

2 data samples.54

2

Just discussed

JHEP 11 (2017) 156

See talk from Alex Birnkraut

6 Interpretation

The CP observables measured in this analysis can be used to determine the physics
parameters rB, �B and �, via Eqs. 13-18. The parameter  is estimated by generat-
ing many amplitude models for B! DK0

S⇡ decays [48] consisting of various resonant
components whose relative amplitudes and phases are varied within limits according
to the existing branching fraction measurements. The components used in the model
are B�

! D0K⇤(892)� and the LASS lineshape [49]. The LASS lineshape is used to
describe the K⇡ S-wave, which includes a nonresonant term and the K⇤

0 (1430)
� resonance.

Contributions from other resonances e.g. K⇤(1680)�! K0
S⇡

� and D⇤
2(2460)

�
! D⇡�, are

considered to be negligible in the selected K⇤� region and are not included in the model.
For each model, the value of  is determined in the region of phase space defined by
the K⇤� mass window and K0

S helicity angle requirements. The mean of the resulting
distribution gives an estimate for  of 0.95± 0.06. The parameters rK⇡

D , �K⇡
D , rK3⇡

D , �K3⇡
D ,

K3⇡ and F4⇡ are also required as external inputs and are taken from Ref. [15, 22–24].
Using the measured values of the CP observables, their uncertainties and the covariance

matrices, a global �2 minimisation is performed, resulting in a minimum �2 of 3.0 with 9
degrees of freedom. A scan of physics parameters is performed for a range of values and
the di↵erence in �2 between the parameter scan values and the global minimum, ��2, is
evaluated. The confidence level for any pair of parameters is calculated assuming that
these are normally distributed, which enables the ��2 = 2.30, 6.18, 11.8 contours to
be drawn, corresponding to 68.3%, 95.5%, 99.7% confidence levels, respectively. These
are shown in Fig. 4. The data are consistent with the value of � indicated by previous
measurements [4, 5], ⇠ 70�, and result in a value of rB = 0.11± 0.02. This value of rB is
determined at the point where the global �2 of the fit is minimised.
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Figure 4: Contour plots showing 2D scans of physics parameters � versus rB (left) and � versus
�B (right). The dashed lines represent the ��2 = 2.30, 6.18, 11.8 contours, corresponding to
68.3%, 95.5%, 99.7% confidence levels (CL), respectively. The colour scale represents 1� CL.
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• LHCb Φ3 from 98 observables

A dream of Belle & Babar: difficult 
due to Vub and colour suppression. 

Many Direct CPV techniques 
developed at the B-factories.
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CPV in Baryon Decays
• New window on CPV using baryon decay. 

• 3.3 σ CPV evidence for the first time in Λb→pπππ (2017)

 39

LHCb arXiv: 1805.03941 
LHCb JHEP 1803 (2018) 182 

Nature Phys. 13 (2017) 391-396

Search for CP violation using triple product asymmetries in 
Λ0b → pK−π+π−, Λ0b → pK−K+K− and Ξb0 → pK−K−π+ decays

A measurement of the CP asymmetry difference between 
Λ+c → pK−K+ and pπ−π+ decays 

X fb-1 @ X TeV

Search for CPV in Λ0b,Ξ0b→ p3h decays

J. FU (UNIMI & INFN) CPV in b-hadron multibody decays 3

‣ Potential non negligible CPV effects in SM

The asymmetry between matter and antimatter is related to the violation of the1

CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.2

CP violation is accommodated in the Standard Model (SM) of particle physics by the3

Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between4

up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a5

virtual W boson and where the phases of the couplings change sign between quarks6

and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not7

su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are8

expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and9

more recently it has been observed in B0 [6, 7], B+ [8–11], and B0
s [12] meson decays,10

but it has never been observed in the decays of any baryon. Decays of the ⇤0
b (bud)11

baryon to final states consisting of hadrons with no charm quarks are predicted to have12

non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay13

modes [13]. It is important to measure the size and nature of these CP asymmetries,14

to determine whether they are consistent with the CKM mechanism or, if not, what15

extensions to the SM would be required to explain them [14–16].16

The decay processes studied in this article, ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�,17

are mediated by the weak interaction and governed mainly by two amplitudes of similar18

magnitude from di↵erent diagrams describing quark-level b ! uud transitions, as shown19

in Fig. 1. Throughout this paper the inclusion of charge-conjugate reactions is implied,20

unless otherwise indicated. CPV could arise from the interference of two amplitudes with21

relative phases that di↵er between particle and antiparticle decays, leading to di↵erences22

in the ⇤0
b and ⇤0

b decay rates. The main source of this e↵ect in the SM would be the23

large phases of the CKM matrix elements Vub and Vtd, which are present in the di↵erent24

