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Outline
1.Belle II Status
2.Anomalies  
b→sll, b→cτν 

3.Time Dep. CP Violation
4.UT Precision Tests
5.Early physics in 2018
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The case for new physics manifesting in Belle II
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Issues (addressable at a Flavour factory)

• Baryon asymmetry in cosmology  
→ New sources of CPV in quarks and charged leptons

• Quark and Lepton flavour & mass hierarchy 
→ L-R symmetry, extended gauge sector, charged Higgs

• Finite neutrino masses 
→ Tau LFV.

• 19 free parameters 
→ Extensions of SM relate some, (GUTs)

• Puzzling nature of exotic “new” QCD states.

• The hidden universe (dark matter)
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B-physics @ Belle II

5

1 Introduction

Table 18: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. The current results from Belle, or from BaBar where

relevant (denoted with a †) are also given. Errors given in % represent relative errors.

Observables Expected th. accuracy Expected exp. uncer-
tainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 Belle II/LHCb
|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

17/17



Accelerator & 
Detector status
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SuperKEKB

• Compared to KEKB

• 20x smaller vertical beam size

• 2x current

7
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University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

Nano-Beam Scheme 
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Transformation of a B-Factory into a Super B-Factory

To further push the intensity frontier need substantial instantaneous luminosity increase
KEK to SuperKEKB: 2.1x 1034 cm-2 s-1to 8 x 1035 cm-2 s-1

Key: nano-beam scheme — squeeze the beam to very small vertical spot size of ~50 nm

43
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BEAST II, Phase I commissioning

8

29th Rencontres de Blois, 31.05.2017Thomas Kuhr Page 4

BEAST II: Background Measurements



XIIth B physics, Napoli Phillip URQUIJO

First operation of SuperKEKB (4 GeV e+’s & 7 GeV e-’s)

9

5 Months operation

Feb 16 2016 Start

Summary of  Phase-1 Commissioning

e-

e+

Red: total beam current
Purple: vacuum pressure

LER: 1010 mA,  HER 870 mA
3



XIIth B physics, Napoli Phillip URQUIJO

Beam background (Simulation)

• Increases occupancy in inner Si layers - can degrade tracking.

• Increases off-time energy deposition in the calorimeter.

10

Table 3: Beam background types (12th background campaign).

type source rate [MHz]

radiative Bhabha HER 1320

radiative Bhabha LER 1294

radiative Bhabha (wide angle) HER 40

radiative Bhabha (wide angle) LER 85

Touschek scattering HER 31

Touschek scattering LER 83

beam-gas interactions HER 1

beam-gas interactions LER 156

two-photon QED - 206

where s is an optional scaling factor. The number of background events added to a particular143

simulated event is then generated according to Poisson distribution with the mean N̄ . To144

simulate contributions from di↵erent bunches, the background events are shifted in time145

randomly within the time window. This means that all SimHits of a given background event146

are shifted by the same time and therefore the correlations between detector components147

are preserved. The discrete bunch nature is however neglected because of su�ciently small148

bunch spacing.149

The size of the time window depends on the detector component. It ranges from 100 ns150

(TOP) to 26 µs (ECL). To reduce CPU time we chose the time window of [�1.0, 0.8] µs,151

which fits the most detector components, except PXD and ECL; these two have time windows152

of [�17.6, 8.5] µs and [�10.0, 10.0] µs, respectively. Additional background samples are used153

for mixing the background outside the default time window in these two cases.154

Table 4 shows a comparison of the number of digitized hits (clusters for PXD and SVD)155

per event from beam–induced background with those from generic BB events.156

Table 4: Number of digitized hits per event for beam-induced background (12th background

campaign) and for generic BB events withount background. For PXD and SVD the clus-

ters are counted instead of digits. Numbers in parenthesis are without two–photon QED

background.

component background generic BB

PXD 10000 (580) 23

SVD 284 (134) 108

CDC 654 810

TOP 150 205

ARICH 191 188

ECL 3470 510

BKLM 484 33

EKLM 142 34
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Beam background
• At SuperKEKB with x40 larger Luminosity, beam 

background will also increase drastically.

– Touschek scattering

– Beam-gas scattering

– Synchrotron radiation

– Radiative Bhabha event: emitted γ
– Radiative Bhabha event: spent e+/e-

– 2-photon process event: e+e-!e+e-e+e-

– etc…

Feb. 24th, 2011 H.Nakayama (KEK) 37

e-
e+

e-

Beam-origin

Luminosity dependent

+ 

1 O-86 5591Al 

Figure 1. Diagrams that contribute terms containing l/t md m2/t2. These and 
the charge conjugate diagrams dominate the order cz* cross section for the region 
under study. 

20th B2GM ~ KEKGiulia Casarosa 15

D*–→D0π– 
        D0→KSπ+π– 
                KS→π+π–

cc→D*–Ωπ0D*+ 

-D*- signal  
-π0→γγ 
-Ω→π+π–π0 

-π0→γγ 
-D*+→D0π+ 

-D0→π+K–η 
-η→π+π–γ
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Figure does not include ECL timing or energy threshold requirements
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Latest SuperKEKB Luminosity Profile
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SuperKEKB luminosity projection
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Belle II Detector [735 collaborators, 101 institutes, 23 nations]

12

electrons  (7GeV)

positrons (4GeV)

Belle II TDR, arXiv:
1011.0352
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Belle II Detector [735 collaborators, 101 institutes, 23 nations]

12

electrons  (7GeV)

positrons (4GeV)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2 barrel 
layers)

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Fake rate >2 x lower than in Belle

Central Drift Chamber
Smaller cell size, long lever arm

EM Calorimeter
CsI(Tl), waveform sampling electronics (barrel)
Pure CsI + waveform sampling (end-caps) later

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:
1011.0352
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Electromagnetic Calorimeter (ECL) endcap installation

13
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Electromagnetic Calorimeter (ECL) endcap installation
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1 Physics Analysis Software

well-reconstructed tracks (p-value> 0.001) originating from the interaction region. Particle 141

identification is performed using MC Truth. 142
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Fig. 5: Mass vertex fit residuals for dimuon resonances in Belle II: J/ (top left),  (2S) (top

right), ⌥ (1S/2S) (bottom left) and Belle: J/ (bottom right). The fit is performed using the

sum of two Gaussian functions.

The resulting mass resolution is summarised, as a function of the mass itself, in Figure 6. 143

An empyrical power law curve is fit through the points. The projected resolution is⇠ 0.2% for 144

charmonium and . 0.3% for bottomonium resonances, with a 30% improvement compared 145

to Belle. 146
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CDC fully instrumented

14

October, 2016

1ST PRIZE

Entry#16 Dong Van Thanh (25% votes) “CDC backward view after cabling”. This is 
CDC backward view on Jan 10th, 2016. After all cables, cooling pipe and dry air are 
connected. 

• CDC backward view on Jan 10th, 2017. After 
all cables, cooling pipe and dry air are 
connected.

• Smaller segments → better mass resolution.

~40% 
smaller σ.
ψ→ µµ
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Fig. 5: Mass vertex fit residuals for dimuon resonances in Belle II: J/ (top left),  (2S) (top
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sum of two Gaussian functions.

The resulting mass resolution is summarised, as a function of the mass itself, in Figure 6. 143

An empyrical power law curve is fit through the points. The projected resolution is⇠ 0.2% for 144

charmonium and . 0.3% for bottomonium resonances, with a 30% improvement compared 145

to Belle. 146
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CDC fully instrumented

14

October, 2016

1ST PRIZE

Entry#16 Dong Van Thanh (25% votes) “CDC backward view after cabling”. This is 
CDC backward view on Jan 10th, 2016. After all cables, cooling pipe and dry air are 
connected. 

• CDC backward view on Jan 10th, 2017. After 
all cables, cooling pipe and dry air are 
connected.

• Smaller segments → better mass resolution.

~40% 
smaller σ.
ψ→ µµ
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CDC (Central Drift Chamber) Fully instrumented

• Cosmic run (Feb 7, 2017)

15

Single cosmic ray track
Multiple tracks 
(showering cosmic ray event)



XIIth B physics, Napoli Phillip URQUIJO

Time-of-Propagation Cherenkov Detector

16

5th KEK Flavor Factory Workshop, KEK-FF, 2015 October 26

Particle Identification Devices

21

quartz radiator

MCP-PMT+expansion block

Barrel : Time-of-Propagation (TOP) counter

Aerogel 

Hamamatsu-HAPD-
Q.E.-~33%-(recent-good-ones) 

Test Beam setup 

End-cap : Ring Imaging Cherenkov counter 
with Aerogel radiator (ARICH)

Two layer aerogel 
radiator

50
0 

ps
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Belle II in place

17

April 1, Belle II “roll-in”
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Vertex Detector

18

17/03/15 Belle II - physics meeting 3

SVD-layers shift yields better reconstruction?

● Since Belle2 has 4 SVD-layers instead of 2 the positions towards the Belle1 layers are further 
away from the beampipe now. This should increase the fraction of Ks decaying inside these 
layers. Hence their daughtertracks travel through them and can be reconstructed using 
trackHits. 

Position of second outermost layer (fraction): 7cm → 11.5cm  (56% → 70%) 

Position of outermost layer (fraction):              8.8cm → 14cm (62% → 74%)

Greater outer 
radius enhances 
Ks acceptance

Ladders

End rings

Carbon fiber 
(CF) cone End flange

PXD  
(inside SVD ! individual sub-detector)

Outer CF shell

Beam pipe

Some of Our Reference Plots

12

σ(d0) β pt Sin3/2 θ / (13.6MeV/c) vs pt

✦ Impact parameters resolutions are as good as 
expected when the PXD hits are correctly assigned 

✦ Transverse momentum resolution still needs some 
work  on the low momentum range

0 0.5 1 1.5 2 2.5 3 3.5 4

-210

Momentum resolution

•reference finder (still with PXD bug )
•MC ideal finder
•realistic finder ( w/o PXD )

IP resolution much better 
than Belle & Babar → 
much better vertexing
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Performance Snapshot: Reconstructed Particles

19

Tracking IP resolution, Rel7 Tracking efficiency vs Pt, Rel7 Photon energy resolution, Rel7

K/π separation ROC, Rel7 Muon ID efficiency, Rel7 KL ID ROC, Rel7
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Figure 1.3: Transverse (blue) and longitudinal
(black) impact parameters error as a function of
the track transverse momentum.

place after the reconstruction of charged particles247

and is intended to avoid extrapolation through ma-248

terial on the analysis level, where the actual V 0
249

selection takes place. This is in accordance with250

the design goal of removing dependence of analysis251

level information on knowledge about the detector252

material.253

The goal of V 0 reconstruction is to keep all rea-254

sonably accurate V 0 vertices outside the beam pipe255

as well as those inside the beam pipe whose recon-256

structed mass is reasonably close to the K
S

mass.257

Unlikely track combinations may be suppressed by258

restricting the �2 from the vertex fit or the radius259

of the V 0 vertex. For vertices inside the beam260

pipe, the reconstructed invariant mass, which will261

depend on the particle hypothesis made for the262

tracks and thus the hypothesis for the identity of263

the V 0, can also be restricted.264

The V 0 reconstruction algorithm pairs all op-265

positely charged tracks and extrapolates each to266

the innermost hit of either track. If the extrapo-267

lation fails, the combination is rejected. Studies268

show that this restriction has no e↵ect on e�ciency.269

Each accepted combination is processed by the ver-270

texing package RAVE [1]. If the vertex fit fails, the271

combination is rejected. Each surviving combina- 272

tion is then subjected to default cuts on the radius 273

(less than 1 cm inside the beam pipe and greater 274

than 1 cm outside the beam pipe), the vertex fit 275

�2 (less than 50), and, for vertices inside the beam 276

pipe, the mass window (within 30 MeV/c2 of the 277

nominal K
S

mass). 278

Combined performance 279

Since only the pion mass hypothesis is supported 280

in the charged particle reconstruction, only the K0
S 281

! ⇡+ ⇡� is reconstructed in the V 0 object list. 282

The reconstruction e�ciency ofK0
S as V 0 objects 283

is not satisfactory at the moment. It was shown 284

that reconstructing the K0
S with the analysis tools, 285

i.e. combining two opposite charged tracks after 286

the overall event reconstruction, recover in large 287

fraction the e�ciency loss that we observe in the 288

left plot of Figure 1.4. Therefore, the non-optimal 289

current performance of the module will not have a 290

direct negative impact on the analysis studies. 291

1.2.3 Alignment 292

To reach the design performance of the detector, 293

various calibration constants must be determined. 294

For the VXD, many of these constants describe the 295

position and orientation of the silicon sensors. This 296

calibration is commonly referred to as alignment. 297

To determine the alignment constants, the so called 298

global approach with the Millepede II tool [2, 3] 299

has been chosen for use at Belle II. The alignment 300

is computed through minimization of track-to-hit 301

residuals by means of a linear least squares method. 302

Because Millepede fits all track and alignment pa- 303

rameters simultaneously, all correlations are kept 304

in the solution. Therefore it is desirable to deter- 305

mine as many constants simultaneously as possible. 306

For this reason, the CDC is also integrated into the 307

procedure and its alignment and particular calibra- 308

tion constants can be determined together with the 309

VXD alignment. Investigation of the possibility to 310

integrate other sub-detectors into the procedure, 311

for example the alignment of the muon system, is 312

ongoing. 313
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Figure 1.5: Peak energy resolution in the ECL barrel as function of true photon energy for di↵erent
background levels for MC5 and release-00-08-00.

