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Heavy flavour data sets from colliders
• SuperKEKB is the first new collider since the LHC. 
• Unique strengths in CKM metrology, rare and 

missing energy decays.

 3

Expt. ∫ L dt σ(bb) σ(cc) Operation
Babar 530 fb-1 1.1 nb 1.6 nb 1999-2008
Belle 1040 fb-1 1.1 nb 1.6 nb 1999-2010

Belle II 0.5 fb-1  

(50 ab-1) 1.1 nb 1.6 nb 2018-

BESIII ~16 fb-1 - 6 nb  
(3770 MeV) 2008-

LHCb 1 + 2 + >5 fb-1 250-500 µb 1200-2400 µb 2009-

2 Introduction

Table 16: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. Errors given in % represent relative errors. In the final

column we denote where LHCb is expected to reach a highly competitive level of precision:

if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-
racy

Expected
exp. uncertainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 LHCb/Belle II
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb

47/707

CKM

CPV
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EWP

D
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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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Parameterisation of the CKM Matrix

� Wolfenstein parameterisation with Jarlskog like phase invariants as in Charles et al. EPJ 
C41,1-131 (2005). 4 free parameters, taken as:

� Phase invariant parameterisation conserving the CKM matrix unitarity at any order in O�
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Angles

/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>

‣ 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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ICHEP 16

CKM
f i t t e r

B0! D⌥⇡±
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B0s! D⌥s K±
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CKM and CPV SM Metrology: Belle II core program
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Parameterisation of the CKM Matrix
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CKM and CPV SM Metrology: Belle II core program

 5

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 Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

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?

Φ2

Φ1Φ3

WA HFLAV & CKMfitter 2018 
sin2Φ1 = 0.70 ± 0.02 

Φ2  =  (84.9 +5.1−4.5)°  

Φ3 = (73.5+4.2-5.1)°  

|Vub| = (3.98 ± 0.08 ± 0.22) 10-3 

|Vcb| = (41.8 ± 0.4 ± 0.6) × 10−3 
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Lepton  flavour universality

 6

Experimentally good for leptonic decays to an accuracy much better than 1%.
  

g
τ

g
µ

= 1.0000 ± 0.0014

g2μ
g2τ

¼ 1
τμ

ττ
BR τ" ! e"νeντð Þ

m5
τ

m5
μ

ρτ
ρμ

: ð7:21Þ

In conclusion, we need to measure the two lifetimes, the two masses and the branching
ratio BR τ" ! e"νeντð Þ. The measurements give

gμ=g τ ¼ 1:001 % 0:003 : ð7:22Þ

Consider now another important, purely leptonic process, sometimes called ‘quasi-elastic’
scattering, namely

νμ þ e" ! μ" þ νe: ð7:23 Þ

The corresponding diagram is shown in Fig. 7.7a. At values of –t much smaller than MW

(t is the four-momentum transfer), the diagram is well approximated by the four-fermion
point interaction in Fig. 7.7b.

The centre of mass energy squared is s ¼ m2
e þ 2meEν ’2meEν, where Eν is the

neutrino energy in the laboratory frame. A consequence of the smallness of the electron
mass is that √s ' MW at all the available neutrino beam energies. In these conditions, the
calculation gives

σ νμe" ! νeμ"
! "

¼ G2
F

π
s ¼ G2

F

π
2meEν ¼ 1:7(10"45EνðGeVÞm2: ð7:24Þ

The cross-section grows linearly with the neutrino energy in the L frame. This behaviour is
radically different from what we saw in Section 5.7. We can understand the difference,
again with a dimensional argument. Indeed, the cross-section has the dimension of [1/E]2

and is proportional to the square of the Fermi constant G2
F , which has the dimension of

[1/E2]2. Consequently G2
F must be multiplied by an energy squared. The only available

such a quantity is s.
However, no cross-section can increase indefinitely with energy, because the scattering

probability cannot be larger than 100%. Actually (7.24) is not valid if √s is comparable or

µ– e–
e–

νe
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W–
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νµ

W–

gµ

ge ge
− −

Fig. 7.6. Beta decay of the μ and of the τ.
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νee

W+

µ–νµ

νee (a) (b)

Fig. 7.7. Muon–neutrino electron ‘quasi-elastic’ scattering.
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 τ

e

Now can access the 3rd generation of leptons and 
couple to quarks!  

The only SM differences are are due to masses - easy* 
to calculate! 

Any further difference would imply non-SM interaction.
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R(D) and R(D*) Tree anomalies

 7

2018 summer  
World Average is (still) 4σ from the SM

SM

Florian Bernlochner BPAC Report for the Missing Energy and EWP Physics Groups
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LHCb, FPCP2017
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SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)
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~ 4σ Tension
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Physics Motivation

` = e, µ

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
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* 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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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
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q
u
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* 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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R(K) and R(K*) Loop anomalies

 8

RK is ~2.6σ from the SM RK* ~2.1σ (low bin), 2.5σ (central bin)

  
RK (*) (q

2 ) = BF(B→ K (*)µ+µ− )
BF(B→ K (*)e+e− )

For experts: q2= M2(l+l-)

Angular correlations in B→ K* l l also 
show deviations from the SM.
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Lepton reconstruction non-universality

 9

• 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 lifetime is 10-12 s: background mimics signal where 
daughters are lost e.g. KL, π0.

Fig. 6: The number of EM radiation lengths X/X0 in front of the calorimeter as a function

of cos ✓, averaged over �.

where Ei is the energy of the i–th crystal and xi is the centre of the i–th crystal. It should 271

be noted that this position reconstruction is known to be biased towards the crystal centre 272

of the highest energy crystal in the shower. The cluster energy is reconstructed as the lin- 273

ear sum over all included crystals. The peak position of the reconstructed photon energy is 274

corrected to the true value in a subsequent step as a function of reconstructed polar angle 275

and energy. The cluster time tcluster is the time of the highest energetic crystal in the clus- 276

ter. Clusters with |tcluster| < 125 ns are rejected. Clusters are matched with tracks using a 277

GEANT based extrapolation routine. A cluster that contains a crystal hit an extrapolated 278

track is matched to that track. 279

280

The described calorimeter reconstruction does not perform optimally in a high background 281

environment and has various shortcomings (e.g. biased position reconstruction, simplistic 282

track matching, and oversimplified cluster splitting). The background distribution as func- 283

tion of polar angle ✓ in the ECL shown in Fig. ??. Several improvements have been introduced 284

to the ECL reconstruction with release-00-08-00. The new cluster algorithm reconstructs 285

connected regions (CR) starting with single crystals with an energy of at least 10.0 MeV 286

as seeds, as before. Surrounding crystals are added if their energy is above 0.5 MeV. This 287

procedure is continued if the added crystal energy is at least 1.5 MeV. If two CRs share a 288

crystal, they are merged. The optimal CR contains all deposited energy for a particle and 289

merges CRs from di↵erent particles only if di↵erent particles deposit energy in the shared 290

crystals. Each CR is then split into one or more clusters. 291

292

Each crystal in a CR that is a local energy maximum amongst its nearest neighbour crystals 293

serves as seed for one cluster. All crystals of the CR are assigned to each local maximum 294

10/??

� Analysis Method

• Tag a counterpart 𝐵 meson (𝐵tag) using hadronic or
semileptonic decays
ÆObtain information of 𝐵sig indirectly

• For  𝐵 → 𝐷(∗)𝜏−  𝜈𝜏, we measure

𝑅 𝐷 ∗ ≡
𝐵𝐹 𝐵 → 𝐷 ∗ 𝜏−  𝜈𝜏
𝐵𝐹 𝐵 → 𝐷 ∗ 𝑙−  𝜈𝑙

(𝑙− = 𝑒−, 𝜇−)

 𝐷0

𝜋−

𝐵tag
 𝐵sig

𝜋−

𝐾+

𝑙−𝜏−

 𝜈𝜏
𝜈𝜏

𝐷∗
𝜋+

𝐾−𝐷0

𝛾

 𝜈𝑙

Tag side Signal side
𝑒+

𝑒−
2-3 neutrinos
Æ Impossible to fully  

reconstruct 𝐵sig

Mini-workshop on D(*) Tau Nu and Related Topics

3/23

e- γ µ-
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SuperKEKB

 10

1) Brand-new positron damping ring (commissioned 2018). 

2) New 3 km positron ring vacuum chamber 
(commissioned in 2016). Optics and vacuum scrubbing 
in 2018. 

3) New complex superconducting final focus 
(commissioned 2018).
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SuperKEKB/Belle II Luminosity Profile

 11

Belle/KEKB recorded ~1000 fb-1 .

“nano-beams” are the 
key; vertical beam size is 
50nm at the IP

Beam currents only a  
factor of two higher  
than KEKB (~PEPII)

In
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First collisions (April 26)

 12

IP size: 400 µm in X, 4 µm in Y 
Peak Luminosity : 7-9·1031 cm-2s-1

!e
+e− →γ ∗→qqProbably

SuperKEKB/Belle II joins 
DORIS/ARGUS, CESR/
CLEO, and  PEP-II/BaBar 
and KEKB/Belle.
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Large crossing angle nano-beams 

 13

KEKB SuperKEKB

As expected, the effective 
bunch length is reduced 
from ~5 mm (KEKB) to  0.5 
mm (SuperKEKB) 
We measure this in 2-track 
events in Belle II data with 
one wedge of the silicon 
detector.
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Luminosity in 2018

 14

PEP-II design 
luminosity 3 x 1033

Phase 2 run, April-July 2018

(final goal is O(50nm)).

Vertical height of nano-beams

Integrated luminosity ~ 500/pb 
Measured with ee→ ee(γ), γγ, µµ(γ)Lpeak = 5.5 x 1033/cm2/s
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Beam background / Commissioning

 15

Intra-bunch Coulomb scattering,  
“Touschek scattering” 

Phase 1 2016 : Simple 
background commissioning 
detector (diodes, diamonds 
TPCs, crystals…). No final focus. 
Only single beam studies.

Phase 2 2018: Full Belle II outer detector. Full superconducting final 
focus. Collisions ! Result: Safe to install silicon detectors!

Coulomb 
scattering Bremsstrahlung Bhabha scattering  

σ~ 100 nb
2-photon σ~107 nb

+ Synchrotron, 
beam gas …

First Measurements of Beam 
Backgrounds at SuperKEKB , 
arXiv:1802.01366 

http://arxiv.org/abs/arXiv:1802.01366


eeFACT Hong Kong 2018 Phillip URQUIJO

electrons  (7 GeV)

positrons (4 GeV)

K-Long and muon detector: 
Resistive Plate Chambers (barrel outer 
layers) 
Scintillator + WLSF + SiPM’s (end-caps , inner 
2 barrel layers)

Particle Identification  
iTOP detector system (barrel) 
Prox. focusing Aerogel RICH (fwd)

Central Drift Chamber 
He(50%):C2H6(50%), small cells, long 
lever arm,  fast electronics (Core 
element)

EM Calorimeter: 
CsI(Tl), waveform sampling (barrel+ endcap)

Vertex Detector 
2 layers DEPFET + 4 layers DSSD

Beryllium beam pipe 
2cm diameter

Belle II Detector 
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19

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
● Drift chamber (CDC) installed October 2016
● Endcap Cherenkov PID detector (ARICH) 

integration completed last week (left)

● Central vertexing detectors (SVD+PXD) 

assembling; will be integrated after Phase 2

● Other installation and upgrade work ongoing

18

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
● Drift chamber (CDC) installed October 2016

17

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
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Particle identification in 2018
• Central Drift Chamber dE/dx & Time of 

propagation Cherenkov patterns - 2018 data
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slot ID = 15
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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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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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• 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

Belle II  
2018 Preliminary

  D
*+ → D0π s

+ ;D0 → K −π +

Kinematically identified kaon from D*+ in TOP; 
x vs t pattern (mapping of Cherenkov ring)

pion PDF X Kaon PDF✓
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Nice examples of signal involving photons

 18

Ready for the dark sector !