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,25

but has never been observed in ⇤0
b decays.26

To search for CP -violating e↵ects one needs to measure CP -odd observables, which27
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are comparable, and each is proportional to the product of
the CKM matrix elements involved, which are shown in the figure.
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The asymmetry between matter and antimatter is related to the violation of the1

CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.2

CP violation is accommodated in the Standard Model (SM) of particle physics by the3

Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between4

up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a5

virtual W boson and where the phases of the couplings change sign between quarks6

and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not7

su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are8

expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and9

more recently it has been observed in B0 [6, 7], B+ [8–11], and B0
s [12] meson decays,10

but it has never been observed in the decays of any baryon. Decays of the ⇤0
b (bud)11

baryon to final states consisting of hadrons with no charm quarks are predicted to have12

non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay13

modes [13]. It is important to measure the size and nature of these CP asymmetries,14

to determine whether they are consistent with the CKM mechanism or, if not, what15

extensions to the SM would be required to explain them [14–16].16

The decay processes studied in this article, ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�,17

are mediated by the weak interaction and governed mainly by two amplitudes of similar18

magnitude from di↵erent diagrams describing quark-level b ! uud transitions, as shown19

in Fig. 1. Throughout this paper the inclusion of charge-conjugate reactions is implied,20

unless otherwise indicated. CPV could arise from the interference of two amplitudes with21

relative phases that di↵er between particle and antiparticle decays, leading to di↵erences22

in the ⇤0
b and ⇤0

b decay rates. The main source of this e↵ect in the SM would be the23

large phases of the CKM matrix elements Vub and Vtd, which are present in the di↵erent24

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,25

but has never been observed in ⇤0
b decays.26

To search for CP -violating e↵ects one needs to measure CP -odd observables, which27
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are comparable, and each is proportional to the product of
the CKM matrix elements involved, which are shown in the figure.

1

large relative weak phase from CKM elements, arg(VtbVtd*/VubVud*)=!

‣ Triple product asymmetries (TPA) used in search for CPV in 
Λ0b→pπ–π+π–,Λ0b→pπ–K+K-,Λ0b→pK–π+π-,Λ0b→pK–K+K–, and 
Ξ0b→pπ+K–K– decays 

I.I. Bigi, arXiv:1608.06528
M. Gronau, J.Rosner, PLB749 (2015) 104-107

W. Bensalem et al., PLB538 (2002) 309-320
W. Bensalem et al., PRD66 (2002) 094004

J. FU (UNIMI & INFN) CPV in b-hadron multibody decays 9

aT̂�odd
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aT̂�odd
CP

=(-0.60±0.84±0.31)%

=(-0.81±0.84±0.31)%

‣ For Λ0b→pK-π+π-:

aT̂�odd
P

aT̂�odd
CP

=(-1.56±1.51±0.32)%

=(1.12±1.51±0.32)%

‣ For Λ0b→pK-K+K-:

aT̂�odd
P

aT̂�odd
CP

=(-3.04±5.19±0.36)%

=(-3.58±5.19±0.36)%

‣ For Ξ0b→pπ+K-K-:

Phase space integrated 
results consistent with P 
or CP symmetry

CPV in Λ0b→pK–π+π–,pK–K+K–, Ξ0b→pπ+K–K– 

arXiv: 1805.03941, submitted to JHEP

reminder:
AT̂ (CT̂ ) =

N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

Run1, 3fb-1

DACP in L+
c decays [JHEP 03 (2018) 182]

The kinematics of the two final states are not the same
! Reweight the kinematics of pp+p� to pK+K�

Reweight with decision trees with gradient boosting (GBDT)
Reweight for L+

c transverse momentum and pseudorapidity and p
transverse momentum
limited by statistics of pK+K� final state

Quote a weighted asymmetry:

DAwgt
CP = Araw(pK+K�)� Awgt

raw(pp+p�)

Weight function published in order to compare with theoretical
predictions

Maxime Schubiger 6 July 2018 Searches for direct CPV in charm at LHCb 11

DACP in L+
c decays [JHEP 03 (2018) 182]

Yields L+
c ! pK�K+ L+

c ! pp�p+

Nsig = 25190 ± 200 Nsig = 161390 ± 580

Results
DAwgt

CP = (3.0 ± 9.1 ± 6.1)⇥ 10�3

First measurement of CPV parameters in 3-body L+
c decays.