independent measurements and calibrations. At611

the time this document is written, the dE/dx recon-612

struction algorithms in both subsystems construct613

likelihood values using information from individual614

hits. A likelihood value is determined for each615

particle hypotheses, including pion, kaon, proton,616

muon, electron, and deuteron, using a lookup table617

constructed from large MC samples. To reduce the618

e↵ect of outliers, the lowest 5% and highest 25%619

dE/dx measurements of each track are not used in620

the likelihood determination. It is also possible to621

calculate the likelihood using the truncated mean622

of dE/dx via a basf2 module option.623

Future versions of the software will use a param-624

eterization of the truncated mean and resolution625

to determine PID variables. A PID variable is626

determined by comparing the measured dE/dx627

truncated mean to a predicted value and resolu-628

tion. The predicted values are calculated from a629

parameterization of dE/dx as a function of ��.630

The predicted resolutions depend on the dE/dx631

measurement, the number of hits on the track, and632

the polar angle of the track. After determining the 633

parameterization for the predicted means and res- 634

olutions, a PID variable � is determined according 635

to 636

�
h

=
Imeas � Ipred,h

�pred,h
(1.5)

where h is the particle type, I is the dE/dx trun- 637

cated mean, and � is the resolution for the given 638

particle type. As the distributions of this � variable 639

are approximately Gaussian, it may be converted 640

to a likelihood and combined with the output of 641

other PID systems. The performance of such an al- 642

gorithm is generally similar to the current method, 643

but will enable a better charaterization of the res- 644

olution. 645

Performance 646

Defining the signal e�ciency as the fraction of 647

events relative to the generated quantity that have 648

a likelihood of being identified as the true parti- 649

cle type greater than that of being identified as 650
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Figure 1.17: Fake rates versus e�ciencies for K/⇡ (left) and ⇡/K (right) separation in release-00-05-03.
The colored lines show the ROC curves for di↵erent momentum regions. The markers represent di↵erent
cuts on the likelihood ratio.
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Figure 1.14: Muon e�ciency (solid) and pion fake rate scaled by 10 (dashed) for three values of the
log-likelihood-di↵erence cut: �min = 0 (black), 10 (blue), and 20 (red) as a function of momentum (top
left), polar angle (top right), and azimuthal angle (bottom left). Muon ine�ciency as a function of � vs ✓
(bottom right), illustrating the geometric ine�ciencies at the sector boundaries (8 horizontal enhancements
in the barrel; 4 horizontal enhancements in each endcap) and in the vicinity of the solenoid chimney.
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c) Cut value vs. e�ciency.
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Phase III
Phase II 
(no VXD)
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Figure 1.5: Peak energy resolution in the ECL barrel as function of true photon energy for di↵erent
background levels for MC5 and release-00-08-00.

independent measurements and calibrations. At611

the time this document is written, the dE/dx recon-612

struction algorithms in both subsystems construct613

likelihood values using information from individual614

hits. A likelihood value is determined for each615

particle hypotheses, including pion, kaon, proton,616

muon, electron, and deuteron, using a lookup table617

constructed from large MC samples. To reduce the618

e↵ect of outliers, the lowest 5% and highest 25%619

dE/dx measurements of each track are not used in620

the likelihood determination. It is also possible to621

calculate the likelihood using the truncated mean622

of dE/dx via a basf2 module option.623

Future versions of the software will use a param-624

eterization of the truncated mean and resolution625

to determine PID variables. A PID variable is626

determined by comparing the measured dE/dx627

truncated mean to a predicted value and resolu-628

tion. The predicted values are calculated from a629

parameterization of dE/dx as a function of ��.630

The predicted resolutions depend on the dE/dx631

measurement, the number of hits on the track, and632

the polar angle of the track. After determining the 633

parameterization for the predicted means and res- 634

olutions, a PID variable � is determined according 635

to 636

�
h

=
Imeas � Ipred,h

�pred,h
(1.5)

where h is the particle type, I is the dE/dx trun- 637

cated mean, and � is the resolution for the given 638

particle type. As the distributions of this � variable 639

are approximately Gaussian, it may be converted 640

to a likelihood and combined with the output of 641

other PID systems. The performance of such an al- 642

gorithm is generally similar to the current method, 643

but will enable a better charaterization of the res- 644

olution. 645
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Defining the signal e�ciency as the fraction of 647

events relative to the generated quantity that have 648

a likelihood of being identified as the true parti- 649

cle type greater than that of being identified as 650
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Electromagnetic interactions

• Far fewer background & pileup photons than hadron collider

• Higher performance calorimeter

• Much less material in front (important for electrons)

20

Photon energy resolution, Rel7

Eγ [GeV]

σE
/E

~2%
~5%

LHCb upgrade full simulation (parametrisation)
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So when do we start Belle II ?

21

PHASE II Operation: Starts in ~Jan 
2018 [Begin with damping ring 
commissioning; First collisions; limited 
physics without vertex detectors]

Phase III: Belle II Physics Running: 
late 2018 [vertex detectors in]

QCSL at the IP, Aug 2016

BEAST PHASE I: 
Feb-June 2016 
(Belle II roll-in in March 2017).



Anomalies in b→s l l 
& b→c τ ν
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Missing energy decays an e+e- collider

23

BDT based 
hadronic+semileptonic 
tag reconstruction 
implemented.



XIIth B physics, Napoli Phillip URQUIJO

Missing energy decays an e+e- collider

23
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful

8

e+ e�

e+ e�bb̄

BDT based 
hadronic+semileptonic 
tag reconstruction 
implemented.
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Missing energy decays an e+e- collider

23
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 ofp
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+

BDT based 
hadronic+semileptonic 
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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 ofp
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 
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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.
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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 ofp
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).
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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.
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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 ofp
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).
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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.
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bū

b̄u

c̄u

V
ub

W
−

−ν̄

b
u

` ⌫̄`….

B�

B+

D̄0

e+ bb̄

bū
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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↵ =
4GFp

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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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫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+ ! ¯D0µ+⌫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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data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
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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↵ =
4GFp

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+ ! ¯D0e+⌫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+ ! ¯D0µ+⌫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 )
7 / 19

Signal

Background

B�

B+

D̄0

D0

Semi-Inclusive
hadronic ‘tagging’

side

�

Signal side

�
BDT based 
hadronic+semileptonic 
tag reconstruction 
implemented.
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“Missing Energy Decay” in a Belle II GEANT4 simulation

24

Zoomed view of the vertex 
region in r--phi

Signal B→ K ν ν      tag mode: B→ Dπ; D→ Kπ

View in r-z



XIIth B physics, Napoli Phillip URQUIJO

B → τ (→ l ν ν) ν with FEI
• MC6, BDT Signal optimisation, 

• Even with nominal beam background 
sensitivity comparable to Belle.
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Figure 1.2: E
ECL

distribution for signal (red), BB
background (blue) and continuum (green). The
events are normalized to an integrated luminosity
of 1 ab�1.
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Figure 1.3: Comparison of signal E
ECL

distribution
for this analysis (red) and the Belle measurement
with hadronic tag (blue).

a pseudo-dataset has been generated according to456

the signal and background MC expectations, and457

a template maximum likelihood fit is performed458

using the two-components parametrized function:459

F (E
ECL

) = NsigS(E
ECL

) + NbkgB(E
ECL

). Nsig460

and Nbkg are the number of signal and background461

events, while S(E
ECL

) and B(E
ECL

) are the respec-462

tive E
ECL

distributions (templates) taken from463

simulation of the signal and background events.464

In figure 1.4 an illustrative plot of the fit to one465

pseudo-dataset is shown.466

Assuming a branching ratio of 0.82⇥10�4 the467

mean uncertainty is found to be ⇠29%, with 1468

ab�1 of equivalent integrated luminosity. 200000469

pseudo-experiments have been generated to esti-470

 (GeV)ECLE
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts

0

200

400

600

800

1000

1200

pseudo-data
signal
bkg

-1Belle II MC, L = 1 ab

Figure 1.4: Maximum likelihood fit to pseudo-
data E

ECL

distribution sampled from simulation.
The red and blue histograms represent the signal
and background fit functions (templates from sim-
ulation). The events correspond to an integrated
luminosity of 1 ab�1.

mate the expected significance of the branching 471

ratio measurement with the CLb statistical method 472

[it is a standard procedure, need for explanation ? 473

or just a reference and report results ?]. The calcu- 474

lation led to a p-value of 3.8 ⇥ 10�4 corresponding 475

to a significance of 3.4 standard deviations (stat.) 476

from the background null hypothesis. 477

Based on Belle previous measurements [5], the 478

main sources of systematic uncertainties are the 479

signal and background E
ECL

PDFs, the branching 480

fractions of the B decays that peak near zero E
ECL

, 481

the tagging e�ciency, and the K0

L veto e�ciency, 482

followed by the minor uncertainties due to the 483

number of BB̄ pairs, the signal e�ciency (PID 484

e�ciency, ⌧ branching fractions, ⇡0 e�ciency and 485

tracking e�ciency), and MC available statistics. 486

The uncertainties on PDFs and tagging e�ciency 487

rely on the statistics available in the B ! D⇤0`⌫ 488

control sample on data, and so are expected to 489

scale with luminosity as the statistical uncertainty. 490

The uncertainty on peaking backgrounds is esti- 491

mated by changing their branching ratios within 492

the experimental errors, consequently it is expected 493

to be limited (> 3%). 494

The uncertainty on K0

L e�ciency is obtained 495

from control samples on data as well, comparing 496

yields of � ! K0

LK0

S to � ! K�K+ in a D0 ! 497

�K0

S sample, but its scaling with luminosity is 498
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[it is a standard procedure, need for explanation ? 473

or just a reference and report results ?]. The calcu- 474

lation led to a p-value of 3.8 ⇥ 10�4 corresponding 475

to a significance of 3.4 standard deviations (stat.) 476

from the background null hypothesis. 477

Based on Belle previous measurements [5], the 478

main sources of systematic uncertainties are the 479

signal and background E
ECL

PDFs, the branching 480

fractions of the B decays that peak near zero E
ECL

, 481

the tagging e�ciency, and the K0

L veto e�ciency, 482

followed by the minor uncertainties due to the 483

number of BB̄ pairs, the signal e�ciency (PID 484

e�ciency, ⌧ branching fractions, ⇡0 e�ciency and 485

tracking e�ciency), and MC available statistics. 486

The uncertainties on PDFs and tagging e�ciency 487

rely on the statistics available in the B ! D⇤0`⌫ 488

control sample on data, and so are expected to 489

scale with luminosity as the statistical uncertainty. 490

The uncertainty on peaking backgrounds is esti- 491

mated by changing their branching ratios within 492

the experimental errors, consequently it is expected 493

to be limited (> 3%). 494

The uncertainty on K0

L e�ciency is obtained 495

from control samples on data as well, comparing 496

yields of � ! K0

LK0

S to � ! K�K+ in a D0 ! 497

�K0

S sample, but its scaling with luminosity is 498

8

Eextra and selection efficiency 

16

Eextra < 1 GeV
- sig: 188 events
- bkg: 7420 events

(1965 qq + 5455 BB)

Signal and background event yields in 1 ab-1

Eextra < 1 
GeV

Babar
PRD 88, 

031102 (2013)

Belle
PRL 110, 

131801 (2013)

Belle II 
(this analysis)

Signal 
Efficiency (‰) 0.72 1.1 2.2

Eextra < 0.2 GeV
- sig: 123 events
- bkg: 1013 events 

Eextra distribution after selection

N.B. “offline” rough correction of the branching
ratios applied: in MC5 some B decay modes are
modelled with wrong BR à mean weight of
0.62 applied to correctly reconstructed B
candidates (for both signal and background).

with R2 cut only 

M. Merola - Napoli

Full simulation with 
beam background
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Sys[%] 13 18 7 9 5 5
Total[%] 32 26 15 12 6 5

2 Global analyses

βsin 2
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

)ντ 
→

B
R

(B
 

0.00

0.05

0.10

0.15

0.20
-310×

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
p-value

ICHEP 16

CKM
f i t t e r

1
φsin 2

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

)ντ 
→

B
R

(B
 

0.00

0.05

0.10

0.15

0.20
-310×

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
p-value

-1Belle II 50 ab

CKM
f i t t e r
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(right).
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Fig. 11: UT fit today (left) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(right). Four tests are shown ...
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B→ D(*) τ ν 

  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011 26

• Belle has 4 approaches 
• τ → l ν ν [had tag, SL tag, untagged]
• τ → h ν  [had tag]

• First application of semileptonic tagging for B →D(*)τν
  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011

Belle, Phys.Rev.D 92, 072014 (2015)
Belle, Phys.Rev.D 94, 072007 (2016)
Belle, arXiv:1612.00529 (to PRL)
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FIG. 5. The measured values of R(D∗) for (left) the type-II 2HDM and (right) R2-type leptoquark models, where central
values are given as the solid (red) curves and the 1σ uncertainties are given as the shaded (yellow) regions. The theoretical
predictions and their 1σ uncertainties are shown as solid (blue) curves and hatched (light blue) regions, respectively [21].

FIG. 6. Background-subtracted momentum distributions of D∗ (top) and ℓ (bottom) in the region of ONB > 0.8 and EECL < 0.5
GeV for (left) the SM, (center) the type-II 2HDM with tanβ/mH+ = 0.7 GeV−1, and (right) R2-type leptoquark model with
CT = +0.36. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The
expected distributions are normalized to the number of detected events.
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(a)SM. (b)Type-II 2HDM with tan β/mH+ = 0.7
GeV−1.