Single Photon Lines

e+e- → γ X 
e+e- → γ ALP (→γγ)

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m

D
α 2 ε

y 
= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137
LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

Fig. 27: Combined projections (LDMX, Belle II) and constraints, encapsulating direct pro-

duction LDM constraints in the context of a kinetically mixed Dark Photon coupled to a

LDM state that scatters elastically (or nearly elastically) at beam–dump, missing energy,

and missing momentum experiments (Dark Photon mass mA0 = 3m� and coupling of the

Dark Photon to Dark Matter g� = 0.5 where applicable) [331–333]. The Belle II projection

for Phase 3 is extrapolated from the limit for Phase 2 (see Sec.2.2.1). Note that the relic den-

sity lines assume a standard cosmological history and that there is only a single component

of dark matter, which only interacts via Dark Photon exchange.

Alternatively, it may be possible to produce such a mediator o↵-shell, such that decays1700

into a pair of DM particles are allowed [291]. This process can for example be searched for in1701

radiative ⌥ decays, taking into account that the photon energy is now continuous rather than1702

having a bump: ⌥ (1S) ! � +M⇤
! � + inv. For a vector mediator one can instead study1703

the case that the ⌥ (1S) decays fully invisibly, such that the event is only visible due to the1704

pions from the decay of the heavier ⌥ resonance: ⌥ (3S) ! ⌥ (1S) + ⇡⇡ ! ⇡⇡ + inv [325].1705

These searches for non-resonant invisible decays may also allow to constrain mediators with1706

a mass above the centre-of-mass energy of the collider, provided the DM mass is small1707

enough [326, 327]. For CP-even scalar mediators, an analogous search can be performed1708

in the decays of scalar bottomium �b [328]. These searches can be used to constrain the1709

interactions of DM via heavy mediators in a model-independent e↵ective operator approach.1710

To conclude this discussion, we note that it is also conceivable that there is more than1711

one new mediator. For example, the mass for a vector mediator V could arise from a dark1712

Higgs bosonH 0 = (h0 + v0)/
p
v0 giving interactions such as (m2

V /v
0)h0V 2

µ and (mV /v0)2h02V 2
µ ,1713

while H 0 couples to the SM via the Higgs portal. In such a scenario the dark Higgs may be1714

produced via dark Higgsstrahlung from the vector mediator [312], which can lead to striking1715

signatures such as e+e� ! 3`+3`� [329, 330].1716

60/87
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Signal involving charged tracks

 19Figure 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

Λ → p π

J/ψ → ee

• Most subsystems work well. 

• Within days / first calibration, neutrals and track 
resolution good to better than 5%. 

• Calibrated as well as Belle already!

KS → π π

V0 particles
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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.

 20
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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.

1

D0→ KS π0

D0→ K- π+
D+→ K- π+ π+

D0→ K- K+

e+e- → c anti-c

• Clearly illustrates the 
capabilities of Belle II and 
the potential for charm 
physics and the building 
blocks of B mesons. 

• CP Eigenstate D0→KS π0 
impossible to see at LHCb!
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B production

 21

B pairs produced at rest in the CM with no extra particles

Event Topology (fits to R2)  tells us we are seeing B’s

R2 = H2/H0

• We are on the Υ(4S) resonance and 
recording B anti-B pairs with ~99% 
efficiency.  

• Not so obvious: When we change 
accelerator optics, we remain on Y(4S).

Probably a Y(4S) event
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Beauty “Rediscovery” (cut-based analysis)

• Recreating CLEO & ARGUS 

• > 200 B candidates in 
hadronic modes (470/pb) 

• ~14 B → D* e ν found (250/pb)

 22

B→D* e ν 
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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.

1

  Mbc = (Ecm / 2)2 − p2
recon  ΔE = Ecm / 2− Erecon
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First Cosmic Ray Muon in the full SVD at KEK,  August 2018
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SVD is on-track for mid-October integration with the PXD and 
installation in time for the Phase 3 run in late Feb 2019.
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FIG. 11: Left: Tracking e�ciency with (top) and without (bottom) background as a
function of pt. Right: Low pt region.
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FIG. 12: Number of tracks with PXD hits for the two VXDTF algorithms in no
background (left) and background (right) cases.
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Pixel detector ready
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PXD mounted onto SuperKEKB beam pipe at KEK. The full 
VXD (PXD+SVD) should be completed within weeks.
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Belle (II) Reconstruction

• Belle (II) analyses use 
semileptonic and 
hadronic “tagging”. 

• Based on Mmiss2 and 
calorimeter extra 
energy EECL/extra
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University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful

8

e+ e�

e+ e�bb̄e+ e�bb̄

bū

b̄u

⌥(1S) = hbb̄i
⌥(4S) = hbb̄i

10

andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !

bb̄) ⇠ 300 µb at a center-of-mass energy of
p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R
Ldt.

Experiment
p
s (GeV)

R
Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c
⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄

a LEP is representative of the ALEPH, DELPHI, L3, and
OPAL experiments.

b Tevatron is representative of the CDF and D0 experiments.
c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy of
p
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B!�threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

B�

B+



eeFACT Hong Kong 2018 Phillip URQUIJO

Belle (II) Reconstruction

• Belle (II) analyses use 
semileptonic and 
hadronic “tagging”. 

• Based on Mmiss2 and 
calorimeter extra 
energy EECL/extra

 25

e+ bb̄

bū
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cū

⇡�
….

⌫̄`

⇣
pe+e� � pBtag � pD

⇤
� p`

⌘2
= (p⌫)

2 = m2
miss v 0

0

Belle |Vcb| measurement with B ! D ` ⌫̄`

* Reconstruct 2nd B via hadronic modes, look
for events with lepton and D-meson candidates

* Measure �B in bins of w v q
2 = (pB � pD)2

by using

M
2

miss = (pB � pD � p`)
2 = (p⌫)2

* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline2

Vqb

W
�

`
�

⌫̄`

b

ū
q

ū

Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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B-full reconstruction in 2018
• Recursive reconstruction 

algorithm (FEI):  
> 5000 B decay modes! 

• Boosted decision tree 
classifier.
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Belle II preliminary

NB± = 389 ± 43
<latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit>
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<latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit>

PFEI > 0.2
<latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit>
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<latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit>

Belle II preliminary

Data

Signal

Background

hadronic tagB0/B̄0
<latexit sha1_base64="BGveiS9sVWRKmTbQTWuxboj88NQ=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR3RdBjqRePFewHtNsym2bb0Gx2SbJKKf0fXjwo4tX/4s1/Y9ruQVtfCDy8M8NM3iARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVFFWp7GIVStAzQSXrG64EayVKIZRIFgzGN3O6s1HpjSP5YMZJ8yPcCB5yCkaa3WrXZdckE6AiljsFUtu2Z2LrIKXQQky1XrFr04/pmnEpKECtW57bmL8CSrDqWDTQifVLEE6wgFrW5QYMe1P5ldPyZl1+iSMlX3SkLn7e2KCkdbjKLCdEZqhXq7NzP9q7dSEN/6EyyQ1TNLFojAVxMRkFgHpc8WoEWMLSBW3txI6RIXU2KAKNgRv+cur0Lgse27Zu78qVapZHHk4gVM4Bw+uoQJ3UIM6UFDwDK/w5jw5L86787FozTnZzDH8kfP5A9dqkMY=</latexit><latexit sha1_base64="BGveiS9sVWRKmTbQTWuxboj88NQ=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR3RdBjqRePFewHtNsym2bb0Gx2SbJKKf0fXjwo4tX/4s1/Y9ruQVtfCDy8M8NM3iARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVFFWp7GIVStAzQSXrG64EayVKIZRIFgzGN3O6s1HpjSP5YMZJ8yPcCB5yCkaa3WrXZdckE6AiljsFUtu2Z2LrIKXQQky1XrFr04/pmnEpKECtW57bmL8CSrDqWDTQifVLEE6wgFrW5QYMe1P5ldPyZl1+iSMlX3SkLn7e2KCkdbjKLCdEZqhXq7NzP9q7dSEN/6EyyQ1TNLFojAVxMRkFgHpc8WoEWMLSBW3txI6RIXU2KAKNgRv+cur0Lgse27Zu78qVapZHHk4gVM4Bw+uoQJ3UIM6UFDwDK/w5jw5L86787FozTnZzDH8kfP5A9dqkMY=</latexit><latexit sha1_base64="BGveiS9sVWRKmTbQTWuxboj88NQ=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR3RdBjqRePFewHtNsym2bb0Gx2SbJKKf0fXjwo4tX/4s1/Y9ruQVtfCDy8M8NM3iARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVFFWp7GIVStAzQSXrG64EayVKIZRIFgzGN3O6s1HpjSP5YMZJ8yPcCB5yCkaa3WrXZdckE6AiljsFUtu2Z2LrIKXQQky1XrFr04/pmnEpKECtW57bmL8CSrDqWDTQifVLEE6wgFrW5QYMe1P5ldPyZl1+iSMlX3SkLn7e2KCkdbjKLCdEZqhXq7NzP9q7dSEN/6EyyQ1TNLFojAVxMRkFgHpc8WoEWMLSBW3txI6RIXU2KAKNgRv+cur0Lgse27Zu78qVapZHHk4gVM4Bw+uoQJ3UIM6UFDwDK/w5jw5L86787FozTnZzDH8kfP5A9dqkMY=</latexit><latexit sha1_base64="BGveiS9sVWRKmTbQTWuxboj88NQ=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR3RdBjqRePFewHtNsym2bb0Gx2SbJKKf0fXjwo4tX/4s1/Y9ruQVtfCDy8M8NM3iARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVFFWp7GIVStAzQSXrG64EayVKIZRIFgzGN3O6s1HpjSP5YMZJ8yPcCB5yCkaa3WrXZdckE6AiljsFUtu2Z2LrIKXQQky1XrFr04/pmnEpKECtW57bmL8CSrDqWDTQifVLEE6wgFrW5QYMe1P5ldPyZl1+iSMlX3SkLn7e2KCkdbjKLCdEZqhXq7NzP9q7dSEN/6EyyQ1TNLFojAVxMRkFgHpc8WoEWMLSBW3txI6RIXU2KAKNgRv+cur0Lgse27Zu78qVapZHHk4gVM4Bw+uoQJ3UIM6UFDwDK/w5jw5L86787FozTnZzDH8kfP5A9dqkMY=</latexit>