No CPV observed
Maxime Schubiger 6 July 2018 Searches for direct CPV in charm at LHCb 12

DACP in L+
c decays [JHEP 03 (2018) 182]

Yields L+
c ! pK�K+ L+

c ! pp�p+

Nsig = 25190 ± 200 Nsig = 161390 ± 580
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Results
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CP = (3.0 ± 9.1 ± 6.1)⇥ 10�3

First measurement of CPV parameters in 3-body L+
c decays.

No CPV observed
Maxime Schubiger 6 July 2018 Searches for direct CPV in charm at LHCb 12

• No sign in charm, Λc → pKK, pππ

M. Schubiger 
J-L. Fu
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Time dependent CP violation in b→s γ
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Φ2 from b→ u anti-u d
• Φ2 = (84.9 +5.1−4.5)° HFLAV 2018
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• Φ2 = (86.2 +4.4−4.0)° CKMFitter 2017
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Φ3 
• HFLAV 2018 combinations
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rBD(*)K(*) Vs Φ3
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|Vcb| and |Vub| Vs CKM expectation
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|Vud| Vs |Vus|, |Vcs| vs |Vcd|
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Direct CP Asymmetry in hadronic B decays
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Direct CP Asymmetry in rare B decays
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Φs (phase of Vts) and Φ1 NP (EWP) 
• Φs is a well predicted NP null test with Bs TDCPV 

• Belle search for right handed currents in B → KS0 η γ (Belle II needed)
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Belle PRD97 9, 092003 (2018) 
Belle PRL 119 19, 191802 (2017) 

LHCb JHEP 1708 (2017) 037 

Other recent results: Evidence for Isospin 
Violation and Measurement of CP 
Asymmetries in B→K*(892) γ

Measurement of time-dependent CP 
asymmetries in B0→K0Sηγ decays at BelleResonances and CP violation in B0s and B0s→J/ψ K+K−  

decays in the mass region above the Φ(1020) at LHCb

𝜑𝑠 current status and future prospects

13

• Include gain in trigger for 𝐵𝑠0 → 𝐷𝑠−𝐷𝑠+ after Upgrade 1
• Same performances as in Run II
• Planning new modes: 𝐽/𝜓 → 𝑒𝑒, 𝜂’ → 𝜌0𝛾 or , 𝜂’ → 𝜂𝜋𝜋
300/fb: 𝝈𝑺𝑻𝑨𝑻 𝝋𝒔 ∼ 𝟒 mrad from 𝐵𝑠0 → 𝐽/𝜓𝜙 only

𝜑𝑠𝑐 ҧ𝑐𝑠 = −0.021 ± 0.031 rad
ΔΓ𝑠 = 0.090 ± 0.005 ps−1

[HFLAV]

[LHCb Upgrade Physics Document] 
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I. Lee 
F. Dordei

Consistent with SM [rad] 
ΦsSM= -0.0370 ± 0.0006 
ΦsHFLAV=-0.021±0.031
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Charm mixing

 49
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CPV in B→Charm
• LHCb exploring new methods for Φ3 determination. 

• New time-dependent measurements in  
B→Dπ (2Φ1 + Φ3) and  
Bs →DsK (Φs-Φ3) respectively
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LHCb JHEP 1806 (2018) 084 
LHCb JHEP 1805 (2018) 160

Measurement of CP 
violation in B0→D∓π± decays

Measurement of the CP asymmetry in 
B−→D−sD0 and B−→D−D0 decays/16Alex Birnkraut | Time-dependent CP violation in B->DX,,,, | July 6th, 2018B! DX
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‣ presented time-dependent results on g from B2Dpi,,,,,,,,, and Bs2DsK 
‣ Bd2Dpi,,,,,,, :  
- g 
- agrees quite well with world average 

‣ Bs2DsK s     : 
- g 
- shows some tension with world average  

‣ measurements statistically limited  
→ Run II data will improve sensitivity 

‣ LHCb collaboration provides its own g combination 
- See Mark Whitehead’s talk!

� 2 [5, 86]� [ [185, 266]�­68% �
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Conclusion
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→ uncertainties still quite large for both results
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‣ external inputs fixed to central values 

‣ tagging calibration parameters floating within  
Gaussian constraints 

‣ obtained CP parameters:  

‣ systematic uncertainties estimated using  
pseudoexperiments and simulation 

‣ CP asymmetries folded into one mixing period 
→ evidence of oscillation

Decay time fit & asymmetries
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Results on ACP measurements
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Ds-D0, D0→K3!
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D-D0, D0→K3!

First measurements

Uncertainties reduced 
by a factor of two

Consistent with no CPV
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