(c)SM with adding contribution from OV2

(CV2
= +1.88).

(d)SM with adding contribution from OT

(CT = +0.36).

(e)R2-type leptoquark model with CT = +0.36. (f)S1-type leptoquark model with CT = +0.26.

FIG. 11. Background-subtracted D∗ momentum distributions in the region of ONB > 0.8 and EECL < 0.5 GeV. The points
and the shaded histograms correspond to the measured and expected distributions, respectively. The expected distributions
are normalized to the number of detected events.
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Figure 1.2: Current and expected constraints on
the NP contribution at 95% CL assuming C(c,⌫⌧ )

X =
C(u,⌫⌧ )

X ⌘ CX for X = V
1

, V
2

, S
1

, and S
2

. The cur-
rent constraints are shaded in red, blue, and gray
for RD(⇤) , R

ps

, and R⇡, respectively. The expected
constraints are shown with dashed boundaries and
obtained for the case that the central values are
same as the current experimental results and the
uncertainties are rescaled at Belle II with 50 ab�1

of accumulated data. Note that S
1

is already in-
consistent with the current experimental results of
RD(⇤)

O(u,⌫⌧ )

X are identical, namely C(c,⌫⌧ )

X = C(u,⌫⌧ )

X ⌘205

CX , the ratios are all correlated and then used to206

test such scenarios. In order to estimate a Belle II207

potential, we assume that the present central values208

do not change and the uncertainties are rescaled209

at Belle II with 50 ab�1 of accumulated data. In210

Fig. 1.2, we show current and expected constraints211

on CX at 95% CL for X = V
1

, V
2

, S
1

, and S
2

. At212

present, V
1

and V
2

scenarios are consistent with the213

experimental results of RD(⇤) , R
ps

, and R⇡ while S
1

214

and S
2

cannot accommodate them simultaneously.215

Note that S
1

cannot explain the current experi-216

mental results of RD(⇤) . At Belle II with 50 ab�1,217

we can see that expected constraints become quite 218

narrow and allow us to identify a NP scenario. 219

Expected lower limit on CX obtained at Belle II 220

will be discussed here. To be written. 221

Distributions: 222

Usability for q2 will be discussed here. To be writ- 223

ten. 224

1.2.2 (Semi-)leptonic rare decays 225

Wolfgang Altmannshofer 226

Theoretical Framework. 227

The e↵ective Hamiltonian that enables the model 228

independent studies of the leptonic decays B0 ! 229

`+`� and Bs ! `+`� as well as semileptonic tran- 230

sitions of the type b! d``, b! s``, b! d⌫⌫ and 231

b! s⌫⌫ can be written as 232

H
e↵

= HSM

e↵

� 4GFp
2

V ⇤
tqVtb

X

i

CNP

i Oi , (1.11)

where HSM

e↵

is the e↵ective Hamiltonian of the SM,
CNP

i are the Wilson coe�cients encoding the e↵ect
of new physics and Oi are dimension 6 operators
built from light SM particles.1 Following the nota-
tion of [4], the most relevant operators are dipole
operators

(O(0)
7

)q =
e

16⇡2

mb(q̄�µ⌫PR(L)

b)Fµ⌫ , (1.12)

(O(0)
8

)q =
gs

16⇡2

mb(q̄�µ⌫T aPR(L)

b)Ga
µ⌫ ,(1.13)

1
Note that it is far from established if the SM particles

are the only dynamical degrees of freedom below the electro-
weak scale. If new light particles interact su�ciently weak
with the SM, they can evade direct detection. Examples
are axions, light Higgs particles, light dark matter, sterile
neutrinos and dark photons. If such new degrees of freedom
are lighter than B mesons, novel exotic decay modes of B
mesons can open up that are not described by the e↵ective

Hamiltonian formalism but require the explicit addition of
light new particles to the SM [2]. Exotic signatures include

the decays of B mesons into invisible particles or resonances
in the di-lepton invariant mass spectra [3].

4

Models of physics beyond the Standard Model78

(BSM) need not involve any of the above-mentioned79

suppression factors. For example, some of the80

models discussed in this chapter permit FCNC81

transitions at tree level. An important category82

in the classification of BSM theories is the prop-83

erty of minimal flavour violation (MFV)[1, ?] . In84

MFV theories the only sources of flavour violation85

are the Yukawa matrices of the SM and enter the86

amplitudes in such a way that flavour-changing87

transitions involve the same CKM elements as the88

corresponding SM contribution. MFV theories may89

still have CP phases in addition to the Kobayashi-90

Maskawa phase. Usually the MFV property is an91

add-on to a given model of new physics, for exam-92

ple the Minimal Supersymmetric Standard Model93

(MSSM) can be studied with our without MFV.94

New physics will change the Wilson coe�cients95

(see Ch. ??) from their SM values. Also new oper-96

ators can occur, meaning that Wilson coe�cient97

vanishing in the SM acquire non-zero values. In98

general, several observables depend on the same99

Wilson coe�cient, so that new physics will appear100

in di↵erent measurements in a correlated way. This101

means that new-physics analyses must keep on eye102

on other flavour experiments, which may probe103

the same Wilson coe�cients as Belle II through104

di↵erent observables. In this chapter we discuss105

such correlations with other experiments, wherever106

appropriate. However, it is important to note that107

there are sectors of BSM flavour physics which are108

exclusively probed at Belle II, such as B decays to109

⌧ ’s and/or missing energy.110

1.2 Model-independent analyses111

of new physics112

One can parametrize all possible types of new113

physics in terms of Wilson coe�cients of the weak114

e↵ective hamiltonian. In hadronic decays this ap-115

proach involves too many coe�cients to be feasible116

in practice. However, in some cases only a re-117

stricted set of Wilson coe�cients contributes and118

such model-independent fits are possible. These119

cases are discussed in this section.120

1.2.1 Tree-level decays 121

Ryoutaro Watanabe 122

(Semi-)leptonic B meson decays are derived 123

from the quark level process, b ! q`⌫ for q = u 124

and c. The SuperKEKB/Belle II has a su�cient 125

ability to measure a variety of observables for 126

B̄ ! D(⇤)`⌫̄, B̄ ! ⇡`⌫̄, and B̄ ! `⌫̄ (for ` = ⌧ , 127

µ, e). As is well-known, at present, a clear dis- 128

crepancy of 4� between the experimental results 129

and the SM predictions exists in the observables 130

RD(⇤) ⌘ B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ ! D(⇤)`⌫̄) for ` = µ 131

or e. Motivated by this, it would be instructive to 132

consider new physics scenarios that a↵ect (semi- 133

)tauonic B meson decays, in order to see potentials 134

for new physics searches at Belle II. 135

In the presence of all possible new physics in the 136

process b! q⌧⌫, the e↵ective Lagrangian can be 137

described by 138

�L
e↵

=2
p

2GF Vqb

h
(�⌫⌧ ,⌫` + C(q,⌫`)

V1
)O(q,⌫`)

V1

+
V2,S1,S2,TX

X=

C(q,⌫`)

X O(q,⌫`)

X

i
, (1.1)

for q = u and c, where the four-Fermi operators 139

OX are written as 140

O(q,⌫`)

V1
= (q̄�µPLb)(⌧̄ �µPL⌫`) , (1.2)

O(q,⌫`)

V2
= (q̄�µPRb)(⌧̄ �µPL⌫`) , (1.3)

O(q,⌫`)

S1
= (q̄PRb)(⌧̄PL⌫`) , (1.4)

O(q,⌫`)

S2
= (q̄PLb)(⌧̄PL⌫`) , (1.5)

O(q,⌫`)

T = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫`) , (1.6)

and CX denotes the Wilson coe�cient of OX nor- 141

malized by 2
p

2GF Vqb. The superscript (q, ⌫`) spec- 142

ifies the flavors of the quark and the neutrino in 143

b ! q⌧⌫`; O(c,⌫`)

X contributes to B̄ ! D(⇤)⌧ ⌫̄, 144

whereas O(u,⌫`)

X contributes to B̄ ! ⇡⌧ ⌫̄ and 145

B̄ ! ⌧ ⌫̄. Note that it is not necessary that the neu- 146

trino flavor is the same as ⌫⌧ for new physics since 147

it is not identified by the experiment. Eq. (1.1) 148

is the most general form without considering the 149

right-handed neutrinos. 150

In the following part, we report measurable 151

observables which can be useful to search for 152
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Polarisation

• P(τ) measured.
• Strongly stat. limited. & only done in hadronic tag.

• P(D*) possible too
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Fig. 9: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs

P⌧ (D⇤) plane (bottom) compared to existing experimental constraints from Belle. The SM

predictions are also indicated by the black dots with error bars.

A quantitative estimation for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is

shown in Fig. 10. In the figure, it is shown that the regions of CX are probed by the ratios

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

lines) 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

, (45)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at504

the NP mass scale M
NP

). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II505

reach of new physics mass scale, M
NP

⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.506

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)507

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions508

have been reported by the B physics experiments. This is particularly interesting because509

the processes are described by the b ! c charged current and predicted at the tree level in510

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also511

provide hints of new physics.512

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in513

Ref. [54]. They observed no significant signal and obtained the 90% CL upper limit as B(B !514

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,515

where the first error (along with the central value) is read o↵ from the observed signal516

strength and the second one comes from the systematic uncertainty (8%) [54].517

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 [31]
for q2 distributions and given as the world average [? ] for the ratios, are scaled by luminosity. See
Ref. [32] for further details of the analysis.
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� Fit to Signal Mode

• Signal significance of about 7σ
– First observation of the  𝐵 → 𝐷∗𝜏−  𝜈𝜏 signal using only hadronic 𝜏 decays

■  𝐵 → 𝐷∗𝜏−  𝜈𝜏
■  𝐵 → 𝐷∗𝑙−  𝜈𝑙
■  𝐵 → 𝐷∗∗𝑙−  𝜈𝑙

+ had. 𝐵
■ Fake 𝐷∗ etc.
● Data

Sum of all samples

𝑅 𝐷∗ = 0.270 ± 0.035 stat. −0.025
+0.028(syst. )

𝑃𝜏 𝐷∗ = −0.38 ± 0.51 stat. −0.16
+0.21(syst. )

Compatibility with the SM within 0.4σ

Signal events

Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett.)

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

12/23

Belle arXiv: 1612.00529 (accepted in PRL)

5

ing pairs of photons with an invariant mass ranging from
500 to 600 MeV/c2. We then extract the calibration
sample yield with the signal-side energy di↵erence �Esig

or the beam-energy-constrained mass M sig

bc

in the region
q2 > 4 GeV2/c2 and | cos ✓

hel

| < 1. To calculate cos ✓
hel

,
we assume that (one of) the charged pion(s) is the ⌧
daughter. We use a ratio of the yield in the data to that
in the MC as the yield scale factor. If there is no observed
event in the calibration sample, we assign a 68% confi-
dence level upper limit on the scale factor. The above
calibrations cover about 80% of the hadronic B back-
ground. For the remaining B decay modes, we assume
100% uncertainty on the MC expectation.

In the signal extraction, we consider three B̄ !
D⇤⌧�⌫̄⌧ components: (i) the “signal” component con-
tains correctly-reconstructed signal events, (ii) the “⇢ $
⇡ cross feed” component contains events where the de-
cay ⌧� ! ⇢�(⇡�)⌫⌧ is reconstructed as ⌧� ! ⇡�(⇢�)⌫⌧ ,
(iii) the “other ⌧ cross feed” component contains events
with other ⌧ decays such as ⌧� ! µ�⌫̄µ⌫⌧ and ⌧� !
⇡�⇡0⇡0⌫⌧ . The relative contributions are fixed based
on the MC. We relate the signal yield and R(D⇤) as
R(D⇤) = (✏

norm

N
sig

)/(B⌧ ✏sigNnorm

), where B⌧ denotes
the branching fraction of ⌧� ! ⇡�⌫⌧ or ⌧� ! ⇢�⌫⌧ ,
and ✏

sig

and ✏
norm

(N
sig

and N
norm

) are the e�ciencies
(the observed yields) for the signal and the normaliza-
tion mode. Using the MC, the e�ciency ratio ✏

norm

/✏
sig

of the signal component in the B� (B̄0) sample is esti-
mated to be 0.97± 0.02 (1.21± 0.03) for the ⌧� ! ⇡�⌫⌧
mode and 3.42 ± 0.07 (3.83 ± 0.12) for the ⌧� ! ⇢�⌫⌧
mode, where the quoted errors arise from MC statistical
uncertainties. The larger e�ciency ratio for the B̄0 mode
is due to the significant q2 dependence of the e�ciency
in the D⇤+ ! D0⇡+ mode. For P⌧ (D⇤), we divide the
signal sample into two regions cos ✓

hel

> 0 (forward) and
cos ✓

hel

< 0 (backward). The value of P⌧ (D⇤) is then pa-
rameterized as P⌧ (D⇤) = [2(NF

sig

�NB

sig

)]/[↵(NF

sig

+NB

sig

)],
where the superscript F (B) denotes the signal yield in
the forward (backward) region. The detector bias on
P⌧ (D⇤) is taken into account with a linear function that
relates the true P⌧ (D⇤) to the extracted P⌧ (D⇤) (P⌧ (D⇤)
correction function), determined using several MC sets
with di↵erent P⌧ (D⇤) values. Here, other kinematic dis-
tributions are assumed to be consistent with the SM pre-
diction.
We categorize the background into four components.