NB0/B̄0 = 182 ± 24
<latexit sha1_base64="Q7Xh/MQxoDfnxQFay2A4K7M6h+s=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRXNWkFOxGKHXjSirYCzQxTKaTduhMEmYmQgl9Aze+ihsXirh16863cdJmoa0/DHz85xzmnN+PGZXKsr6Nwsrq2vpGcbO0tb2zu2fuH3RklAhM2jhikej5SBJGQ9JWVDHSiwVB3Gek64+vsnr3gQhJo/BOTWLicjQMaUAxUtryzFOHIzUSPL3x0ua9de74SEAN0ym8hHa9Cp2Yw2rNM8tWxZoJLoOdQxnkannmlzOIcMJJqDBDUvZtK1ZuioSimJFpyUkkiREeoyHpawwRJ9JNZ/dM4Yl2BjCIhH6hgjP390SKuJQT7uvObHu5WMvM/2r9RAV1N6VhnCgS4vlHQcKgimAWDhxQQbBiEw0IC6p3hXiEBMJKR1jSIdiLJy9Dp1qxrYp9Wys3mnkcRXAEjsEZsMEFaIBr0AJtgMEjeAav4M14Ml6Md+Nj3low8plD8EfG5w8h8Jog</latexit><latexit sha1_base64="Q7Xh/MQxoDfnxQFay2A4K7M6h+s=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRXNWkFOxGKHXjSirYCzQxTKaTduhMEmYmQgl9Aze+ihsXirh16863cdJmoa0/DHz85xzmnN+PGZXKsr6Nwsrq2vpGcbO0tb2zu2fuH3RklAhM2jhikej5SBJGQ9JWVDHSiwVB3Gek64+vsnr3gQhJo/BOTWLicjQMaUAxUtryzFOHIzUSPL3x0ua9de74SEAN0ym8hHa9Cp2Yw2rNM8tWxZoJLoOdQxnkannmlzOIcMJJqDBDUvZtK1ZuioSimJFpyUkkiREeoyHpawwRJ9JNZ/dM4Yl2BjCIhH6hgjP390SKuJQT7uvObHu5WMvM/2r9RAV1N6VhnCgS4vlHQcKgimAWDhxQQbBiEw0IC6p3hXiEBMJKR1jSIdiLJy9Dp1qxrYp9Wys3mnkcRXAEjsEZsMEFaIBr0AJtgMEjeAav4M14Ml6Md+Nj3low8plD8EfG5w8h8Jog</latexit><latexit sha1_base64="Q7Xh/MQxoDfnxQFay2A4K7M6h+s=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRXNWkFOxGKHXjSirYCzQxTKaTduhMEmYmQgl9Aze+ihsXirh16863cdJmoa0/DHz85xzmnN+PGZXKsr6Nwsrq2vpGcbO0tb2zu2fuH3RklAhM2jhikej5SBJGQ9JWVDHSiwVB3Gek64+vsnr3gQhJo/BOTWLicjQMaUAxUtryzFOHIzUSPL3x0ua9de74SEAN0ym8hHa9Cp2Yw2rNM8tWxZoJLoOdQxnkannmlzOIcMJJqDBDUvZtK1ZuioSimJFpyUkkiREeoyHpawwRJ9JNZ/dM4Yl2BjCIhH6hgjP390SKuJQT7uvObHu5WMvM/2r9RAV1N6VhnCgS4vlHQcKgimAWDhxQQbBiEw0IC6p3hXiEBMJKR1jSIdiLJy9Dp1qxrYp9Wys3mnkcRXAEjsEZsMEFaIBr0AJtgMEjeAav4M14Ml6Md+Nj3low8plD8EfG5w8h8Jog</latexit><latexit sha1_base64="Q7Xh/MQxoDfnxQFay2A4K7M6h+s=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRXNWkFOxGKHXjSirYCzQxTKaTduhMEmYmQgl9Aze+ihsXirh16863cdJmoa0/DHz85xzmnN+PGZXKsr6Nwsrq2vpGcbO0tb2zu2fuH3RklAhM2jhikej5SBJGQ9JWVDHSiwVB3Gek64+vsnr3gQhJo/BOTWLicjQMaUAxUtryzFOHIzUSPL3x0ua9de74SEAN0ym8hHa9Cp2Yw2rNM8tWxZoJLoOdQxnkannmlzOIcMJJqDBDUvZtK1ZuioSimJFpyUkkiREeoyHpawwRJ9JNZ/dM4Yl2BjCIhH6hgjP390SKuJQT7uvObHu5WMvM/2r9RAV1N6VhnCgS4vlHQcKgimAWDhxQQbBiEw0IC6p3hXiEBMJKR1jSIdiLJy9Dp1qxrYp9Wys3mnkcRXAEjsEZsMEFaIBr0AJtgMEjeAav4M14Ml6Md+Nj3low8plD8EfG5w8h8Jog</latexit>
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<latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit>
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<latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit>

FIG. 26: Charged and neutral B mbc distributions with a tight cut on the signal probability of

PFEI > 0.2
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<latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit>

hadronic tag
�

dt L = 0.5 fb
�1

<latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit>

Belle II preliminary

NB± = 389 ± 43
<latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit><latexit sha1_base64="nbL56XqEMcc4jPgPSBY6x3aJH9w=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkpiC9aFUOrGlVSwF2himEwn7dCZJMxMhBK6dOOruHGhiFsfwZ1v46TNQlt/GPj4zznMOb8fMyqVZX0bS8srq2vrhY3i5tb2zq65t9+WUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6yuqdByIkjcI7NY6Jy9EgpAHFSGnLM48cjtRQ8PTGSxv3TswnE3gJK7ULqBlWK55ZssrWVHAR7BxKIFfTM7+cfoQTTkKFGZKyZ1uxclMkFMWMTIpOIkmM8AgNSE9jiDiRbjo9ZAJPtNOHQST0CxWcur8nUsSlHHNfd2Zry/laZv5X6yUqqLkpDeNEkRDPPgoSBlUEs1RgnwqCFRtrQFhQvSvEQyQQVjq7og7Bnj95EdpnZdsq27fVUr2Rx1EAh+AYnAIbnIM6uAZN0AIYPIJn8ArejCfjxXg3PmatS0Y+cwD+yPj8AWKCmD0=</latexit>
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<latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit><latexit sha1_base64="CerTHulyuyglhAKj8ZuljqAjbLI=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZkRQZdFNy4r2Ae0w5BJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnSjnTxvO+nbX1jc2t7cpOdXdv/6DmHh51dJIpQtsk4YnqRVhTziRtG2Y47aWKYhFx2o0mt4XffaRKs0Q+mGlKA4FHksWMYGOl0K0NBDZjJXIR5hGZzUK37jW8OdAq8UtShxKt0P0aDBOSCSoN4Vjrvu+lJsixMoxwOqsOMk1TTCZ4RPuWSiyoDvJ58Bk6s8oQxYmyTxo0V39v5FhoPRWRnSxi6mWvEP/z+pmJr4OcyTQzVJLFoTjjyCSoaAENmaLE8KklmChmsyIyxgoTY7uq2hL85S+vks5Fw/ca/v1lvXlT1lGBEziFc/DhCppwBy1oA4EMnuEV3pwn58V5dz4Wo2tOuXMMf+B8/gCMNpOn</latexit>

PFEI > 0.2
<latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit><latexit sha1_base64="Gyr/01gGxsoiXF8ifW7p7wbm+vw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquQlIEXUlRFN1VsA9oQphMp+3QmSTMTIQS8gNu/BU3LhRx696df+MkzUJbDwxzOOde7r0niBmVyra/jYXFpeWV1cpadX1jc2vb3NltyygRmLRwxCLRDZAkjIakpahipBsLgnjASCcYX+Z+54EISaPwXk1i4nE0DOmAYqS05JuHLkdqJHha/BixtJllfuoKDq+vbjN4Dm2r7ps127ILwHnilKQGSjR988vtRzjhJFSYISl7jh0rL0VCUcxIVnUTSWKEx2hIepqGiBPppcU1GTzSSh8OIqFfqGCh/u5IEZdywgNdme8sZ71c/M/rJWpw5qU0jBNFQjwdNEgYVBHMo4F9KghWbKIJwoLqXSEeIYGw0gFWdQjO7MnzpF23HNty7k5qjYsyjgrYBwfgGDjgFDTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPUoibAg==</latexit>
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<latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit>
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FIG. 26: Charged and neutral B mbc distributions with a tight cut on the signal probability of

PFEI > 0.2

29

FIG. 4: Comparison of Log Signal Probability distributions in data and MC for charged B+
tags

where MC is not normalised (left) and normalised to data (right). Here events are selected in the

signal region mbc > 5.27

FIG. 5: Comparison of Log Signal Probability in data and MC for neutral B0
tags where MC is

not normalised (left) and normalised to data (right).
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2. SELECTION

2.1. Overview

The FEI algorithm reconstructs hadronic tag candidates from over 100 explicit decay
channels, with more than 10000 distinct decay chains. The first objects provided by the
reconstruction software are the charged tracks, neutral clusters, and displaced vertices. In six
distinct stages, these objects are interpreted as final state particles (e±, µ±, K±, ⇡±, KL, �),
combined to form intermediate particles (J/ , ⇡0, KS, D,D⇤) and eventually combined to
form the Btag candidate. The procedure is illustrated in Figure 2.

At each level, a probability of the form of a multivariate classifier is constructed. This
classifier is built from a set of input features (e.g. four-momentum, vertex information) and
was trained using simulated Phase II ⌥ (4S) ! BB̄ MC events. At the final stage, each
B-meson candidate has an associated signal probability built from the preceding features
and classifiers, which can be used to discriminate correctly identified Btag candidate events
from random combinations. In each event, the candidate with the highest probability is
kept.

2.2. Basic particle cuts

Table II shows some basic selection cuts which are applied to charged tracks and �
candidates before applying their respective classifiers.

2.3. Classifier features

The classifiers of charged particles use as features electronID, kaonID, protonID, muonID,
p, pT, pz, dr, dz, chiProb, and a pre cut ranking based on PID variable of the particle
in consideration. Meanwhile, the classfier trained to select � candidates uses as features

4 FEI
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Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final state
particles (e+, µ+, K

+, ⇡+, K
0
L, �) combined to form in-

termediate particles (J/ , ⇡0, K
0
S, D, D

⇤) and finally
form the tag-side B mesons.

the detector (background) or even consists of a random
combination of hits from beam-background (also back-
ground).

All candidates available at the current stage are
combined to intermediate particle candidates in the
subsequent stages, until candidates for the desired B

mesons are created. Each intermediate particle has mul-
tiple possible decay-channels, which can be used to cre-
ate valid candidates. For instance, a B

� candidate can
be created by combining a D

0 and a ⇡� candidate, or
by combining a D

0, a ⇡� and a ⇡0 candidate. The used
D

0 candidate could be created from a K
� and a ⇡+, or

from a K
0
S and a ⇡0.

The FEI reconstructs more than 100 explicit decay-
channels, leading to more than O(10000) distinct decay-
chains.

3.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate
the probability of each candidate to be correct. Hence,
each candidate created by the FEI (regardless at which
stage) has an associated signal probability �, which
can be used to discriminate correctly identified candi-
dates from background.

For each final state particle and for each decay-
channel of an intermediate particle, a multivariate clas-
sifier is trained which estimates the probability that
the candidate is correct. In order to use all available

information at each stage, a network of multivariate
classifiers is built, following the hierarchical structure.