The “B̄ ! D⇤`�⌫̄`” component contaminates the signal
sample due to the misassignment of the lepton as a pion.
We fix the B̄ ! D⇤`�⌫̄` background yield from the fit
to the normalization sample. For the “B̄ ! D⇤⇤`�⌫̄`
and hadronic B decay” component, we combine all the
modes into common yield parameters. One exception is
the decay into two D mesons such as B̄ ! D⇤D⇤�

s and
B̄ ! D⇤D̄(⇤)K�. Since these decays are experimentally
well measured, we fix their yields based on the world-
average branching fractions [47]. The yield of the “fake

Signal

τ cross feed

B→D* lνl Fake D* and qq
B→D** lνl  and

Hadronic B Data
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FIG. 1. Fit result to the signal sample (all the eight samples
are combined). The main panel and the sub panel show the
EECL and the cos ✓hel distributions, respectively. The red-
hatched “⌧ cross feed” combines the ⇢ $ ⇡ cross-feed and
the other ⌧ cross-feed components.

D⇤” component is fixed from a comparison of the data
and the MC in the �M sideband regions. The contri-
bution from the continuum e+e� ! qq̄ process is only
O(0.1%). We therefore fix the yield using the MC expec-
tation.
We then conduct an extended binned maximum like-

lihood fit in two steps; we first perform a fit to the
normalization sample to determine its yield, and then
a simultaneous fit to eight signal samples (B�, B̄0) ⌦
(⇡�⌫⌧ , ⇢

�⌫⌧ ) ⌦ (backward, forward). In the fit, R(D⇤)
and P⌧ (D⇤) are common fit parameters, while the “B̄ !
D⇤⇤`�⌫̄` and hadronic B” yields are independent among
the eight signal samples. The fit result is shown in Fig. 1.
The obtained signal and normalization yields forB� (B̄0)
mode are, respectively, 210± 27 (88± 11) and 4711± 81
(2502± 52), where the errors are statistical.
The most significant systematic uncertainty arises from

the hadronic B decay composition (+7.7
�6.9%, +0.13

�0.10), where
the first (second) value in the parentheses is the rela-
tive (absolute) uncertainty in R(D⇤) (P⌧ (D⇤)). The lim-
ited MC sample size used in the analysis introduces sta-
tistical fluctuations on the PDF shapes (+4.0

�2.8%, +0.15
�0.11).

The uncertainties arising from the semileptonic B de-
cays are (±3.5%,±0.05). The fake D⇤ background,
which dominates in this analysis, causes uncertainties
of (±3.4%,±0.02). Other uncertainties arise from the
reconstruction e�ciencies for the ⌧ daughter and the
charged lepton, the signal and normalization e�cien-
cies, the choice of the number of bins in the fit, the
⌧ branching fractions and the P⌧ (D⇤) correction func-
tion parameters. These systematic uncertainties account
for (±2.2%,±0.03). In addition, since we fix part of
the background yield, we need to consider the impact
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�)

, for the
muon and electron (in the three trigger categories) channels. The uncertainties are statistical
only.

"`+`�/"J/ (`+`�)

low-q2 central-q2

µ+µ� 0.679 ± 0.009 0.584 ± 0.006

e+e� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e+e� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e+e� (L0I) 0.789 ± 0.029 0.595 ± 0.020

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K⇤0J/ (! µ+µ�))

B(B0! K⇤0J/ (! e+e�))
,

13

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E

2
beam/c

4 � |~pB |2/c2,
and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c

2
< Mbc < 5.30 GeV/c

2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K

⇤ and B !  (2S)K⇤, in which the cc̄

state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c

2
<

M``�mJ/ < 0.08 GeV/c

2 and �0.20 (�0.10) GeV/c

2
<

M`` � m (2S) < 0.08 GeV/c

2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e

+
e

�) and ⇡

0 Dalitz decays (⇡0 ! e

+
e

�
�) is re-

jected by requiring Mee > 0.14 GeV/c

2.
To maximize signal e�ciency and purity, neural net-

works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e

±
, µ

±
,K

±, K0
S ,

⇡

0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K

⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass
for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ� (right).
Combinatorial background (shaded blue), signal (red filled)
and total (solid) fit functions are superimposed on the data
points

tribution of B ! K

⇤
`

+
`

� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K

⇤ data in the correspond-
ing q

2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q

2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2

/c

2
< q

2
< 6.0 GeV2

/c

2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P

0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P

0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K

⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P

0
4 or P

0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P

0
4,5 observables. The fits are performed using

the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c

2
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Belle (II) Electron 
reconstruction is minimally 
affected by material effects 
and pile-up
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B2TiP Study
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• R {K,K*,Xs}: Expect 3-4% precision in each bin.
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Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1

– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes

– 3 for VV and 3 for VA (K*0μ+μ–)

– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA

– constructed so as to minimise form-factor uncertainties

Sensitive to NP in V or A couplings (Wilson coefficients C
9

(') & C
10

('))

JHEP 02 (2016) 104

Tim Gershon
Precision measurements

q2 GeV2/c2 Belle LHCb 3fb-1 Belle II 50 ab-1

0.1-4 0.416 0.109 -
4.00-8.00 0.277 0.099 0.024

10.09-12.0 0.344 0.155 -
14.18-19.00 0.248 0.092 0.027
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Belle-2 Projections: Inclusive b→sll
Huber, Ishikawa, Virto '2016
Contours: SM Pull with 50/ab: BR & AFB
Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])
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Fig. 4: Exclusion contours in the CNP
9 –CNP

10 plane resulting from future inclusive b ! s`+`+

measurements at Belle II. For comparison the constraints on CNP
9 and CNP

10 following from

the global fit presented in [223] is also shown.

to account for non-perturbative e↵ects [178]. Consider for example a point in the CNP
9 –CNP

101043

plane which resides on the contour labeled “5”. If this point represent the true values of the1044

new-physics contributions then a fit including only the measurements Br(B ! Xs`+`�) and1045

AFB(B ! Xs`+`�) will result in a pull of the SM with respect to the best fit point by 5�.1046

The figure thus allows to determine the significance with which future Belle II measurements1047

of B ! Xs`+`� can exclude the SM, depending on which are the true values of the Wilson1048

coe�cients C9 and C10.1049

For comparison, the 1�, 2� and 3� regions in the CNP
9 –CNP

10 plane that are obtained from1050

the global analysis [223] are also shown in Figure 4 as red contours. One can see that Belle II1051

would exclude the SM by more than 5� if the central value CNP
9 = �1 preferred by the global1052

fit turns out to be correct. This nicely illustrates the interplay and complementarity between1053

inclusive and exclusive measurements, and shows that Belle II can play a decisive role in the1054

search for new physics via b ! s`+`� transitions.1055

[Uli: This contribution could go to new-physics section?]1056

1.4. Double-radiative decays1057

(Contributing authors: C. Bobeth and A. Kokulu)1058

1059

Bq ! �� Decays. In the SM, the branching ratios of the Bq ! �� decays scale as the1060

involved CKM elements |Vtd|2 and |Vts|2, predicting an enhancement of the Bs ! �� decay1061

over the Bd ! �� decay by a factor of |Vts/Vtd|2 ' 20. Using the full data set at ⌥ (5S) [224],1062
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plane which resides on the contour labeled “5”. If this point represent the true values of the1044

new-physics contributions then a fit including only the measurements Br(B ! Xs`+`�) and1045

AFB(B ! Xs`+`�) will result in a pull of the SM with respect to the best fit point by 5�.1046

The figure thus allows to determine the significance with which future Belle II measurements1047

of B ! Xs`+`� can exclude the SM, depending on which are the true values of the Wilson1048

coe�cients C9 and C10.1049

For comparison, the 1�, 2� and 3� regions in the CNP
9 –CNP

10 plane that are obtained from1050

the global analysis [223] are also shown in Figure 4 as red contours. One can see that Belle II1051

would exclude the SM by more than 5� if the central value CNP
9 = �1 preferred by the global1052

fit turns out to be correct. This nicely illustrates the interplay and complementarity between1053

inclusive and exclusive measurements, and shows that Belle II can play a decisive role in the1054

search for new physics via b ! s`+`� transitions.1055

[Uli: This contribution could go to new-physics section?]1056

1.4. Double-radiative decays1057

(Contributing authors: C. Bobeth and A. Kokulu)1058

1059

Bq ! �� Decays. In the SM, the branching ratios of the Bq ! �� decays scale as the1060

involved CKM elements |Vtd|2 and |Vts|2, predicting an enhancement of the Bs ! �� decay1061

over the Bd ! �� decay by a factor of |Vts/Vtd|2 ' 20. Using the full data set at ⌥ (5S) [224],1062
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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
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B(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 24% 11% 6.4%
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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
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5 (1 < q2 < 6 GeV2) 0.23 0.084 0.027
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5 (4 < q2 < 8 GeV2) 0.21 0.074 0.024
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5 (q2 > 14.2 GeV2) 0.23 0.088 0.027

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

P 0
6 (q2 > 14.2 GeV2) 0.27 0.100 0.032
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Fig. 6: Distribution of the EECL, normalized to unitary area, for the for the “BGx0” (dots)

and “BGx1” (line) configurations for theK⇤+ ! K+⇡0 channel after all the selection criteria.

Left: signal MC sample. Right: charged B+B� sample.

“BGx0” “BGx1”

Nbkg 6415± 80 3678± 61

" (10�4) 10.3± 0.3 5.38± 0.23

Nsig/
p

Nbkg 0.16 0.15

UL (10�4) 2.6 3.8

Table 2: Number of generic events (Nbkg), signal selection e�ciency ("), signal significance

(Nsig/
p

Nbkg with arbitrary normalization of the signal), and expected upper limit (UL) at

90% C.L. extracted with a bayesian approach, for “BGx0” and “BGx1” configurations. The

errors reported and the ones used in the UL estimation are statistical only.

comparison of the selection performances considering the two machine background config-1346

urations are reported. As can be noticed, both e�ciency and background contamination is1347

higher for the “BGx0” case. This is due to the fact that the optimisation of the selection1348

at reconstruction level has been optimised using the “BGx1” sample and also that for the1349

“BGx0” configuration we have used a FEI training performed on the sample with machine1350

background superimposed. The overall signal significance is higher in the background-free1351

sample as expected. From this study we can conclude that, with the machine background1352

campaign used in the MC5 production cycle, the detector performances and the reconstruc-1353

tion algorithms are robust against machine background. This has been tested on a K⇤+ final1354

state with both a neutral particle and a charged tracks. In this respect, the analysis of finals1355

states with K⇤+ ! K0
S(⇡

+⇡�)⇡+ and K⇤0 ! K+⇡�, reconstructed with track only, should1356

give similar or better results.1357

Related B ! X⌫⌫̄ Decays. The processes Bs ! �⌫⌫̄ or Bs ! ⌘(0)⌫⌫̄ are based on the1358

same quark-level transition as B ! K(⇤)⌫⌫̄ and only di↵er in their form factors. In addition,1359

there are also exclusive decays based on the b ! d⌫⌫̄ transition, e.g. B ! ⇢⌫⌫̄, B ! !⌫⌫̄1360

or B ! ⇡⌫⌫̄. In the SM, the SD contribution to these decay rates are parametrically sup-1361

pressed by |Vtd/Vts|2 ' 0.05 with respect to the b ! s⌫⌫̄ modes and thus challenging to1362

detect. Further, charged modes are polluted by the large Cabibbo-allowed tree-level contri-1363

bution B+ ! ⌧+⌫⌧ (⌧+ ! (⇡, ⇢)+⌫̄⌧ ). Still, order-of-magnitude enhancements of these modes1364

relative to the SM expectations are not excluded in a model-independent fashion.1365
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Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1
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FL (4 < q2 < 8 GeV2) 0.093 0.031 0.012
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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
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B(B ! Xs`+`�) (3.5 < q2 < 6.0 GeV2) 24% 11% 6.4%
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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
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P1 (q2 > 14.2 GeV2) 0.33 0.12 0.040
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P3 (1 < q2 < 6 GeV2) 0.29 0.11 0.036
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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
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Fig. 6: Distribution of the EECL, normalized to unitary area, for the for the “BGx0” (dots)

and “BGx1” (line) configurations for theK⇤+ ! K+⇡0 channel after all the selection criteria.

Left: signal MC sample. Right: charged B+B� sample.