For instance, the classifier built for the decay of
B

� ! D
0⇡� would use � of the D

0 and ⇡� candidates,
to estimate the � of the B

� candidate created by com-
bining the aforementioned D

0 and ⇡� candidates.
Additional input features of the classifiers are the

kinematic and vertex fit information of the candidate
and its daughters. The multivariate classifiers used by
the FEI are trained on Monte Carlo (MC) simulated
events. The training is fully automatized and distributed
using a map-reduce approach.
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the intermediate candidates into the final B meson can-
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requiring a minimal �. However, most exclusive mea-
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3.3 Combinatorics
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best-case scenario) are wrong.
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a criterion a candidate has to fulfill to be considered
further. For instance one could demand that the beam-
constrained mass of the B meson candidate is near
the nominal mass 5.28 GeV of a B meson particle, or
that a µ+ candidate has a large µ likelihood calculated
from the measurements in the particle-identification
sub-detectors.

Directly after the creation of the candidate (either
from a track/cluster, or by combining other candidates),
but before the application of the multivariate classifier,
the FEI uses loose and fast pre-cuts to remove wrongly
identified candidates (background), without loosing sig-
nal. The main purpose of these cuts is to save comput-
ing time and to reduce the memory consumption. These
pre-cuts are applied separately for each decay-channel.

At first, a very loose fixed cut is applied on a quan-
tity which is fast to calculate e.g. the energy for pho-

FIG. 2: Schematic overview of the FEI algorithm.
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TABLE I. Summary of the systematic uncertainties on R(D∗) for electron and muon modes combined and separated. The
uncertainties are relative and are given in percent.

R(D∗) [%]
Sources ℓsig = e, µ ℓsig = e ℓsig = µ

MC size for each PDF shape 2.2 2.5 3.9
PDF shape of the normalization in cos θB-D∗ℓ

+1.1
−0.0

+2.1
−0.0

+2.8
−0.0

PDF shape of B → D∗∗ℓνℓ
+1.0
−1.7

+0.7
−1.3

+2.2
−3.3

PDF shape and yields of fake D(∗) 1.4 1.6 1.6
PDF shape and yields of B → XcD∗ 1.1 1.2 1.1

Reconstruction efficiency ratio εnorm/εsig 1.2 1.5 1.9
Modeling of semileptonic decay 0.2 0.2 0.3

B(τ−
→ ℓ−ν̄ℓντ ) 0.2 0.2 0.2

Total systematic uncertainty +3.4
−3.5

+4.1
−3.7

+5.9
−5.8

FIG. 3. Projections of the fit results with data points overlaid for (left) the neural network classifier output, ONB , and the EECL

distribution in (center) the signal-enhanced region, ONB > 0.8, and (right) the normalization-enhanced region, ONB < 0.8.
The background categories are described in detail in the text, where “others” refers to predominantly B → XcD

∗ decays.

and the CX parameters are the Wilson coefficients of
OX . We investigate the compatibility of the data sam-
ples with new physics using a model-independent ap-
proach, separately examining the impact of each oper-
ator. In each new-physics scenario, we take into account
changes in the efficiency and fit PDF shapes using ded-
icated signal simulation. We set the Wilson coefficients
to be real in all cases. Since OV1

is just the SM opera-
tor, it would change only R(D∗), but not the kinematic
distributions. In the type-II two-Higgs doublet model
(2HDM), the relevant Wilson coefficients are given as
CS1

= −mbmτ tan2 β/m2
H+ and CS2

= −mcmτ/m2
H+ ,

where tanβ is the ratio of the vacuum expectation values
of the two Higgs doublets, and mb, mc, mτ , and mH+ are
the masses of the b quark, c quark, τ lepton, and charged
Higgs boson. Since the contribution from CS2

is almost
negligibly small except for the light charged Higgs bo-
son, we neglect the contribution from CS2

in the type-II
2HDM.

Various leptoquark models have been presented to ex-
plain anomalies in R(D(∗)) in Ref. [4]. In addition to
the model-independent study, we study two represen-
tative models: R2 and S1. Model R2 contains scalar
leptoquarks of the type (3, 2)7/6 using the notation
(SU(3)c, SU(2)L)Y , where SU(3)c is the representation

under the generators of QCD, SU(2)L is the representa-
tion under the generators of weak isospin, and Y is the
weak hypercharge. Model S1 contains leptoquarks of the
type (3∗, 1)1/3. In these leptoquark models, the relevant
Wilson coefficients are related by CS2

= +7.8CT for the
R2-type leptoquark model and CS2

= −7.8CT for the
S1-type leptoquark model at the b quark mass scale, as-
suming a leptoquark mass scale of 1 TeV/c2. Although
the V1 operator can appear independently of the S2 and
T operators in the S1-type leptoquark model, we assume
no contribution from the V1 operator in this study.

Figure 4 shows the dependence of the efficiency and
measured value of R(D∗) as a function of the values of
the respective parameters in the type-II 2HDM and the
R2-type leptoquark model. Efficiency variations for other
scenarios are shown in Ref. [32]. We find that efficiencies
increase by up to 17% for OV2

and OT , mainly due to the
variation of the D∗ momentum distribution. Similarly,
the efficiencies increase by up to 16% and 11% in R2- and
S1-type leptoquark models, respectively, which include
contributions from OT . In other scenarios, the efficiency
variation is 6% or less. Figure 5 shows the dependency
of the measured values of R(D∗) on the values of the
respective parameters in the type-II 2HDM and the R2-
type leptoquark model. The allowed regions with 68%
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and the CX parameters are the Wilson coefficients of
OX . We investigate the compatibility of the data sam-
ples with new physics using a model-independent ap-
proach, separately examining the impact of each oper-
ator. In each new-physics scenario, we take into account
changes in the efficiency and fit PDF shapes using ded-
icated signal simulation. We set the Wilson coefficients
to be real in all cases. Since OV1

is just the SM opera-
tor, it would change only R(D∗), but not the kinematic
distributions. In the type-II two-Higgs doublet model
(2HDM), the relevant Wilson coefficients are given as
CS1

= −mbmτ tan2 β/m2
H+ and CS2

= −mcmτ/m2
H+ ,

where tanβ is the ratio of the vacuum expectation values
of the two Higgs doublets, and mb, mc, mτ , and mH+ are
the masses of the b quark, c quark, τ lepton, and charged
Higgs boson. Since the contribution from CS2

is almost
negligibly small except for the light charged Higgs bo-
son, we neglect the contribution from CS2

in the type-II
2HDM.

Various leptoquark models have been presented to ex-
plain anomalies in R(D(∗)) in Ref. [4]. In addition to
the model-independent study, we study two represen-
tative models: R2 and S1. Model R2 contains scalar
leptoquarks of the type (3, 2)7/6 using the notation
(SU(3)c, SU(2)L)Y , where SU(3)c is the representation

under the generators of QCD, SU(2)L is the representa-
tion under the generators of weak isospin, and Y is the
weak hypercharge. Model S1 contains leptoquarks of the
type (3∗, 1)1/3. In these leptoquark models, the relevant
Wilson coefficients are related by CS2

= +7.8CT for the
R2-type leptoquark model and CS2

= −7.8CT for the
S1-type leptoquark model at the b quark mass scale, as-
suming a leptoquark mass scale of 1 TeV/c2. Although
the V1 operator can appear independently of the S2 and
T operators in the S1-type leptoquark model, we assume
no contribution from the V1 operator in this study.

Figure 4 shows the dependence of the efficiency and
measured value of R(D∗) as a function of the values of
the respective parameters in the type-II 2HDM and the
R2-type leptoquark model. Efficiency variations for other
scenarios are shown in Ref. [32]. We find that efficiencies
increase by up to 17% for OV2

and OT , mainly due to the
variation of the D∗ momentum distribution. Similarly,
the efficiencies increase by up to 16% and 11% in R2- and
S1-type leptoquark models, respectively, which include
contributions from OT . In other scenarios, the efficiency
variation is 6% or less. Figure 5 shows the dependency
of the measured values of R(D∗) on the values of the
respective parameters in the type-II 2HDM and the R2-
type leptoquark model. The allowed regions with 68%
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]
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where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �
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q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
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where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as
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where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
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2GFVcbCX)�1/2, is about 5 – 10 TeV.538
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As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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|Vub| and B→lν
• |Vub| only measured to about 10% 

accuracy → 1% at Belle II. 

• 5 σ discoveries of B→ τ ν and B→ µ 
ν expected with < 5 ab-1.
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(right).
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Fig. 14: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).
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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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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

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

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

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

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

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

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

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

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

h0|Aµ|B(p)i = ipµfB, (89)

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

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

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

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

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

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

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

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

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

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

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

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

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

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

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

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

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

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

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

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

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

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

h0|Aµ|B(p)i = ipµfB, (89)

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

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

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

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

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

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

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

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

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

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

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

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

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

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.

163/707

E. Kou, PU et al. arXiv: 1808.10567

Belle arXiv: 1712.04123 
B(B→ µ ν)=(6.5±2.2±1.6)10-7



eeFACT Hong Kong 2018 Phillip URQUIJO

|Vub| and B→lν
• |Vub| only measured to about 10% 
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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).
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Fig. 14: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).
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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
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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

50/64

σ|Vub| → 1%
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8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

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

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

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

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

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

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

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

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

h0|Aµ|B(p)i = ipµfB, (89)

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

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

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

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

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

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

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

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

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

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

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

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

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

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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CP Violation
• Φ1 @ 0.7%, Φ2 <1o, Φ3~1o 

• Search for new phases in b→s gluon and 
EW penguins 

• TDCP Violation flavour tagging at Belle II 
~ 35%
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ference between B–B mixing and B decay ampli-73

tudes,74

aCP (t) ⌘
�(D̄; t)� �(D; t)
�(D̄; t) + �(D; t)

= Sf sin(�m t)� Cf cos(�m t), (1.3)

where75

Sf =
2 Im[�f ]
1 + |�f |

2
, Cf ⌘ �Af =

1� |�f |
2

1 + |�f |
2

. (1.4)

Here D : B(t) ! f and D̄ : B(t) ! f , with f a76

common CP eigenstate with eigenvalue ⌘f = ±1.77

The initial, t = 0, states are flavor tagged, i.e.,78

B(0) = B and B(0) = B. The mass di↵erence79

between the two Bd mass eigenstates is in our con-80

vention positive, �m > 0, while the corresponding81

decay width can be safely set to zero up to sub82

percent precisions [1], as we did in the above ex-83

pressions. The interference between mixing and84

decay is described by the parameter85

�f ⌘ (q/p)(Āf/Af ), (1.5)

where the decay amplitudes are Af ⌘ hf |Hew|Bi86

and Āf ⌘ hf |Hew|Bi. The mixing coe�cients q, p87

relate the CP eigenstates, |B±i, to the flavor eigen-88

states, |B±i = p|Bi ± q|Bi. In the B–B system,89

CP violation in mixing (|q/p| 6= 1) is measured90

separately and is negligible [1]. We can thus safely91

assume that q/p = exp(�i�1).92

In this section we present sensitivity studies93

based on Belle II simulation for B
0
! �K

0
, ⌘

0
K

0
,94

K
0
S
⇡

0
�, and ⇡

0
⇡

0 decays. The complete analysis95

chain, from the reconstruction of intermediate res-96

onances to the final maximum likelihood fit is per-97

formed. In estimating the final sensitivity we take98

into account the expected improvements, most no-99

tably those a↵ecting the reconstruction e�ciencies.100

Based on these studies and on the reconstruction101

e�ciencies obtained by the BaBar and Belle exper-102

iments we also extrapolate the present sensitivities103

to the Belle II ones for the channels B
0
! !K

0
S

104

and K
0
S
⇡

0
� .105

Figure 1.1 shows the time dependent CP asym-106

metry distributions that can be measured at Belle107

t (ps)∆
10− 5− 0 5 10

As
ym

m
et

ry

0.4−

0.2−

0

0.2

0.4
Belle II -1 L = 50 ab∫

  (S = 0.70)
S

 KψJ/
     (S = 0.55)
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Figure 1.1: Time dependent CP asymmetries
for the final states J/ K

0
S (red dots) and ⌘

0
K

0
S

(blue triangles), using S
J/ K

0
S

= 0.70 and S
⌘0K0

S
=

0.55 as inputs to the Monte Carlo. With the full
integrated luminosity of 50 ab�1 the two values
would be unambiguously distinguishable, signifying
the existence of New Physics.