“BGx0” “BGx1”

Nbkg 6415± 80 3678± 61

" (10�4) 10.3± 0.3 5.38± 0.23

Nsig/
p

Nbkg 0.16 0.15

UL (10�4) 2.6 3.8

Table 2: Number of generic events (Nbkg), signal selection e�ciency ("), signal significance

(Nsig/
p

Nbkg with arbitrary normalization of the signal), and expected upper limit (UL) at

90% C.L. extracted with a bayesian approach, for “BGx0” and “BGx1” configurations. The

errors reported and the ones used in the UL estimation are statistical only.

comparison of the selection performances considering the two machine background config-1346

urations are reported. As can be noticed, both e�ciency and background contamination is1347

higher for the “BGx0” case. This is due to the fact that the optimisation of the selection1348

at reconstruction level has been optimised using the “BGx1” sample and also that for the1349

“BGx0” configuration we have used a FEI training performed on the sample with machine1350

background superimposed. The overall signal significance is higher in the background-free1351

sample as expected. From this study we can conclude that, with the machine background1352

campaign used in the MC5 production cycle, the detector performances and the reconstruc-1353

tion algorithms are robust against machine background. This has been tested on a K⇤+ final1354

state with both a neutral particle and a charged tracks. In this respect, the analysis of finals1355

states with K⇤+ ! K0
S(⇡

+⇡�)⇡+ and K⇤0 ! K+⇡�, reconstructed with track only, should1356

give similar or better results.1357

Related B ! X⌫⌫̄ Decays. The processes Bs ! �⌫⌫̄ or Bs ! ⌘(0)⌫⌫̄ are based on the1358

same quark-level transition as B ! K(⇤)⌫⌫̄ and only di↵er in their form factors. In addition,1359

there are also exclusive decays based on the b ! d⌫⌫̄ transition, e.g. B ! ⇢⌫⌫̄, B ! !⌫⌫̄1360

or B ! ⇡⌫⌫̄. In the SM, the SD contribution to these decay rates are parametrically sup-1361

pressed by |Vtd/Vts|2 ' 0.05 with respect to the b ! s⌫⌫̄ modes and thus challenging to1362

detect. Further, charged modes are polluted by the large Cabibbo-allowed tree-level contri-1363

bution B+ ! ⌧+⌫⌧ (⌧+ ! (⇡, ⇢)+⌫̄⌧ ). Still, order-of-magnitude enhancements of these modes1364

relative to the SM expectations are not excluded in a model-independent fashion.1365
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B→K ν ν: Do not expect large loss of resolution in EECL with 
background.
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• Belle II K/π ID
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Belle II Full Simulation & B2TiP study

MC7 MC7 Stat FoM 
optimised

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

B(B ! Xs�)
lep-tag
inc 7.3% 4.8% 3.9%

B(B ! Xs�)
had-tag
inc 13% 7.0% 4.2%

B(B ! Xs�)sum-of-ex 10.5% 7.3% 5.7%

�0+(B ! Xs�)sum-of-ex 2.4% 0.94% 0.69%

�0+(B ! Xs+d�)
had-tag
inc 9.0% 2.6% 0.85%

ACP (B ! Xs�)sum-of-ex 1.6% 0.56% 0.19%

ACP (B ! Xs+d�)
lep-tag
inc 4.0% 1.5% 0.61%

�ACP (B ! Xs�)sum-of-ex 3.1% 1.2% 0.37%

�ACP (B ! Xs+d�)
had-tag
inc 16% 4.3% 1.3%

B(B ! Xd�)sum-of-ex 30% 20% 14%

�0+(B ! Xd�)sum-of-ex 30% 11% 3.6%

ACP (B+ ! X+
ud̄
�)sum-of-ex 42% 16% 5.1%

ACP (B0 ! X0
dd̄
�)sum-of-ex 84% 32% 10%

�ACP (B ! Xd�)sum-of-ex 93% 36% 11%

ACP (B0 ! K⇤0�) 1.7% 0.57% 0.19%

ACP (B+ ! K⇤+�) 2.4% 0.80% 0.27%

�0+(B ! K⇤�) 2.0% 0.70% 0.53%

�ACP (B ! K⇤�) 2.9% 0.98% 0.31%

SCP (B0 ! K⇤0�) 29% 9.0% 3.0%

�0+(B ! ⇢�) 39% 12% 3.9%

ACP (B+ ! ⇢+�) 30% 9.6% 3.0%

SCP (B0 ! ⇢0�) 63% 19% 6.4%

ACP (B0 ! ⇢0�) 44% 12% 3.8%

�ACP (B ! ⇢�) 77% 16% 4.8%

B(B0 ! ��) <740% 28% 8.8%

ACP (B0 ! ��) – 73% 23%

Table 1.4: Sensitivities of observables for the radiative B decays. Some sensitivities at Belle are extraplated
to 0.71 ab�1.
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Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

B(B ! Xs�)
lep-tag
inc 7.3% 4.8% 3.9%

B(B ! Xs�)
had-tag
inc 13% 7.0% 4.2%

B(B ! Xs�)sum-of-ex 10.5% 7.3% 5.7%

�0+(B ! Xs�)sum-of-ex 2.4% 0.94% 0.69%

�0+(B ! Xs+d�)
had-tag
inc 9.0% 2.6% 0.85%

ACP (B ! Xs�)sum-of-ex 1.6% 0.56% 0.19%

ACP (B ! Xs+d�)
lep-tag
inc 4.0% 1.5% 0.61%

�ACP (B ! Xs�)sum-of-ex 3.1% 1.2% 0.37%

�ACP (B ! Xs+d�)
had-tag
inc 16% 4.3% 1.3%

B(B ! Xd�)sum-of-ex 30% 20% 14%

�0+(B ! Xd�)sum-of-ex 30% 11% 3.6%

ACP (B+ ! X+
ud̄
�)sum-of-ex 42% 16% 5.1%

ACP (B0 ! X0
dd̄
�)sum-of-ex 84% 32% 10%

�ACP (B ! Xd�)sum-of-ex 93% 36% 11%

ACP (B0 ! K⇤0�) 1.7% 0.57% 0.19%

ACP (B+ ! K⇤+�) 2.4% 0.80% 0.27%

�0+(B ! K⇤�) 2.0% 0.70% 0.53%

�ACP (B ! K⇤�) 2.9% 0.98% 0.31%

SCP (B0 ! K⇤0�) 29% 9.0% 3.0%

�0+(B ! ⇢�) 39% 12% 3.9%

ACP (B+ ! ⇢+�) 30% 9.6% 3.0%

SCP (B0 ! ⇢0�) 63% 19% 6.4%

ACP (B0 ! ⇢0�) 44% 12% 3.8%

�ACP (B ! ⇢�) 77% 16% 4.8%

B(B0 ! ��) <740% 28% 8.8%

ACP (B0 ! ��) – 73% 23%

Table 1.4: Sensitivities of observables for the radiative B decays. Some sensitivities at Belle are extraplated
to 0.71 ab�1.
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• Belle II K/π ID
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Belle II Full Simulation & B2TiP study

MC7 MC7 Stat FoM 
optimised

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

B(B ! Xs�)
lep-tag
inc 7.3% 4.8% 3.9%

B(B ! Xs�)
had-tag
inc 13% 7.0% 4.2%

B(B ! Xs�)sum-of-ex 10.5% 7.3% 5.7%

�0+(B ! Xs�)sum-of-ex 2.4% 0.94% 0.69%

�0+(B ! Xs+d�)
had-tag
inc 9.0% 2.6% 0.85%

ACP (B ! Xs�)sum-of-ex 1.6% 0.56% 0.19%

ACP (B ! Xs+d�)
lep-tag
inc 4.0% 1.5% 0.61%

�ACP (B ! Xs�)sum-of-ex 3.1% 1.2% 0.37%

�ACP (B ! Xs+d�)
had-tag
inc 16% 4.3% 1.3%

B(B ! Xd�)sum-of-ex 30% 20% 14%

�0+(B ! Xd�)sum-of-ex 30% 11% 3.6%

ACP (B+ ! X+
ud̄
�)sum-of-ex 42% 16% 5.1%

ACP (B0 ! X0
dd̄
�)sum-of-ex 84% 32% 10%

�ACP (B ! Xd�)sum-of-ex 93% 36% 11%

ACP (B0 ! K⇤0�) 1.7% 0.57% 0.19%

ACP (B+ ! K⇤+�) 2.4% 0.80% 0.27%

�0+(B ! K⇤�) 2.0% 0.70% 0.53%

�ACP (B ! K⇤�) 2.9% 0.98% 0.31%

SCP (B0 ! K⇤0�) 29% 9.0% 3.0%

�0+(B ! ⇢�) 39% 12% 3.9%

ACP (B+ ! ⇢+�) 30% 9.6% 3.0%

SCP (B0 ! ⇢0�) 63% 19% 6.4%

ACP (B0 ! ⇢0�) 44% 12% 3.8%

�ACP (B ! ⇢�) 77% 16% 4.8%

B(B0 ! ��) <740% 28% 8.8%

ACP (B0 ! ��) – 73% 23%

Table 1.4: Sensitivities of observables for the radiative B decays. Some sensitivities at Belle are extraplated
to 0.71 ab�1.
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Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1
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�ACP (B ! Xs+d�)
had-tag
inc 16% 4.3% 1.3%

B(B ! Xd�)sum-of-ex 30% 20% 14%
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dd̄
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Time dependent CP 
violation



XIIth B physics, Napoli Phillip URQUIJO

Belle II Analysis
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Flavour Tagging
• Categories based on different signatures
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Figure 1.7: Left column: Distributions of the output for both combiners, i.e. q · r. Right column:
Correlation between the dilution r = 1� 2w taken from MC truth and the mean value of r = |q · r| in
each r-bin. The hri values are taken from the combiner output.
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in B ! D⌧⌫; and the precise measurement of the783
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the Full Event Interpretation will play an impor- 787
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tively. In e↵ect the FEI allows one to reconstruct 795

the initial ⌥ (4S) resonance, and thereby recover- 796

ing the kinematic and flavour information of Bsig 797

. Furthermore, the background can be drastically 798
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maining tracks or energy clusters in the rest of 800
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• Belle II: 35% (varies with release)
• few% less w/ beam bkg

• Belle (this algo): 32%

• Belle (old algo):29%

Belle II Full Simulation

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 B0B0

pairs in which one meson679

(B
sig

) decays to J/ K0

S while B
tag

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

B0B0 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 B
tag

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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Time dependent CP Violation with Penguins

38

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 |H
ew

|Bi86

and Āf ⌘ hf |H
ew

|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 B0 ! �K0, ⌘0K0,94

K0

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 B0 ! !K0

S104

and K0

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/ K0

S (red dots) and ⌘0K0

S

(blue triangles), using SJ/ K0
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 B0 ! J/ K0

S and ⌘0K0

S channels with an 108

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

simulations we set SJ/ K0
S

= 0.70 and S⌘0K0
S

= 0.55 110

(see eq. 1.4). Such a di↵erence between SJ/ K0
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

Belle II Full Simulation
B2TiP Theory

Mode QCDF [27] QCDF (scan) [27] SU(3) Data
⇡0KS 0.07+0.05

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

�0.17

⇢0KS �0.08+0.08

�0.12

[�0.29, 0.02] �0.14+0.18

�0.21

⌘0KS 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 ⇡0KS 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 ! ⇡0K0) + A(B0 ! ⇡�K+)
= �

h
(T̂ + Ĉ)ei� + P̂

ew

i
⌘ 3A

3/2

,
(1.17)

in which the QCD penguin amplitudes cancel615

out on the left-hand side. The subscript of A
3/2

616

reminds us that the ⇡K final state has isospin617

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

conjugate amplitudes, with A
3/2

! Ā
3/2

and619

� ! ��. Here T̂ , Ĉ and P̂
ew

are, respectively,620

the colour-allowed tree, colour-suppressed tree and621

electroweak penguin contributions.622

The important point is that A
3/2

can be obtained623

with good accuracy. The SU(3) flavor symmetry624

relates |T̂ + Ĉ| to BR(B ! ⇡+⇡0), while P
ew

/(T̂ +625

Ĉ) is given directly by C
9,10 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

⇡0K0), 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 ! ⇡0KS . 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

K0

S(⇡
±)⇡0 1140 0.20 0.13

5 ab�1

K0

S(⇡
±)⇡0 5699 0.09 0.06

Table 25: Extrapolated sensitivity for the K0

S⇡
0 mode. The �t resolution is taken from the

K0

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/ K0 50 ab�1 1.4 · 106 0.0052 0.022 0.0050 0.021

�K0 5 ab�1 5590 0.048 0.12 0.035 0.14

⌘0K0 5 ab�1 27200 0.027 0.06 0.020 0.04

!K0

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/ K0 (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 K0

S⇡
0 sensitivity. We estimate the sensitivity to the SK0

S⇡
0 and1235

AK0

S⇡
0 parameters of the K0

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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FIG. 4: Projected precision for various measurements of time dependent CP violation.
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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).  
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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
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d
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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:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

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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Fig. 8: |Vub| today (left) and extrapolated to the 50 ab�1 scenario (right).

and inclusive world averages, their combination performed by CKMFitter, and the expected937

value based on CKM unitarity.938

The fit results of scenarios 1 and 2 are shown in Fig. .939

For scenario 1 we show the associated p-values for the fits. For scenario 2 we show the940

numerical precision of the CKM UT parameters.941

New physics sensitivity in Mixing. The CKMFitter group has performed analyses of942

new physics in mixing, in particular i.e.�B = 2 operators, assuming that tree decays are943

not a↵ected by NP e↵ects. BqB̄q oscillations (with q = d or q = s) are described by a944

Schroedinger equation with an evolution matrix for |Bq(t)i, |B̄q(t)i of the form Mqi�q/2,945

with the hermitian mass and decay matrices Mq and �q,i.e. �B = 2 operators, assuming946

that tree decays are not a↵ected by NP e↵ects. BqB̄q oscillations (with q = d or q = s) are947

described by a Schroedinger equation with an evolution matrix for |Bq(t)i, |B̄q(t)i of the948

form Mqi�q/2, with the hermitian mass and decay matrices Mq and �q.949

2.1.2. UTfit. Marco Ciuchini950

We discuss the impact of Belle II on the Unitarity Triangle Analysis (UTA) within and951

beyond the Standard Model in the Bayesian approach of the UTfit Collaboration [202? ?952

? ? ? ]. We consider the two scenarios from Table 1.3 of the Introduction. In particular,953

we present results using experimental uncertainties corresponding to 5 and 50 ab�1 for954

|Vcb|, |Vub|, sin 2�, �, and ↵, while central values are tuned to the SM. For other input955

parameters, in the 50 ab�1 scenario we use the uncertainties reported in Tab. 8, based on956

the extrapolation of Appendix B.2 of Ref. [? ].957

The projected uncertainties of the SM fit for the CKM parameters, UT angles and BR(B !958

⌧⌫) (not used in the fit) are reported in Tab. 9 and Fig. 13. Generalizing the analysis959

beyond the SM following the notation introduced in Ref. [? ], we obtain the uncertainties960

presented in Tab. 10 and Fig. 14 for the CKM parameters and the parameters representing961

NP contributions to Bd � B̄d mixing.962

2.2. Model-independent analyses of new physics963

One can parametrize all possible types of new physics in terms of Wilson coe�cients of the964

weak e↵ective hamiltonian. In hadronic decays this approach involves too many coe�cients965
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1 Leptonic and Semileptonic B Decays

Belle II Projection
(exp. + param. uncertainties)
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Fig. 24: Projections for a global |Vub| fit at Belle II with 1ab�1 and 5ab�1. No theory

uncertainties are included in the fit, which can be expected to be of similar size.