II in the B
0
! J/ K

0
S and ⌘0K0

S channels with an 108

integrated luminosity of 50 ab�1. As inputs to the 109

simulations we set S
J/ K

0
S

= 0.70 and S
⌘0K0

S
= 0.55 110

(see eq. 1.4). Such a di↵erence between S
J/ K

0
S

111

and S
⌘0K0

S
would be an unambiguous sign of New 112

Physics and would be easily detectable by the Belle 113

II experiment. 114

1.2 Determination of �1 115

1.2.1 sin 2�1 from b ! cc̄s 116

Contributing authors: M. Jung, L. Li Gioi, 117

D. Robinson 118

The angle �1 is the most precisely measured CP 119

violating quantity to date. As such it is one of the 120

most important inputs in the global CKM fits and 121

a cornerstone input to the tests of the SM. 122

The sensitivity to �1 comes from the CP asym- 123

metry Sf in (1.4) measures the sum of the mixing 124

phase ��1 and the relative phase arg(Āf/Af ), see 125

(1.5). For b ! cc̄s transitions, CKM unitarity 126
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• Gluonic Penguin  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can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

In SM, one naively expects: In a L-R symmetric model,

SK0
S⇡0� ⇠ 0.5

can be probed by t-dep. CP asymmetry with B0 ! K0
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0�• EW Radiative Penguin  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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049

scenarios that a↵ect (semi-)tauonic B meson decays, which are measurable at Belle II. 1050

In the presence of all possible new physics in the process b ! q⌧⌫, the e↵ective Lagrangian 1051

can be described by 1052

�Le↵ = 2
p

2GFVqb

h
(�⌫⌧ ,⌫` + C(q,⌫`)

V1
)O(q,⌫`)
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+
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X=
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X O(q,⌫`)

X

i
, (55)
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2016 2026Φ3 ~ 1-1.5o at LHCb 
& Belle II  

|Vub| ~ 1.2% Belle II

Great progress on ϕ3 or γ (first from B factories and now in the last 
four years from LHCb).These measure the phase of Vub 

But a 10-20% NP 
amplitude in Bd 
mixing is perfectly 
compatible with 
all current data.

Looks good 
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Parameterisation of the CKM Matrix
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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
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CKM Global Fit Projection: Belle II
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049
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2016 2026Φ3 ~ 1-1.5o at LHCb 
& Belle II  

|Vub| ~ 1.2% Belle II

Great progress on ϕ3 or γ (first from B factories and now in the last 
four years from LHCb).These measure the phase of Vub 

But a 10-20% NP 
amplitude in Bd 
mixing is perfectly 
compatible with 
all current data.

Looks good 

NP/SM amplitude ratio
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Parameterisation of the CKM Matrix

� Wolfenstein parameterisation with Jarlskog like phase invariants as in Charles et al. EPJ 
C41,1-131 (2005). 4 free parameters, taken as:

� Phase invariant parameterisation conserving the CKM matrix unitarity at any order in O�
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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
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The RACE for R(K*) NP discovery
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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.
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Figure 1: Two-dimensional constraints in the plane of NP contributions to the real parts of
the Wilson coe�cients C9 and C10 (left) or C9 and C

0
9 (right), assuming all other

Wilson coe�cients to be SM-like. For the constraints from the B ! K
⇤
µ
+
µ
� and

Bs ! �µ
+
µ
� angular observables from individual experiments as well as for the

constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��

2
⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,

and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C

0
9 in these two simple

scenarios.
Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the

fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 5.0� to 3.7� and 4.1�,
respectively. For NP in C9 and C

0
9 the pull is reduced from 5.3� to 4.1� and 4.4�, respectively.

The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�

level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [24]. As first quantified in [60] and later considered in [23,25,26,33],
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MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ
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•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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P’5 measurements from ATLAS & CMS in work

~ 5σ Tension

In 2015, the LHCb collaboration presented their B ! K
⇤
µ
+
µ
� angular analysis based on the

full Run 1 data set, confirming the tension found earlier [31]. Several updated global analyses
have confirmed that a consistent description of the tensions in terms of NP is possible [32–34],
while an explanation in terms of an unexpectedly large hadronic e↵ect cannot be excluded.
Recent analyses by Belle [35,36] also seem to indicate tensions in angular observables consistent
with LHCb. At Moriond Electroweak 2017, ATLAS [37] and CMS [38] finally presented their
preliminary results for the angular observables based on the full Run 1 data sets. The aim of the
present paper is to reconsider the status of the B ! K

⇤
µ
+
µ
� anomaly in view of these results.

Our analysis is built on our previous global analyses of NP in b ! s transitions [12, 32, 39, 40]
and makes use of the open source code flavio [41].

2. E↵ective Hamiltonian and observables

The e↵ective Hamiltonian for b ! s transitions can be written as

He↵ = �
4 GF
p

2
VtbV

⇤
ts

e
2

16⇡2

X

i

(CiOi + C
0
iO

0
i) + h.c. (1)

and we consider NP e↵ects in the following set of dimension-6 operators,

O9 = (s̄�µPLb)(¯̀�µ
`) , O

0
9 = (s̄�µPRb)(¯̀�µ

`) , (2)

O10 = (s̄�µPLb)(¯̀�µ
�5`) , O

0
10 = (s̄�µPRb)(¯̀�µ

�5`) . (3)

We neither consider new physics in scalar operators, as they are strongly constrained by
Bs ! µ

+
µ
� (see [42] for a recent analysis), nor in dipole operators, which are strongly con-

strained by inclusive and exclusive radiative decays (see [43] for a recent analysis). We also do
not consider new physics in four-quark operators, although an e↵ect in certain b ! cc̄s opera-
tors could potentially relax some of the tensions in B ! K

⇤
µ
+
µ
� angular observables [44].

In our numerical analysis, we include the following observables.

• Angular observables in B
0

! K
⇤0

µ
+
µ
� measured by CDF [45], LHCb [31], ATLAS* [37],

and CMS* [38,46,47],

• B
0,±

! K
⇤0,±

µ
+
µ
� branching ratios by LHCb* [15,48], CMS [46,47], and CDF [45],

• B
0,±

! K
0,±

µ
+
µ
� branching ratios by LHCb [15] and CDF [45],

• Bs ! �µ
+
µ
� branching ratio by LHCb* [16] and CDF [45],

• Bs ! �µ
+
µ
� angular observables by LHCb* [16],

• the branching ratio of the inclusive decay B ! Xsµ
+
µ
� measured by BaBar [49].

Items marked with an asterisk have been updated since our previous global fit [32]. Concerning
B

0
! K

⇤0
µ
+
µ
�, both LHCb and ATLAS have performed measurements of CP-averaged

angular observables Si as well as of the closely related “optimized” observables P
0
i . While

LHCb gives also the full correlation matrices and the choice of basis is thus irrelevant (up to
non-Gaussian e↵ects which are anyway impossible to take into account using publicly available
information), ATLAS does not give correlations, so the choice can make a di↵erence in principle.
We have chosen to use the P

0
i measurements, but have explicitly checked that the best-fit regions

and pulls do not change significantly when using the Si observables.
We do not include the following measurements.
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Belle II can do both inclusive and exclusive.  
Equally strong  capabilities for electrons and muons (LHCb not as good for e)

Belle PRL. 118 (2017) no.11, 111801  
E. Kou, PU et al. arXiv: 1808.10567



eeFACT Hong Kong 2018 Phillip URQUIJO

τ Lepton Flavour Violation

 33

Belle II will push many limits below 10-9 ; 
LHCb, CMS and ATLAS have very limited 
capabilities.

Note vertical log-scale (50 ab-1 assumed for Belle II; 
3 fb-1 result for LHCb

Example LFV decay 
topology
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FIG. 12: M3⇡± distribution after the exclusive 3-prong decay selections. The trigger e�ciency is
accounted for in the same way as Figure 11.
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FIG. 13: Distribution of the pseudomass after the exclusive 3-prong decay selections. The trigger
e�ciency is accounted for in the same way as Figure 11.

The preliminary result on ⌧ pseudomass measurement obtained from Phase II data is in

13

• ~7500 τ→1-Prong, vs 
τ→3-Prong  

• CDC track triggered. 

• τ-mass 
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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

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

Appendix A: Event display

Exp 3, Run 2730, Event 28993.

FIG. 20: Exp 3, Run 2730, Event 28993.

18

τ →1P vs τ → 3P
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Summary
• Belle II will explore New Physics on the Luminosity or 

Intensity Frontier. 

• Belle II / SuperKEKB came online in 2018 - 
rediscovered heavy flavour : charm, beauty and τ. 

• We are ready to start a long physics run in the Super 
Factory mode (Phase 3). This requires high-efficiency 
data-taking by Belle II and extensive running by Super 
KEK-B, soon to be the world’s highest luminosity 
accelerator. 

• There is competition and complementarity with LHCb 
and BES III.

 35

E. Kou, PU (Editors) et al., arXiv: 
1808.10567 (688p), Submitted to PTEP
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New physics DNA
• What new physics could it be? 

• 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

 37

Table 148: A snapshot of the discovery potential of the selected new physics model for Belle

II observables: ⌧ decays. See caption of Table 145 for what the symbols stand for.
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⌧ tree decays:

B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) ? ? ? ?? ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 ??

B(⌧ ! K⇤⌫)/B(⌧ ! ⇢⌫) ? ? ? ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 ??

⌧ ! µ decays:

⌧ ! µ� ? ? ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧ ! µ⇡0 ? ? ? ? ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! µKS ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧ ! µ⇢0 ? ? ? ⇥ ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! µK0⇤ ? ? ? ⇥ ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧�
! µ�`�`+ ?? ?? ? ⇥ ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧�
! µ�µ�e+ ?? ? ⇥ ⇥ ? ? ? ? ? ⇥ ⇥ ? ? ? 2

⌧ ! e decays:

⌧ ! e� ? ? ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧ ! e⇡0 ? ? ? ? ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! eKS ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧ ! e⇢0 ? ? ? ⇥ ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! eK0⇤ ? ? ? ⇥ ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧�
! e�`�`+ ?? ?? ? ⇥ ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧�
! e�e�µ+ ?? ? ⇥ ⇥ ? ? ? ? ? ⇥ ⇥ ? ? ? 2

⌧ CP violation:

⌧ EDM ? ? ? 2 2 ⇥ 2 2 2 2 2 2 2

ACP (⌧ ! KS⇡⌫) ? ? ? ? ? ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 2

could have a cot � factor from the coupling to top at one side of the loop compensating a

tan � factor at the other side needed for mb factor. There is thus a tan �-independent H+

e↵ect that turns out to be constructive with the SM contribution, which makes B ! Xs� a

powerful tool to constrain mH+ . Of course, QCD corrections and other sophisticated e↵ects

have to be taken into account, which have seen a dramatic progress over the past two decades,

as discussed briefly in Sec. 9.2.1. The recent Belle update [410] of B ! Xs� is slightly lower

than the SM expectation in central value, giving rise to the stringent bound mH+ > 570

GeV [1830].