Projections for a global fit using two projected single-di↵erential spectra in mX and E` 1162

for B ! Xu`⌫ and a E� spectrum in B ! Xs� from Belle II at 1ab�1 and 5ab�1 are shown 1163

in Fig. 24. Projections beyond this are hard to obtain as they will require improvements on 1164

the experimental systematics. We also stress that these projections should only serve as an 1165

indication. The achievable precision will strongly depend on the precision and number of 1166

available spectra. The projected fit uncertainties at 1ab�1 (5ab�1) are about 4.5% (3%) for 1167

the fit to B ! Xu`⌫ only and 3% (2%) for the combined fit to B ! Xs� and B ! Xu`⌫. 1168

These fit uncertainties already include the dominant parametric uncertainties from mb and 1169

F (k), as these are constrained in the fit by the data. They do not include theoretical uncer- 1170

tainties, which can be expected to be of roughly similar size as the fit uncertainties. These 1171

projections do not include subleading shape function e↵ects, which are expected to become 1172

relevant at this level of precision, but can then also be constrained by the measurements. In 1173

general, one can expect that the increased Belle II statistics can and should be exploited to 1174

reduce the current systematic limitations. 1175

� More details on the projections for the spectra? 1176

� Mention B ! Xs`+`�? 1177

1.7. Radiative Leptonic 1178

1.7.1. B+ ! `+⌫`�. Authors: F. Metzner, M. Gelb, P. Goldenzweig (Exp.) 1179

The radiative leptonic decay B+ ! `+⌫`� o↵ers important insights for the theoretical 1180

predictions of a particular subset of B meson decays: non-leptonic B meson-decays into 1181

light meson pairs. The emission of the photon probes the first inverse moment �B of the 1182

light-cone distribution amplitude (LCDA) of the B meson. This parameter is a vital input 1183

to QCD factorization schemes for the non-perturbative calculation of non-leptonic B meson- 1184

decays [? ][? ]. The leading-order LCDA can be understood as the probability for finding a 1185

light quark with a certain momentum fraction inside the B meson, and were first introduced 1186

by Reference [? ]. It is process independent and plays a similar role for hard exclusive B 1187

49/57

• Critical input on inclusive B→ 
Xu l ν comes from 
• MX2 fit for mb/µπ2/Vub 
• Fitting for fragmentation of Xu

• Δ~3%
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Figure 1.21: Model independent BCL fits (Npar =
3+1) for B ! ⇡`⌫ tagged and untagged (top) and
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description the optical theorem then allows one to1818

replace the sum over hadronic final states with a1819

sum over partonic final states, which eliminates1820

any long-distance sensitivity to the final state. The1821

short-distance QCD corrections, which appear at1822

Figure 1.22: Projections of Vub error to various
luminosity values and LQCD error forecasts for
B ! ⇡`⌫ tagged and untagged modes.

L [ab�1] �B (stat±sys) �forecast

LQCD �Vub

1
3.6 ± 4.4

current
6.2

1.3 ± 3.6 3.6

5
1.6 ± 2.7

in 5 yrs
3.2

0.6 ± 2.2 2.1

10
1.2 ± 2.4

in 5 yrs
2.7

0.4 ± 1.9 1.9

50
0.5 ± 2.1

in 10 yrs
1.7

0.2 ± 1.7 1.3

Table 1.10: Projections of Vub errors to Belle II
luminosities for B ! ⇡`⌫ tagged (top rows) and
untagged (bottom rows) modes along with scaled
statistical and systematic errors. All errors are in
%. LQCD error forecasts were taken into account
according to ??? TODO.

the typical scale µ ⇠ mb of the decay, can then be 1823

computed in perturbation theory. 1824

The remaining long-distance corrections are re- 1825

lated to the initial B meson. They can be expanded 1826

in the heavy-quark expansion (HQE) in powers of 1827

⇤
QCD

/mb ⇠ 0.1, where here ⇤
QCD

is a typical 1828

hadronic scale of order mB � mb ⇠ 0.5GeV. This 1829

expansion systematically expresses the decay rate 1830

in terms of nonperturbative parameters that de- 1831

scribe the universal properties of the B meson. 1832
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sum over partonic final states, which eliminates1820

any long-distance sensitivity to the final state. The1821

short-distance QCD corrections, which appear at1822
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Belle II Full Simulation and B2TiP Lattice

tagged
untagged

L [ab�1] �B (stat±sys) �forecast

LQCD �Vub

1 6.5 ± 3.6 current 6.5

5 2.9 ± 2.2 in 5 yrs 4.7

Table 1.11: Projections of Vub errors to Belle II
luminosities for Bs ! K`⌫ untagged mode along
with scaled statistical and systematic errors. All
errors are in %. LQCD error forecasts were taken
into account according to ??? TODO.

The nonperturbative parameters a↵ect the dif-1833

ferential decay rates from which |Vcb| and |Vub| are1834

extracted. Their dominant e↵ect is on the shapes1835

of the distributions while |Vcb| and |Vub| only en-1836

ter through the overall normalization. Hence, the1837

strategy for a precise determination of |Vcb| and1838

|Vub| is to fit them together with the relevant non-1839

perturbative parameters, as well as the b-quark1840

mass, from the experimental measurements.1841

The present inclusive |Vcb| and |Vub| determi-1842

nations are theoretically limited by the imprecise1843

knowledge of the required nonperturbative parame-1844

ters. Hence, a key goal for Belle 2 will be to reduce1845

this systematic limitation, in conjunction with the-1846

oretical improvements, by exploiting the large data1847

set to obtain precise and detailed measurements of1848

di↵erential distributions, ultimately mapping out1849

the complete triple-di↵erential decay rate.1850

1.6.2 Inclusive |Vcb|1851

The perturbative calculations of the B ! Xc`⌫1852

di↵erential decay rates are mature. The current1853

global fit for |Vcb| is performed to the measured1854

moments of the lepton energy, E`, and hadronic1855

mass, m2

X (with various lower cuts on the lepton1856

energy). The most recent HFAG global fit [100] ex-1857

tracts |Vcb| together with the local OPE parameters1858

appearing at 1/m2

b and 1/m3

b as well as the quark1859

masses, yielding |Vcb| = (42.46 ± 0.88) ⇥ 10�3.1860

The uncertainty of about 2% are limited by the1861

theoretical uncertainties and the fit is very sen-1862

sitive to the precise treatment of the theory un-1863

certainty correlations in the predictions for the1864

di↵erent moments [101]. The HFAG fit uses the-1865

ory predictions up to NNLO, while the 1/m2

b and 1866

higher corrections are included at tree level. The 1867

complete power corrections up to O(↵s⇥1/m2

b) are 1868

known and including them in the global fit [102] 1869

leads to |Vcb| = (42.21 ± 0.78) ⇥ 10�3, with a slight 1870

reduction in central value and uncertainty. The 1871

e↵ect of the 1/m4,5
b corrections in the global fit 1872

have also been estimated [103], by constraining 1873

the large number of new parameters with the so- 1874

called Lowest-Lying State Approximation (LLSA) 1875

[104, 105, 103]. They are found to have a minor 1876

e↵ect, giving |Vcb| = (42.11±0.74)⇥10�3. Further 1877

theoretical improvements are feasible through the 1878

calculation of the O(↵s ⇥ 1/m3

b) corrections and 1879

eventually the O(↵3

s) corrections. 1880

Even though the current global |Vcb| fit is the- 1881

oretically limited, more precise measurements of 1882

inclusive B ! Xc`⌫ at Belle II will be very valuable 1883

to scrutinize the inclusive |Vcb| determinations, and 1884

help to resolve the tension between the inclusive 1885

and exclusive determinations. In particular, precise 1886

measurements of hadronic mass moments directly 1887

in bins of E` instead of a lower cut on E` would be 1888

useful to avoid unnecessary large statistical correla- 1889

tions in the measurements. Precise measurements 1890

of the E` spectrum all the way to the kinematic 1891

endpoint should be performed, which will provide 1892

valuable insight into the eventual breakdown of 1893

the local OPE description. It also holds the possi- 1894

bility [68] to obtain nontrivial constraints on the 1895

shape functions that are of primary relevance for 1896

inclusive |Vub| determinations. In addition, mea- 1897

surements of other single-di↵erential spectra, such 1898

as the hadronic energy, EX , neutrino-energy, E⌫ , 1899

and q2 spectra will be useful to provide comple- 1900

mentary kinematic information. 1901

Bs ! Xc`⌫ 1902

Semi-inclusive analyses of Bs ! D�
s Xl+⌫ and 1903

Bs ! D⇤�
s Xl+⌫ decays and measurements of their 1904

branching fractions have been performed by the D0 1905

[106] and the LHCb [107] experiments, and more 1906

recently by Belle [108]. Belle has also reported the 1907

first measurement of the semi-inclusive branching 1908

fractions B(Bs ! DsXl⌫) and B(Bs ! D⇤
sXl⌫) us- 1909

34

B → π l ν 

Bs → K l ν 

Fig. 20: Standard-Model predictions for the di↵erential decay rate divided by |Vub|2 for

B0

s ! K�`+⌫` and B ! ⇡`⌫ decays from Ref. [96].
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Fig. 21: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately and not up to scale with background.

The untagged measurement strategy here follows closely the strategy applied and described922

earlier for B0 ! ⇡�`+⌫` decays and will not be repeated. The only major di↵erence with923

respect to the B0 ! ⇡�`+⌫` study is in the simulated sample. Here, we use Belle’s simulated924

sample of e+e� ! ⌥ (5S) ! B(⇤)
s B(⇤)

s , B(⇤)B(⇤), B(⇤)B(⇤)⇡, BB⇡⇡, and e+e� ! qq since925

such samples were not yet available for Belle II. The Belle’s simulated samples, corresponding926

to data sample of around 720 fb�1, were converted to Belle II’s mDST format and analysed927

with Belle II analysis software.928

The reconstruction e�ciency for signal B0

s ! K�`+⌫` decays is found to be 9.2%, while the929

background suppression rate for other processes is simillar to the one reported by previous930

B0 ! ⇡�`+⌫` untagged studies. E�ciency for generic B(⇤)
s B(⇤)

s , BBX, and qq events is found931

to be 1.9 ⇥ 10�4, 3.2 ⇥ 10�4, and 2.5 ⇥ 10�6, respectively. The MBC and �E distributions932

of accepted events is shown in Fig. 21. Fit to the MBC and �E distributions in 6 bins of933

q2 yields in total 2196 ± 165 signal events (setting B(B0

s ! K�`+⌫`) = 1.5 ⇥ 10�4 in the934

simulation) indicating that measurement of the decay rate if B0

s ! K�`+⌫` reaching 5%935

– 10% at Belle II with a data sample collected at ⌥ (6S) and corresponding to 1 ab�1 is936

possible.937
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Φ3 from B → DK

42

Φ3 Φ3 Belle = (73 +13-15)o

Φ3 WA = (72.2 +5.3-5.8)o

  

Measurement of γ with B→D0 K 

γ is the phase between b→u and b→c

Interference between these amplitudes with 
D0/D0 decaying in the same final state

From tree level processes
Not affected from NP in loops

D0/D0 → Ks  p+ p-

The Dalitz model is needed 

Strong phase differences can be 
measured at a charm factory 

CLEO result
Improvement expected from BES III

Phys. Rev. D 82, 112006(2010)

Luigi Li Gioi 17

An error of 1.6° is expected

Including more D(*) decay modes
Integrated luminosity = 50 ab-1

Assuming BES III will collect 10 fb-1

Blois 2017

• Phase between b→u and b→c

  

Measurement of γ with B→D0 K 

γ is the phase between b→u and b→c

Interference between these amplitudes with 
D0/D0 decaying in the same final state

From tree level processes
Not affected from NP in loops

D0/D0 → Ks  p+ p-

The Dalitz model is needed 

Strong phase differences can be 
measured at a charm factory 

CLEO result
Improvement expected from BES III

Phys. Rev. D 82, 112006(2010)

Luigi Li Gioi 17

An error of 1.6° is expected

Including more D(*) decay modes
Integrated luminosity = 50 ab-1

Assuming BES III will collect 10 fb-1

Blois 2017

• 1.6o expected at Belle II

• Include neutral D modes

• Assume BES III collects 10 fb-1
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CKMFitter: 2016 Vs 2025

43

2 Global analyses
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Fig. 10: 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. 11: UT fit today (left) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(right). Four tests are shown ...
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Loop

Tree

CP conserving

CP violating

2 Global analyses

Table 6: Parameter values for each scenario. The label “id” and “id*” denotes that the value

is the same as the column to the left, and two to the left respectively.

World average SM-like

Input 2016 Belle II

(+LHCb)

2025

Belle II (+LHCb) 2025

|Vub|(semileptonic)[10�3] 4.01 ± 0.08 ± 0.22 ±0.10 3.71 ± 0.09

|Vcb|(semileptonic)[10�3] 41.00 ± 0.33 ± 0.74 ±0.57 41.80 ± 0.60

B(B ! ⌧⌫) 1.08 ± 0.21 ±0.04 0.817 ± 0.03

sin 2� 0.691 ± 0.017 ±0.008 0.710 ± 0.008

�[�] 73.2+6.3
�7.0 ±1.5

(±1.0)

67 ± 1.5 (±1.0)

↵[�] 87.6+3.5
�3.3 ±1.0 90.4 ± 1.0

�md 0.510 ± 0.003 - -

�ms 17.757 ± 0.021 - -

B(Bs ! µµ) 2.8+0.7
�0.6 (±0.5) 3.31+0.7

�0.6 (±0.5)

fBs
0.224 ± 0.001 ± 0.002 0.001 -

BBs
1.320 ± 0.016 ± 0.030 0.010 -

fBs
/fBd

1.205 ± 0.003 ± 0.006 0.005 -

BBs
/BBd

1.023 ± 0.013 ± 0.014 0.005 -

|Vcd|(⌫N) 0.230 ± 0.011 - -

|Vcs|(W ! cs̄) 0.94+0.32
�0.26 ± 0.13 - -

fDs
/fDd

1.175+0.001
�0.004 - -

B(D ! µ⌫) 0.374 ± 0.017 ±0.010 -

✏K 2.228 ± 0.011 - -

|Vus|fK!⇡
+ (0) 0.2163 ± 0.0005 - 0.22449 ± 0.0005

B(K ! e⌫) 1.581 ± 0.008 - 1.5689 ± 0.008

B(K ! µ⌫) 0.6355 ± 0.0011 - 0.6357 ± 0.0011

B(⌧ ! K⌫) 0.6955 ± 0.0096 - 0.7170 ± 0.0096

|Vud| 0.97425 ± 0.00022 - -

to be feasible in practice. However, in some cases only a restricted set of Wilson coe�cients 966

contributes and such model-independent fits are possible. These cases are discussed in this 967

section. 968

2.2.1. Tree-level decays. Ryoutaro Watanabe 969

(Semi-)leptonic B meson decays are derived from the quark level process, b ! q`⌫ for q = u 970

and c. The SuperKEKB/Belle II has su�cient e�ciencies to precisely measure a variety of 971

observables for B̄ ! D(⇤)`⌫̄, B̄ ! ⇡`⌫̄, and B̄ ! `⌫̄ (for ` = ⌧ , µ, e). As we know that a 972

clear discrepancy of 4� in RD(⇤) ⌘ B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ ! D(⇤)`⌫̄) (for ` = µ or e) has been 973

realized between the present data [203–207] and the SM predictions, it would be deserved 974
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B2TiP Book, CKMFitter

Expect substantial 
improvements to tree 
constraints!
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NP in Bd mixing: Fit results

By Stage II, 
• Λ ~ 20 TeV (tree)
• Λ ~ 2 TeV (loop)

44
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Phase II: First collision Run, Feb-Jun 2018
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Phase 1 2016 “BEAST”/SuperKEKB & cosmics

Phase 2 Feb 2018- July 2018 Belle II no VXD, commissioning data

Full physics Dec 2018- Vertex detectors in

• 4-5 months of machine study, 1~2 months may contain usable data.
• Target luminosity 1 x 1034 cm-2s-1

Towards First Physics: Phase 2

Goals of Phase 2
• Achieve luminosity of 1034 cm-2 s-1, understand the background for safe operation of vertex 

detector(VXD).

Opportunities for first physics?
• Plan for 4-5months of machine studies, 1-2months may contain physics data taking.
• Maximum possible energy 11.06 - 11.25 GeV, energy spread assumed to be ~5MeV.
• Stable operation close to ϒ(4S) preferred
• Efficiency losses for low Pt particles, no appreciable losses in photon efficiency.
• particle identification may not be fully reliable.
• Rough estimate of integrated luminosity (20±20 fb-1)

Layout of the BEAST2 inner detector elements for Phase 2.

hua.ye@desy.de 6

Available Beam Energy in Phase 2 

14

Y(6S) 
HER: 7.30 GeV

no backup unit in C - 5 sector(max 7.35 GeV)
LER: 4.16 GeV

no backup unit in 3 - 5 sector(max 4.18 GeV)

A - B sector :  1 backup unit
C - 2 sector:    1 backup unit
3 - 5 sector:     1 backup unit 
(1 unit = 160 MeV)

Y(4S) 
HER: 7 GeV
LER: 4 GeV

A B 

C 1 2 3 4 5 

SuperKEKB PF/AR Injector 

HER  
7.0 GeV  
5nC x 2 
20 um 

 LER  
4.0 GeV 
4nC x 2 

Primary electron 
2.9 GeV,  10nC x 2�

1.1 GeV 
 e+ damping ring�

Energy  
Compression�

Bunch  
Compression�

PF  
2.5 GeV 
0.2nC x 1�New RF gun 5 nC 

Thermionic gun 10 nC�

New Positron 
Capture Section�

PF-AR  
6.5 GeV 
0.2nC x 1�

J-arc 
1.5 GeV 

Energy  
Compression�

AB

C-2 3-5

The old accelerating structures should be replaced
to make energy margin.

1.5 GeV
Arc

energy
knob

-0.2 GeV
from KEKB

C - 2 → 2 backup units in Phase 3

Risk at higher beam energy

1.5 GeV J-Arc
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Phase II Unique data sets

• Only ~20-40 fb-1 in Phase II
• Unique ECM , e.g. Y(6S) for 

bottomonium - strong 
interaction studies

• New trigger menu to 
greatly enhance low 
multiplicity & dark sector 
physics
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12

TABLE 2: From BABAR [28], ratios of branching fractions for
the  (4040),  (4160) and  (4415) resonances. The first error
is statistical, the second systematic. Theoretical expectations
are from models denoted 3P0 [31], C3 [32], and ⇢K⇢ [33]

State Ratio Measured 3P0 C3 ⇢K⇢

 (4040) DD̄/DD̄⇤ 0.24±0.05±0.12 0.003 0.14
D⇤D̄⇤/DD̄⇤ 0.18±0.14±0.03 1.0 0.29

 (4160) DD̄/D⇤D̄⇤ 0.02±0.03±0.02 0.46 0.08
DD̄⇤/D⇤D̄⇤ 0.34±0.14±0.05 0.011 0.16

 (4415) DD̄/D⇤D̄⇤ 0.14±0.12±0.03 0.025
DD̄⇤/D⇤D̄⇤ 0.17±0.25±0.03 0.14

from BABAR and Belle as they are not radiatively cor-
rected, but generally seem to reflect consistency. The
updated potential model predictions of Eichten [16, 34]
shown in Fig. 5 fail to describe many features of the data.
The CLEO total cross section determinations, shown in
Fig. 5(d), reveal that, within the measurement accuracy
of 5-10%, two- and three-body modes with open charm
saturate the yield of all multihadronic events above the
extrapolated uds contribution.

2.1.2. Vectors decaying to open bottom

The current generation of B-factories have scanned the
energy range above open bottom threshold. BABAR [36]
performed a comprehensive low-luminosity (25 pb�1 per
point), high-granularity (⇡ 5 MeV steps) scan between
10.54 and 11.2 GeV, followed by an eight-point scan,
0.6 fb�1 total, in the proximity of the ⌥(6S) peak.
Belle [37] acquired ⇡ 30 pb�1 for just nine points over
10.80-11.02 GeV, as well as 8.1 fb�1 spread over seven
additional points more focused on the ⌥(5S) peak. The
BABAR scan is shown in Fig. 6. Both scans suggest in-
stead that the simple Breit-Wigner parametrization, pre-
viously used to model the peaks observed in the CLEO
[38] and CUSB [39] scans, is not adequate for the de-
scription of the complex dynamics in the proximity of

the B(⇤)B̄(⇤) and B(⇤)
s B̄s

(⇤)
thresholds. Data points on

Rb = �(bb̄)/�(µµ) are better modeled assuming a flat bb̄
continuum contribution which interferes constructively
with the 5S and 6S Breit-Wigner resonances, and a sec-
ond flat contribution which adds incoherently. Such fits
strongly alter the PDG results on the 5S and 6S peaks,
as shown in Table 3. Strong qualitative agreement is ob-
served between the experimental behavior of the Rb ratio
and the theory predictions based on the coupled-channel
approach [40].

Additional insight can be provided by the exclusive
decomposition of the two-body (i.e., BB̄,BB̄⇤, B⇤B̄⇤)
and many-body decay modes. Results from e+e� colli-
sions have been given by Belle [41] using a data sample of
23.6 fb�1 acquired at the ⌥(5S). Charged B-mesons were

FIG. 6: From BABAR [36], measured values of the hadronic
cross section attributable to b-flavored states, normalized to
the point muon pair cross section, from a scan of the center-of-
mass energy region just below the ⌥(4S) to above the ⌥(6S).
Dashed vertical lines indicate the various BB̄ mass thresholds.
Adapted from [36] with kind permission, copyright (2009) The
American Physical Society

reconstructed in two decay channels, K±J/ and D0⇡±

(with J/ ! l+l� and D0 ! K⇡,K⇡⇡⇡). Neutral B
mesons were reconstructed in K⇤0J/ and D±⇡⌥, with
D± ! K±⇡±⇡⌥. The B⇤ mesons were reconstructed via
their radiative transition. Belle observes a large fraction
(about 16.4% of the total bb̄ pairs) from 3- and 4-body
decay modes, i.e., B(⇤)B̄(⇤)⇡, B(⇤)B̄(⇤)⇡⇡. A significant
fraction of these events can actually be expected from
ISR production of ⌥(4S). Theory predictions on multi-
body decays at ⌥(5S) range from 0.03% [42] to 0.3% [43].

2.2. Newly found conventional quarkonia

Table 4 lists properties of new conventional heavy
quarkonium states. The hc is the 1P1 state of charmo-
nium, singlet partner of the long-known �cJ triplet 3PJ .
The ⌘c(2S) is the first excited state of the pseudoscalar

TABLE 3: New BABAR and Belle results on masses and
widths of the ⌥(5S) and ⌥(6S) resonances, compared to PDG
averages. The angle � parametrizes the phase of interfering
continuum

⌥ m (MeV) � (MeV) � (rad) Ref.

5S 10876± 2 43± 4 2.11± 0.12 BABAR [36]

10879± 3 46+9
�7 2.33+0.26

�0.24 Belle [37]

10865± 8 110± 13 - PDG08 [18]

6S 10996± 2 37± 3 0.12± 0.07 BABAR [36]

11019± 8 79± 16 - PDG08 [18]

Table 1.14: Existing ⌥ -related datasets.

Experiment Scans ⌥ (6S) ⌥ (5S) ⌥ (4S) ⌥ (3S) ⌥ (2S) ⌥ (1S)
O↵. Res. fb�1 fb�1 106 fb�1 106 fb�1 106 fb�1 106 fb�1 106

CLEO 17.1 - 0.1 0.4 16 17.1 1.2 5 1.2 10 1.2 21
BaBar 54 Rb scan 433 471 30 122 14 99 –
Belle 100 ⇠ 5.5 36 121 711 772 3 12 25 158 6 102

beam background conditions. Due to the lack of 3327

vertexing, track reconstruction in Phase 2 will be 3328

entirely dependent on tracks with su�cient momen- 3329

tum to reach the drift chamber. Studies indicate 3330

expected e�ciency losses below pt of ⇠ 1 GeV be-3331

coming most pronounced below ⇠ 150 MeV, with3332

almost no sensitivity to tracks with pT < 75 MeV.3333

No appreciable di↵erence in photon e�ciency is3334

expected during Phase 2, as the full calorimeter3335

will be present and the inner material budget will3336

be similar to nominal conditions.3337

The first full physics run of Belle II is expected3338

to be with nominal operating conditions. During3339

this “Phase 3”, data will be collected at ⌥ (4S),3340

with options for exploring other energy values once3341

a suitable BB sample has been collected for val-3342

idation, commissioning, and other early physics3343

studies.3344

1.8 Estimates of rates for pro-3345

duction of new states3346

Charmonium3347

There are a number of missing charmonium states3348

that could be seen by Belle II. For the energies3349

relevant to Belle II charmonium states can be pro-3350

duced via B meson decay to final states containing3351

cc̄ mesons, in two-photon production, in double3352

charmonium production such as e+e� ! J/ + X3353

and production of 1�� states via initial-state radi-3354

ation.3355

We use the predictions of the Cornell model3356

[249, 300, 301, 107, 106] and those of the relativized3357

quark model [299, 298, 212] for illustrative pur-3358

poses. Both models include a one-gluon-exchange3359

plus linear confining potential supplemented with3360

spin-dependent relativistic corrections. We refer3361

the interested reader to the original literature for3362

details. The mass predictions for these models are 3363

shown in Fig. ?? along with the observed cc̄ states. 3364

Electromagnetic transitions and strong decays can 3365

be calculated in the context of constituent quark 3366

models [298]. These predictions give a picture of 3367

excited charmonium properties that can be used 3368

to suggest ways of observing missing states and 3369

also to identify newly observed states in the char- 3370

monium taxonomy. In the following we focus on 3371

new cc̄ states that can be seen by Belle II. Unless 3372

stated otherwise we discuss states that have not 3373

yet been observed. 3374

The  2(13D2) and ⌘2(11D2) states lie below 3375

D⇤D̄ threshold and are forbidden to decay into 3376

DD̄ because of unnatural parity so are expected to 3377

be narrow [298, 301]. It is expected that B-mesons 3378

will decay to the 1D charmonium states with size- 3379

able BR’s ⇠ 0.23% to the 11D2 and ⇠ 0.46% to the 3380

13D2 [302]. We expect sizeable radiative decay par- 3381

tial widths for these states: B(⌘c2 ! hc�) ' 46%, 3382

B( c2 ! �c1�) ' 43% and B( c2 ! �c2�) ' 11%. 3383

Significant number of events are predicted in the 3384

cascades B ! K⌘c2 ! K�hc ! K��⌘c and 3385

B ! X 2 ! X��c1,2 ! X��J/ [301]. The 3386

observation of these states will the model for the 3387

spin-dependent interactions and will provide useful 3388

input on the importance of virtual decay channels. 3389

The  3(13D3) may also be observed in radiative 3390

transition decay chains or in B ! K(⇤)DD̄. Al- 3391

though the predicted BR for B ! K 3 ' 0.65% 3392

[302] is larger than to the other 1D states the  3 is 3393

expected to be broader leading to smaller BR’s for 3394

51
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Exotic 4-quark States
Bottomonium - atomic-like bound bb states
Bottomonium-like - additional quark pair
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Zb, Wbx — postulated states