592/707

• τ LFV is an excellent example. 
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CP Violation
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2 Introduction

Table 7: Expected errors on several selected observables related to the measurement of time

dependent CP violation in B decays and the measurement of the UT angles �1 and �2.

Observables Belle Belle II

(2017) 5 ab�1 50 ab�1

sin 2�1(B ! J/ K0) 0.667 ± 0.023 ± 0.012 0.012 0.005

S(B ! �K0) 0.90+0.09
�0.19 0.048 0.020

S(B ! ⌘0K0) 0.68 ± 0.07 ± 0.03 0.032 0.015

S(B ! J/ ⇡0) �0.65 ± 0.21 ± 0.05 0.079 0.025

�2 [�] 85 ± 4 (Belle+BaBar) 2 0.6

S(B ! ⇡+⇡�) �0.64 ± 0.08 ± 0.03 0.04 0.01

Br.(B ! ⇡0⇡0) (5.04 ± 0.21 ± 0.18) ⇥ 10�6 0.13 0.04

S(B ! K0⇡0) �0.11 ± 0.17 0.09 0.03

Table 8: Belle II Golden/Silver observables on the measurement of time dependent CP

violation in B decays and the measurement of the UT angles �1 and �2. See the caption in

Table 4 for more details.
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2.9. The Belle II Golden Flavour Channels

A summary of the expected sensitivities for key flavour observables at selected integrated

luminosities is given in Table 16. In this table we indicate modes where LHCb will be in

close competition with Belle II.

LHCb will have high statistics samples all b and c hadrons and are particularly sensitive

to modes to all charged particle final states. Belle II will be particularly sensitive to B and

D(s) measurements where final states contain neutrinos, multiple photons, ⇡0 mesons, or

neutral kaons. The e+e� program of Belle II also includes an extensive scope for studies of

⌧ -leptons and a number of other non-flavour physics topics (not shown in this table).
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• Belle II: 35% (varies with release) 

• few% less w/ beam bkg 

• Belle (this algo): 32% 

• Belle (old algo):29%

input

input

final

of both methods on the combiner level are provided675

independently.676

The flavor tagger is trained using three statis-677

tically independent Monte Carlo (MC) samples678

of about 500, 000 B
0
B

0 pairs in which one meson679

(Bsig) decays to J/ K
0
S while Btag decays to any680

possible final state according to the known branch-681

ing fractions [8]. For each level a di↵erent sample682

is used in order to avoid any bias from a possible683

statistical correlation. During the training process684

one half of the sample is used as training sample685

and the other half as a test and validation sam-686

ple for an unbiased evaluation of the performance687

against overtraining. The di↵erent multivariate688

methods are trained independently, following the689

order of the global workflow.690

The training process, the choice of the categories691

and the choice of the discriminating variables have692

been done in order to maximize the total e↵ective693

e�ciency "e↵ and the e�ciencies of the individual694

categories.695

1.5.4 Performance696

The performance of the Belle II flavor tagger has697

been tested with an MC sample of about 500, 000698

B
0
B

0 pairs update? of the same kind like the699

training sample. The e↵ective e�ciency has been700

analyzed by sorting the tagged events into sub-701

samples according to the value of r. For this appli-702

cation, the expression for the e↵ective e�ciency in703

equation 1.11 becomes704

"e↵ =
X

i

"ihri2i , (1.19)

where the sum extends over all sub-samples, i.e.705

r- bins. Table 1.3 shows the e�ciencies of individ-706

ual categories which are calculated by dividing the707

range r 2 [0, 1] into 50 r-bins.708

Figure 1.7 shows the distributions of the thirteen709

combiner input values, which are derived from the710

individual categories output. The large peaks at711

0, which are present in all the distributions apart712

from that belonging to MaximumP⇤, correspond713

to events where the candidate selected as target714

is very unlikely to provide an unambiguous flavor715

Categories "e↵(%) �"e↵(%)

Electron 5.26 �0.05
IntermediateElectron 1.06 �0.02
Muon 5.55 �0.02
IntermediateMuon 0.17 �0.01
KinLepton 10.86 �0.07
IntermediateKinLepton 0.98 �0.04
Kaon 21.83 �1.72
KaonPion 15.12 �0.87
SlowPion 7.96 �0.23
FSC 13.11 �0.33
MaximumPstar 13.24 0.39
FastPion 2.58 �0.06
Lambda 1.98 0.36

Table 1.3: Performance of individual categories.

information. In general, a value close to 0 indicates 716

that the probability of finding a certain flavor- 717

specific signature within the Btag final state is very 718

low. A value closer to ±1 indicates a more reliable 719

flavor tag. In the case of MaximumP⇤, there is 720

no peak at 0 since this category is inclusive for all 721

tracks, i.e. any event with tracks on the tag side 722

provides flavor information. It is possible that an 723

event contains only neutral clusters on the tag side, 724

but events of this kind are skipped, since they do 725

not provide any flavor signature. 726

Sub-taggers like the lepton, the kaon and the 727

pion categories provide relatively clean flavor sig- 728

natures. These sub-taggers have also a rather high 729

occurrence, i.e. the corresponding flavor-specific 730

decays have a relatively high branching fraction. 731

In addition, the intermediate lepton categories and 732

the lambda category provide low tagging power 733

because of the di�culty to discriminate targets 734

from background, due to the low target momen- 735

tum spectrum, and due to their lower occurrence. 736

737

The global performance of the flavor tagger is an- 738

alyzed considering the output of the two combiner 739

level multivariate methods independently. For the 740

calculation of the global e�ciency, the r range has 741

12
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ference between B–B mixing and B decay ampli-73

tudes,74

aCP (t) ⌘
�(D̄; t)� �(D; t)
�(D̄; t) + �(D; t)

= Sf sin(�m t)� Cf cos(�m t), (1.3)

where75

Sf =
2 Im[�f ]
1 + |�f |

2
, Cf ⌘ �Af =

1� |�f |
2

1 + |�f |
2

. (1.4)

Here D : B(t) ! f and D̄ : B(t) ! f , with f a76

common CP eigenstate with eigenvalue ⌘f = ±1.77

The initial, t = 0, states are flavor tagged, i.e.,78

B(0) = B and B(0) = B. The mass di↵erence79

between the two Bd mass eigenstates is in our con-80

vention positive, �m > 0, while the corresponding81

decay width can be safely set to zero up to sub82

percent precisions [1], as we did in the above ex-83

pressions. The interference between mixing and84

decay is described by the parameter85

�f ⌘ (q/p)(Āf/Af ), (1.5)

where the decay amplitudes are Af ⌘ hf |Hew|Bi86

and Āf ⌘ hf |Hew|Bi. The mixing coe�cients q, p87

relate the CP eigenstates, |B±i, to the flavor eigen-88

states, |B±i = p|Bi ± q|Bi. In the B–B system,89

CP violation in mixing (|q/p| 6= 1) is measured90

separately and is negligible [1]. We can thus safely91

assume that q/p = exp(�i�1).92

In this section we present sensitivity studies93

based on Belle II simulation for B
0
! �K

0
, ⌘

0
K

0
,94

K
0
S
⇡

0
�, and ⇡

0
⇡

0 decays. The complete analysis95

chain, from the reconstruction of intermediate res-96

onances to the final maximum likelihood fit is per-97

formed. In estimating the final sensitivity we take98

into account the expected improvements, most no-99

tably those a↵ecting the reconstruction e�ciencies.100

Based on these studies and on the reconstruction101

e�ciencies obtained by the BaBar and Belle exper-102

iments we also extrapolate the present sensitivities103

to the Belle II ones for the channels B
0
! !K

0
S

104

and K
0
S
⇡

0
� .105

Figure 1.1 shows the time dependent CP asym-106

metry distributions that can be measured at Belle107

t (ps)∆
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m
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Figure 1.1: Time dependent CP asymmetries
for the final states J/ K

0
S (red dots) and ⌘

0
K

0
S

(blue triangles), using S
J/ K

0
S

= 0.70 and S
⌘0K0

S
=

0.55 as inputs to the Monte Carlo. With the full
integrated luminosity of 50 ab�1 the two values
would be unambiguously distinguishable, signifying
the existence of New Physics.

II in the B
0
! J/ K

0
S and ⌘0K0

S channels with an 108

integrated luminosity of 50 ab�1. As inputs to the 109

simulations we set S
J/ K

0
S

= 0.70 and S
⌘0K0

S
= 0.55 110

(see eq. 1.4). Such a di↵erence between S
J/ K

0
S

111

and S
⌘0K0

S
would be an unambiguous sign of New 112

Physics and would be easily detectable by the Belle 113

II experiment. 114

1.2 Determination of �1 115

1.2.1 sin 2�1 from b ! cc̄s 116

Contributing authors: M. Jung, L. Li Gioi, 117

D. Robinson 118

The angle �1 is the most precisely measured CP 119

violating quantity to date. As such it is one of the 120

most important inputs in the global CKM fits and 121

a cornerstone input to the tests of the SM. 122

The sensitivity to �1 comes from the CP asym- 123

metry Sf in (1.4) measures the sum of the mixing 124

phase ��1 and the relative phase arg(Āf/Af ), see 125

(1.5). For b ! cc̄s transitions, CKM unitarity 126

2

Mode QCDF [27] QCDF (scan) [27] SU(3) Data
⇡

0
KS 0.07+0.05

�0.04 [0.02, 0.15] [�0.11, 0.12] [41] �0.11+0.17
�0.17

⇢
0
KS �0.08+0.08

�0.12 [�0.29, 0.02] �0.14+0.18
�0.21

⌘
0
KS 0.01+0.01

�0.01 [0.00, 0.03] (0± 0.36)⇥ 2 cos(�1) sin � [42] �0.05± 0.06
⌘KS 0.10+0.11

�0.07 [�1.67, 0.27] —
�KS 0.02+0.01

�0.01 [0.01, 0.05] (0± 0.25)⇥ 2 cos(�1) sin � [42] 0.06+0.11
�0.13

!KS 0.13+0.08
�0.08 [0.01, 0.21] 0.03+0.21

�0.21

Table 1.5: �Sf predictions for charmless two-body final states, compared to experimental values calculated
from the HFAG (Summer 2016) averages [1].

�S versus �A in B ! ⇡0KS607

For ⇡
0
KS it is possible, with very limited theory608

input, to relate S⇡0KS
and A⇡0KS

from the four609

measured branching ratios in the B ! ⇡K system610

[50, 51]. The reason why this is possible is that611

most of the required hadronic matrix elements can612

be obtained using isospin. The starting point is613

the isospin relation614

p
2A(B0

! ⇡
0
K

0) + A(B0
! ⇡

�
K

+)
= �

h
(T̂ + Ĉ)ei� + P̂ew

i
⌘ 3A3/2,

(1.17)

in which the QCD penguin amplitudes cancel615

out on the left-hand side. The subscript of A3/2616

reminds us that the ⇡K final state has isospin617

I = 3/2. A similar relation holds for the CP-618

conjugate amplitudes, with A3/2 ! Ā3/2 and619

� ! ��. Here T̂ , Ĉ and P̂ew are, respectively,620

the colour-allowed tree, colour-suppressed tree and621

electroweak penguin contributions.622

The important point is that A3/2 can be obtained623

with good accuracy. The SU(3) flavor symmetry624

relates |T̂ + Ĉ| to BR(B ! ⇡
+
⇡

0), while Pew/(T̂ +625

Ĉ) is given directly by C9,10 Wilson coe�cients626

and CKM elements [52, 53]. QCDF and SU(3)627

flavor symmetry is only required to estimate the628

small corrections [50]. Measurements of BR(B0
!629

⇡
0
K

0), BR(B0
! ⇡

+
K

�) and the corresponding630

CP asymmetries then su�ce to predict precisely631

S⇡0KS
.632

It is instructive to remove A⇡0KS
from the input633

data set and view the construction as a mostly data-634
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Figure 1.2: Data-driven prediction for time-
dependent CP violation in B ! ⇡

0
KS . Figures

from [50]. Left panel: Existing constraints. Only
the top (orange, horizontal) band is consistent with
SU(3) and the heavy-quark limit. Right panel:
Belle-II projection (thin brown band). For details,
see text.

driven prediction of the relation between A⇡0KS
635

and S⇡0KS
(Figure 1.2 left.) Di↵erently shaped 636

points along the bands are distinguished by di↵er- 637

ent values of the strong phase of the tree-to-penguin 638

ratio rc ⌘ (T̂ + Ĉ)/P̂ . There is a four-fold ambi- 639

guity in the constuction, due to an ambiguity in 640

determining the I = 3/2 amplitudes. The ambigu- 641

ity is partly resolved by taking the strong phase of 642

rc to be small, leading to a single closed “loop” of 643

solutions in the Figure. The smallness of the phase 644

is implied by QCDF [54, 55] or alternatively from 645

SU(3) relations with CP violation in B ! ⇡
+
⇡
�, 646

see [50] for a detailed discussion. Of the remain- 647

ing two solutions, one is again wildly inconsistent 648

with both QCDF predictions and with SU(3) re- 649

10

Int. Lum. ab�1 Stat(S) Stat(A)

2 0.15 0.10

10 0.07 0.05

50 0.031 0.021

Table 24: Sensitivity estimation on S and A parameters at di↵erent values of integrated

luminosity.

Channel yield �(S) �(A)

1 ab
�1

K
0
S
(⇡±)⇡0 1140 0.20 0.13

5 ab
�1

K
0
S
(⇡±)⇡0 5699 0.09 0.06

Table 25: Extrapolated sensitivity for the K
0
S
⇡
0 mode. The �t resolution is taken from the

K
0
S
⇡
0
� study and we assume for this mode a reconstruuction e�ciency of 30%.

Channel
R

L Event yield �(S) �(S)2017 �(A) �(A)2017
J/ K

0 50 ab�1 1.4 · 106 0.0052 0.022 0.0050 0.021

�K
0 5 ab�1 5590 0.048 0.12 0.035 0.14

⌘
0
K

0 5 ab�1 27200 0.027 0.06 0.020 0.04

!K
0
S

5 ab�1 1670 0.08 0.21 0.06 0.14

KS⇡
0
� 5 ab�1 1400 0.10 0.20 0.07 0.12

KS⇡
0 5 ab�1 5699 0.09 0.17 0.06 0.10

Table 26: Expected yields and uncertainties on the S and A parameters for the channels

sensitive to sin(2�1) discussed in this chapter for an integrated luminosity of 50 (5) ab�1 for

J/ K
0 (penguin dominated modes). In the 5th and the last column we also give the present

WA errors on each of the observables (HFAG summer 2016).

Extrapolation of the K
0
S
⇡
0
sensitivity. We estimate the sensitivity to the SK

0
S⇡

0 and1235

AK
0
S⇡

0 parameters of the K
0
S
⇡
0 mode analogously to what we have done in section 1.3.2.1236

The vertexing resolution is taken from the study of K0
S
⇡
0
� presented above, and we assume1237

a reconstruction e�ciency of 30%. The results are presented in Table 25.1238

1.6. Conclusions1239

We summarize in Table 26 the expected uncertainties to the S and A CP violating parame-1240

ters in the channels sensitive to sin(2�1) discussed in this chapter. For the J/ K0 mode, we1241

provide the estimate, dominated by systematic uncertainties, for the full 50 ab�1 dataset.1242

For the penguin dominated modes the estimates are based on an integrated luminosity of1243

5 ab�1, for which we can safely assume that all the channels will still be dominated by1244

the statistical uncertainties and the assumptions on which the current studies are based are1245
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EWP

CPV
LFU: electron vs. muon (Rk) 

Johannes Albrecht 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  

32
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LHCb

LHCb  [PRL113 (2014) 151601 ]!
BaBar [PRD 86 (2012) 032012]!
Belle   [PRL 103 (2009) 171801]

RK = 0.745+0.090
�0.074

+0.036
�0.036

RK < 1 implies a deficit of 
muons w.r.t. electrons.

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  
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RK = 0.745+0.090
�0.074

+0.036
�0.036

RK < 1 implies a deficit of 
muons w.r.t. electrons.

(SM: Rk=1.00, consistent at 2.6σ) 
 

LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)
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Lepton universality 

Johannes Albrecht 

•  In the SM, leptons couple universal to W± and Z0 

! test this in ratios of semileptonic decays 

•  Ratios differ from unity only by phase space 
! hadronic uncertainties cancel in the ratio 

electrons / muons tau / muons 
 
 
 
 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

R(D*)=Β(B0"D*+τ-ντ)/Β(B0"D*+µ-ντ) 
with τ-"µ-νµντ  

13 

!  Ratio  R(D*) sensitive to NP coupled 
dominantly to 3rd generation, e.g. a 
charged Higgs 

!  Theoretically clean 

 
– BaBar: R(D) and R(D*) combined "           

3.4 σ tension (final data set) 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

d
b

d
s
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MoriondEW, Mar 19, 2016 Experimental Summary

The CKM matrix and more
Huge LHCb effort on CKM angle γ

The CKM angle γ ~ arg(–Vub*) can be measured 
through interference of b → u with b → c tree transitions 

Malcolm John
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• Accessible in decays where b→u and b→c transitions interfere to give CP violation 

• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
The most studied case is B–→DK– decays,

4.1 The Unitarity triangle

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the

matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the product of any

two rows, or any two columns must equal 1. For the columns we therefore have:
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The relative height of these triangles bares some relation to the size of the CP violation e↵ect involved. The first triangle

describes the neutral kaon system and its modest height reflect the size of the observed CP violation (⇠ 2 ⇥ 10
�3

). The

second encodes so much B-physics, it is worth examination.
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Hadronic parameters are: rB and strong FSI phase δB

Theoretically clean measurement, but large statistics 
needed due to CKM suppression of amplitudes. 

Hence use B±, B0, Bs, and many D decay modes 
requiring different techniques; also DK* and DsK used. 
Some modes show large CP asymmetries (example below)
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ū

B� D0

K�
b

ū
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• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
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Hadronic parameters are: rB and strong FSI phase δB

Theoretically clean measurement, but large statistics 
needed due to CKM suppression of amplitudes. 

Hence use B±, B0, Bs, and many D decay modes 
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Some modes show large CP asymmetries (example below)
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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)
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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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the Jz component of the J = 1 partial wave. Similarly
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conjugation of only the spatial components in Euclidean space (useful in lattice QCD).164
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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

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

World average

SM

~ 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

Vqb

H
�

�

⌫̄

b

q

�

⌧

⌧

R(X ) = B(B!X ⌧ ⌫̄⌧ )
B(B!X ` ⌫̄`)`=e,µ

The R(D(⇤)) anomaly

Vqb

H
�

�

⌫̄

b

q

�

⌧

⌧

R(X ) = B(B!X ⌧ ⌫̄⌧ )
B(B!X ` ⌫̄`)`=e,µ

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D
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0.2
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0.35
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0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χ∆

SM prediction
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EPS 2015

) = 55%2χP(

HFAG
Prel. EPS2015

22 / 24

3.9σ disagreement
22 / 31
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Table 4: Belle II Golden/Silver observables for the pure-leptonic and the semi-leptonic B

decays. Theory column indicates the robustness against the theory uncertainties. Discovery

column shows at which integrated luminosity a discovery of new physics is possible. Sys. limit

column indicates at which integrated luminosity the experimental or theoretical dominates.

The vs LHCb/BESIII, Belle columns show the originality and the competitiveness against

those experiments. Anomaly column indicates the existing hint of new physics at the time

of this report is completed and the NP column is to show whether the observable is sensitive

to a certain new physics models.

Proc
ess

Obse
rva

ble

Theo
ry

Sy
s. lim

it (D
isc

ove
ry)

[ab
�

1 ]

vs
LHCb

vs
Belle

Anom
aly

NP

• B ! ⇡`⌫l |Vub| ? ? ? 10-20 ? ? ? ? ? ? ?? ?• B ! Xu`⌫` |Vub| ?? 2-10 ? ? ? ?? ? ? ? ?• B ! ⌧⌫ Br. ? ? ? >50 (2) ? ? ? ? ? ? ? ? ? ?• B ! µ⌫ Br. ? ? ? >50 (5) ? ? ? ? ? ? ? ? ? ?• B ! D(⇤)`⌫` |Vcb| ? ? ? 1-10 ? ? ? ?? ?? ?• B ! Xc`⌫` |Vcb| ? ? ? 1-5 ? ? ? ?? ?? ??• B ! D(⇤)⌧⌫⌧ R(D(⇤)) ? ? ? 5-10 ?? ? ? ? ? ? ? ? ? ?• B ! D(⇤)⌧⌫⌧ P⌧ ? ? ? 15-20 ? ? ? ? ? ? ?? ? ? ?• B ! D⇤⇤`⌫` Br. ? - ?? ? ? ? ?? -

Time dependent CP violation in B decays. The prospects for time-dependent CP vio-

lation of B mesons and the determination of the CKM angles �1 and �2 are presented in

this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation

for �1 measurement with the penguin dominated modes, B ! �KS , ⌘0KS , ⇡0KS , are per-

formed. The theoretical progress on the penguin pollution for high precision measurement of

�1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging

B ! ⇡0⇡0 time-dependent CP asymmetry measurement for �2 determination is performed.

The subsequent �2 measurement will rely on isospin relations: theoretical estimates of the

isospin breaking e↵ects on the �2 determination are reviewed.

Measurement of the UT angle �3. The prospects for measuring the CKM UT angle

�3 with tree-level measurements of B ! D(⇤)K(⇤) decays are presented in this chapter,

summarised in Tables 9 and 10. It is expected that Belle II will ultimately reach a precision

of 1 to 2 degrees on this angle through use of a variety of channels and extraction techniques.

Hadronic B decays. This chapter presents at the prospects for charmless hadronic B

decays and direct CP violation, summarised in Tables 9 and 11. The theoretical computation

of the branching ratio and CP asymmetry of the B ! PP , PV , V V (P and V denote

pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry
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b c

q q

⌫
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q q

⌫
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�
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⌫
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u

`+

⌫

H+

1

Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

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

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

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

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

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

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

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

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

h0|Aµ|B(p)i = ipµfB, (89)

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

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

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

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

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

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

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

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

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

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

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

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

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

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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S. Fajfer ICHEP 18

Signal:  
B→ K ν ν                        
Tag mode:  
B→ Dπ; D→ Kπ
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Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

B(B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 29% 13% 6.6%

B(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 24% 11% 6.4%

B(B ! Xs`+`�) (q2 > 14.4 GeV2) 23% 10% 4.7%

ACP (B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 26% 9.7 % 3.1 %

ACP (B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 21% 7.9 % 2.6 %

ACP (B ! Xs`+`�) (q2 > 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 26% 9.7% 3.1%

AFB(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 21% 7.9% 2.6%

AFB(B ! Xs`+`�) (q2 > 14.4 GeV2) 19% 7.3% 2.4%

�CP (AFB) (1.0 < q2 < 3.5 GeV2) 52% 19% 6.1%

�CP (AFB) (3.5 < q2 < 6.0 GeV2) 42% 16% 5.2%

�CP (AFB) (q2 > 14.4 GeV2) 38% 15% 4.8%

FL (1 < q2 < 6 GeV2) 0.092 0.031 0.012

FL (4 < q2 < 8 GeV2) 0.093 0.031 0.012

FL (q2 > 14.2 GeV2) 0.088 0.027 0.009

P1 (1 < q2 < 6 GeV2) 0.29 0.12 0.039

P1 (4 < q2 < 8 GeV2) 0.43 0.16 0.053

P1 (q2 > 14.2 GeV2) 0.33 0.12 0.040

P2 (1 < q2 < 6 GeV2) 0.16 0.061 0.020

P2 (4 < q2 < 8 GeV2) 0.097 0.037 0.012

P2 (q2 > 14.2 GeV2) 0.086 0.034 0.011

P3 (1 < q2 < 6 GeV2) 0.29 0.11 0.036

P3 (4 < q2 < 8 GeV2) 0.21 0.081 0.027

P3 (q2 > 14.2 GeV2) 0.18 0.068 0.022

P 0
4
(1 < q2 < 6 GeV2) 0.26 0.088 0.028

P 0
4
(4 < q2 < 8 GeV2) 0.19 0.069 0.023

P 0
4
(q2 > 14.2 GeV2) 0.26 0.099 0.032

P 0
5
(1 < q2 < 6 GeV2) 0.23 0.084 0.027

P 0
5
(4 < q2 < 8 GeV2) 0.21 0.074 0.024

P 0
5
(q2 > 14.2 GeV2) 0.23 0.088 0.027

P 0
6
(1 < q2 < 6 GeV2) 0.25 0.084 0.027

P 0
6
(4 < q2 < 8 GeV2) 0.22 0.076 0.025

P 0
6
(q2 > 14.2 GeV2) 0.27 0.100 0.032

P 0
8
(1 < q2 < 6 GeV2) 0.25 0.095 0.030

P 0
8
(4 < q2 < 8 GeV2) 0.21 0.076 0.025

P 0
8
(q2 > 14.2 GeV2) 0.27 0.10 0.032

A(2)

T
(0.002 < q2 < 1.12 GeV2) – 0.21 0.066

AIm

T
(0.002 < q2 < 1.12 GeV2) – 0.20 0.064

B(B+ ! K+⌫⌫̄) < 450% 38% 12%

B(B0 ! K⇤0⌫⌫̄) < 180% 35% 11%

FL(B0 ! K⇤0⌫⌫̄) – – 0.11

B(B0 ! ⌫⌫̄)⇥ 106 < 14 < 5.0 < 1.5

B(B+ ! K+⌧+⌧�)⇥ 105 < 32 < 6.5 < 2.0

B(B0 ! ⌧+⌧�)⇥ 105 < 140 < 30 < 9.6

Table 5: Sensitivities of lepton flavor conserving observables for the electroweak penguin B

decays.
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Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

B(B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 29% 13% 6.6%

B(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 24% 11% 6.4%

B(B ! Xs`+`�) (q2 > 14.4 GeV2) 23% 10% 4.7%

ACP (B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 26% 9.7 % 3.1 %

ACP (B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 21% 7.9 % 2.6 %

ACP (B ! Xs`+`�) (q2 > 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B ! Xs`+`�) (1.0 < q2 < 3.5 GeV2) 26% 9.7% 3.1%

AFB(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 21% 7.9% 2.6%

AFB(B ! Xs`+`�) (q2 > 14.4 GeV2) 19% 7.3% 2.4%

�CP (AFB) (1.0 < q2 < 3.5 GeV2) 52% 19% 6.1%

�CP (AFB) (3.5 < q2 < 6.0 GeV2) 42% 16% 5.2%

�CP (AFB) (q2 > 14.4 GeV2) 38% 15% 4.8%

FL (1 < q2 < 6 GeV2) 0.092 0.031 0.012

FL (4 < q2 < 8 GeV2) 0.093 0.031 0.012

FL (q2 > 14.2 GeV2) 0.088 0.027 0.009

P1 (1 < q2 < 6 GeV2) 0.29 0.12 0.039

P1 (4 < q2 < 8 GeV2) 0.43 0.16 0.053

P1 (q2 > 14.2 GeV2) 0.33 0.12 0.040

P2 (1 < q2 < 6 GeV2) 0.16 0.061 0.020

P2 (4 < q2 < 8 GeV2) 0.097 0.037 0.012

P2 (q2 > 14.2 GeV2) 0.086 0.034 0.011

P3 (1 < q2 < 6 GeV2) 0.29 0.11 0.036

P3 (4 < q2 < 8 GeV2) 0.21 0.081 0.027

P3 (q2 > 14.2 GeV2) 0.18 0.068 0.022

P 0
4
(1 < q2 < 6 GeV2) 0.26 0.088 0.028

P 0
4
(4 < q2 < 8 GeV2) 0.19 0.069 0.023

P 0
4
(q2 > 14.2 GeV2) 0.26 0.099 0.032

P 0
5
(1 < q2 < 6 GeV2) 0.23 0.084 0.027

P 0
5
(4 < q2 < 8 GeV2) 0.21 0.074 0.024

P 0
5
(q2 > 14.2 GeV2) 0.23 0.088 0.027

P 0
6
(1 < q2 < 6 GeV2) 0.25 0.084 0.027

P 0
6
(4 < q2 < 8 GeV2) 0.22 0.076 0.025

P 0
6
(q2 > 14.2 GeV2) 0.27 0.100 0.032

P 0
8
(1 < q2 < 6 GeV2) 0.25 0.095 0.030

P 0
8
(4 < q2 < 8 GeV2) 0.21 0.076 0.025

P 0
8
(q2 > 14.2 GeV2) 0.27 0.10 0.032

A(2)

T
(0.002 < q2 < 1.12 GeV2) – 0.21 0.066

AIm

T
(0.002 < q2 < 1.12 GeV2) – 0.20 0.064

B(B+ ! K+⌫⌫̄) < 450% 38% 12%

B(B0 ! K⇤0⌫⌫̄) < 180% 35% 11%

FL(B0 ! K⇤0⌫⌫̄) – – 0.11

B(B0 ! ⌫⌫̄)⇥ 106 < 14 < 5.0 < 1.5

B(B+ ! K+⌧+⌧�)⇥ 105 < 32 < 6.5 < 2.0

B(B0 ! ⌧+⌧�)⇥ 105 < 140 < 30 < 9.6

Table 5: Sensitivities of lepton flavor conserving observables for the electroweak penguin B

decays.
48/55

S. Fajfer ICHEP 18

Rate of b→s ν ν is a pure Z penguin (C9), and only accessed at Belle II 

Signal:  
B→ K ν ν                        
Tag mode:  
B→ Dπ; D→ Kπ
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FIG. 14: M3⇡± distribution after the exclusive 3-prong decay selections. Events in data are required
to fire CDC trigger bit 2. MC is rescaled to a luminosity of 291 pb�1 and reweighted according to
the trigger e�ciency measured in data.
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5.

good agreement with the measurements from previous experiments (see Figure 19). The
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FIG. 7: M3⇡± distribution after the inclusive 3-prong decay selections. The bottom panel shows
the ratio of the data and total MC prediction. The error band on the total MC includes the
statistical uncertainty and the systematic uncertainty from the luminosity (6%).

We use an ECL trigger as a reference trigger for probing the CDC trigger e�ciency. The
particular reference trigger considered is bit 8. This requires the ECL energy to be above
1 GeV at L1, and vetos events if they also fire the Bhabha trigger (bit 15 ). We define the
trigger e�ciency as:

✏
trig
CDC =

fire trigger bit 8 and bit 2

fire trigger bit 8
, (3)

The measured CDC trigger e�ciency in data as a function of M3⇡± is shown in Figure 9.

Figure 10 compares the data/MC ratio in Figure 8 to the trigger e�ciency in Figure 9.
We observe that trigger ine�ciencies can largely account for the Data-MC discrepancies.

After reweighting MC by the measured trigger e�ciency in data, the resulting M3⇡±

distribution is shown in Figure 11 for inclusive 3-pring decays. The distribution for exclusive
3-prong decays is shown in Figure 12.

4. PSEUDOMASS DISTRIBUTION

Following the method developed by the ARGUS collaboration [1], the pseudomass Mmin

is obtained for each ⌧ ! 3⇡⌫ candidate, defined by

Mmin =
q
M2

3⇡ + 2(Ebeam � E3⇡)(E3⇡ � P3⇡), (4)

in which Ebeam is the energy of one of the beams in CMS and M3⇡, E3⇡, P3⇡ stand for the
invariant mass, the energy and the momentum of the hadronic system of the three pions in

9

FIG. 2: The distributions of the thrust value (left) and visible energy in CMS (right). All the
samples are scaled to the luminosity of the prod5 data.

The obvious di↵erence in shapes of the kinematic distributions allows to suppress the
background contaminations. The figure of merit (FOM),

FOM =
Sp

S +B
, (2)

is used for the optimization of requirements. Here, S is number of signal events, while
B is number of total background events normalised according to their relative branching
fractions. The distributions of the FOM for the thrust value and visible energy are shown
on Figure 3. The actual requirements are indicated as dash lines.

FIG. 3: The FOM distributions for thrust value (left) and visible energy in CMS (right). The dash
lines indicate the maximum value of FOM.

Further requirements are imposed on the CMS energy of the three hadron system and
tag track (see Figure 4). The selection requirements are once again obtained from the
distributions of FOM (see Figure 5). Each of these cuts is summarized in Table IV.

Finally, selections are applied to the number of photons in the event to account for
radiative production, as well as the potential presence of ⇡0. All events are required to have
at most five photons on the tag side, allowing for at most two ⇡

0 candidates with the rest
being radiated photons. Regarding the signal side, two selections are defined:
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Direct CP Violation
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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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Towards Phase 3 and the Physics Run
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The VXD will be installed in Phase 3. 
Restart Belle II data taking in late February 
2019.

SVD +x half-shell, Jan 2018 KEK

SVD -x half-shell, July 2018, KEK

PXD layer 1 ladders,  Feb 2018

First PXD half-shell being tested at DESY, July 2018