molecular resonances is as shown in Fig.1. The existence of the JP = 0+ states Wb0 and W ′

b0

follows from the existence of the Zb(Z ′

b) resonances, while the existence of the Wb1 and Wb2 is

contingent on the presence of a near threshold singularity in the 1−SLB channel. It can be also

noted that the Wb1 state is a pure isovector bottomonium-like analog of the charmonium-like

resonance X(3872), which is a pure (1−H ⊗ 1−SLC) state [4].

❄ ❄ ❄

❄❄

❄

B∗B̄∗

B∗B̄

BB̄

Z ′

b W ′

b0

Wb0

Wb1

Wb2

Zb

Υπ, hbπ, ηbρ ηbπ, χbπ, Υρ

ηbπ, χbπ, Υρ

χbπ, Υρ

χbπ, Υρ

Υπ, hbπ, ηbρ

IG(JP ): 1+(1+) 1−(0+) 1−(1+) 1−(2+)

✴

✌

✎

❲

Υ(5S)

✙

π γ

Figure 1: The expected family of six isotriplet resonances at the BB̄, B∗B̄ and B∗B̄∗ thresh-

olds and their likely decay modes to bottomonium and a light meson. The excited bottomo-

nium states can be present in the decays instead of the shown lower states (ηb, Υ, hb, χb),

where kinematically possible. The dashed arrowed lines show the discussed radiative transi-

tions from Υ(5S). (The mass splitting to Υ(5S) is shown not to scale.)

Clearly, the H ⊗ SLB spin structure described be Eqs. (2) - (7) also implies relations

between the total widths of the WbJ states:

Γ(Wb2) = Γ(Wb1) =
3

2
Γ(Wb0)−

1

2
Γ(W ′

b0) (8)

4
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Bottomonium near Y(6S)

!15

Exotic States at LHC, FPCP13 Tomasz Skwarnicki 2

Standard and Exotic Hadrons

• Longstanding dispute in light 
meson spectroscopy if exotic 
states exist (too many scalar 
states?)

• No convincing experimental 
proofs for existence of elusive 
pentaquarks

• Recent discoveries in heavy 
quark states have revived 
hopes for conclusive proofs for 
existence of exotic mesons   

meson baryon

e.g. deuteron
mesonic

molecule ? 

pentaquark ?

tetraquark ?

hybrid ?
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Bottomonium-like resonances above open B threshold
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4

Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m.− [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11MeV/c2. Its normalization
is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generatedMC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields origi-

nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50MeV
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+ π
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10.8 10.85 10.9 10.95 11

FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,

• Y(6S)→ hb(mP)ππ vs CMS energy, 
evidence for Zb→ hb π, 

• ππ  tagged, analyse missing mass

6

TABLE I. Υ(5S) and Υ(6S) masses, widths, and phase difference, extracted from fits to data. The errors are statistical and
systematic. The 1 MeV uncertainty on the masses due to the systematic uncertainty in

√
s is not included.

M5S (MeV/c2) Γ5S (MeV) M6S (MeV/c2) Γ6S (MeV) φ6S-φ5S (δ) (rad) χ2/dof
R′

b 10881.8+1.0
−1.1 ± 1.2 48.5+1.9

−1.8
+2.0
−2.8 11003.0 ± 1.1+0.9

−1.0 39.3+1.7
−1.6

+1.3
−2.4 −1.87+0.32

−0.51 ± 0.16 56/50
RΥ(nS)ππ 10891.1 ± 3.2+0.6

−1.7 53.7+7.1
−5.6

+1.3
−5.4 10987.5+6.4

−2.5
+9.0
−2.1 61+9

−19
+2
−20 −1.0± 0.4+1.4

−0.1 51/56
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FIG. 1. (From top) RΥ(nS)ππ data with results of our nominal
fit for Υ(1S); Υ(2S); Υ(3S); R′

b, data with components of fit:
total (solid curve), constants |Aic|2 (thin), |Ac|2 (thick); for
Υ(5S) (thin) and Υ(6S) (thick): |f |2 (dot-dot-dash), cross
terms with Ac (dashed), and two-resonance cross term (dot-
dash). Error bars include the statistical and uncorrelated
systematic uncertainties.
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FIG. 3. (colored online) The Mmiss(ππ) spectrum in the
hb(2P ) interval for the combined data samples of five energy
points near the Υ(6S). The legend is the same as in Fig. 2.

signals are 3.5σ and 5.3σ, respectively, including sys-
tematic uncertainty, determined by varying the poly-
nomial order. Thus, we find the first evidence for the
Υ(6S) → hb(1P )π+π− transition and observe for the first
time the Υ(6S) → hb(2P )π+π− transition.

We release the requirement of an intermediate Zb and
fit the Mmiss(ππ) spectra in bins of Mmiss(π) to measure
the hb(nP )π+π− yields as functions of Mmiss(π). The
distribution of the phase-space-generated signal events
in the Mmiss(π+) vs. Mmiss(π−) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(π±) produces a “reflection” at small values
of Mmiss(π∓). We combine the Mmiss(ππ) spectra for
the corresponding Mmiss(π+) and Mmiss(π−) bins and
consider the upper half of the available Mmiss(π) range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
distributed uniformly in phase space; they populate the
Zb(10610) and Zb(10650) mass region. We fit the data
to a shape where the Zb(10610) and Zb(10650) parame-
ters are fixed to the Υ(5S) → Zbπ → hb(1P )π+π− re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hb(1P ) and
hb(2P ), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.6σ and 4.5σ levels
in the hb(1P )π+π− and hb(2P )π+π− channels, respec-
tively. The single Zb(10610) hypothesis is excluded at
the 3.3σ level in the hb(1P )π+π− channel, while the sin-
gle Zb(10650) hypothesis cannot be excluded at a signif-
icant level. In the hb(2P )π+π− channel, the Zb(10610)±

and Zb(10650)± signals overlap with the Zb(10650)∓ and
Zb(10610)∓ reflections, respectively, which obscures the
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FIG. 4. The efficiency-corrected yields of hb(1P )π+π− (a)
and hb(2P )π+π− (b) as functions of Mmiss(π) for the com-
bined data samples of five energy points in the Υ(6S) region.
Points represent data; the solid histogram represents the fit
result with the Zb signal shape fixed from the Υ(5S) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the χ2

differences of the two hypotheses being compared, and
include systematic uncertainty.
In conclusion, we have measured the energy depen-

dence of the e+e− → hb(nP )π+π− (n = 1, 2) cross sec-
tions. We find two peaks corresponding to the Υ(5S) and
Υ(6S) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.
We report first evidence for Υ(6S) → hb(1P )π+π−

and first observation of the Υ(6S) → hb(2P )π+π− tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Zb(10610) and Zb(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Zb(10610) is produced is excluded at
the 3.3σ level, while the hypothesis that only Zb(10650)
is produced is not excluded at a significant level.
The shapes of the e+e− → hb(nP )π+π− and e+e− →

Υ(nS)π+π− cross sections look similar. The only signif-
icant difference is a smaller relative yield of Υ(nS)π+π−

at the Υ(6S). Since the hb(nP )π+π− final states are pro-
duced only via intermediate Zb while Υ(nS)π+π− at the
Υ(5S) are produced both via Zb and non-resonantly, this
difference indicates that the non-resonant contributions
in Υ(nS)π+π− are suppressed at the Υ(6S).
We thank the KEKB group for excellent operation

of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
tralia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS (Ger-

ϒ(6S)→hb(1P)π+π– ϒ(6S)→hb(2P)π+π– 

Ø  Events saturated by Zb
± states, no nonresonant contribution 

Ø  Relative rates to Zb(10610), Zb (10650) loosely constrained;  
Ø  Hypothesis of only Zb (10610) excluded at 3.3σ 

Need to study dipion kinematics near Zb π treshold
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Dark Sector in phase II

• Dark photon search with NN.
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“Medium Mass Region”: Peaking Background.
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Belle II Full Simulation

Signal and Background: After cuts.
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Dark Photon: Existing limits.
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Triggering dark sector physics

• 2 stage trigger: Hardware 
(L1) then Software.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 58, NO. 4, AUGUST 2011 1807

Level 1 Trigger System for the Belle II Experiment
Yoshihito Iwasaki, ByungGu Cheon, Eunil Won, Xin Gao, Luca Macchiarulo, Kurtis Nishimura, and Gary Varner

Abstract—The super-KEKB factory, currently under
construction at the KEK High Energy Accelerator Research Or-
ganization in Japan, has a goal of producing 50 ab of integrated
luminosity, thus allowing the Belle II experiment to study rare
decays of mesons, mesons, and leptons. Such large statistics
on these decays provide an experimental probe of physics beyond
the Standard Model. An online trigger system is indispensable
to Belle II to reduce the number of beam background events
associated with high electron and positron beam currents, as
well as to enhance physics-oriented events. For this purpose, we
have designed the Belle II online trigger system with two kinds
of primary Level 1 trigger components: a track trigger and an
energy trigger. The track trigger is composed of 2-dimensional
and 3-dimensional tracking algorithms, and the energy trigger
implements algorithms based on total energy, isolated clusters,
and identification of Bhabha events. In addition, precise event
trigger timing and muon tagging information are provided by the
time-of-propagation detector and iron flux return muon detector,
respectively.

Index Terms—Belle II experiment, Level I hardware trigger,
super-KEKB factory.

I. INTRODUCTION

T HE B factory experiments, Belle [1] at the KEKB collider
at the High Energy Accelerator Research Organization

(KEK) in Japan and BaBar [2] at the PEP II collider at the
SLAC National Accelerator Laboratory in the United States,
were performed primarily to measure large mixing-induced
charge-parity (CP) violations in meson decays. Most of the
results are in good agreement with the Standard Model (SM)
predictions of the Cabibbo–Kobayashi–Maskawa (CKM) struc-
ture of quark flavor mixing and CP violation [3]. However, the
experiments indicated several hints of discrepancies between
the SM predictions and the experimental measurements [4],
[5]. Accordingly, a much larger data sample is required to
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TABLE I
TOTAL CROSS SECTION AND TRIGGER RATES FOR cm s

FROM VARIOUS PHYSICS PROCESSES AT THE (4S)

investigate further whether these are truly indicative of New
Physics effects. Therefore, an upgrade to the Belle experi-
ment, designated Belle II, at the super-KEKB collider [6] was
approved with an instantaneous luminosity goal of
cm s . This rate is 40 times higher than the peak value of

cm s of the KEKB collider, with an eventual
goal of integrating 50 ab of luminosity by 2020. Essential
features of the Belle II upgrade [7] permit access to several cru-
cial measurements, reviews of which can be found elsewhere
[8], [19] and which are complementary to searches for New
Physics at the large hadron collider (LHC) experiments [9].

The total cross sections and trigger rates of several
physical processes of interest at the target luminosity of

cm s are listed in Table I. Samples of Bhabha
and events will be used to measure the luminosity and to
calibrate detector response. Since at this luminosity the Bhabha
and cross sections—and thus trigger rates—are large, a
prescale factor of 100 or more is applied to these triggers.

II. BELLE II EXPERIMENT

Because of expected increases in beam-gas-induced back-
grounds, the Belle II detector must tolerate higher occupancy
and radiation damage than the original Belle detector. In addi-
tion, the increased event rate puts a high demand on triggering,
data acquisition and computing. To cope with the conditions at
the super-KEKB, most of the components of the Belle detector
will be replaced with new ones, as shown in Fig. 1.

The innermost part of the tracking system consists of
two layers of silicon pixel sensors (PXD), based on depleted
p-channel field effect transistor (DEPFET) technology, and four
layers of double-sided silicon strip sensors (DSSD) to measure
the decay vertex position of mesons and other particles.
Precise determination of trajectories, momenta and dE/dx of
charged tracks is provided by a central drift chamber (CDC).
Improvements in the momentum resolution compared to the
Belle CDC are achieved by using a larger outer radius and a

0018-9499/$26.00 © 2011 IEEE

Hardware 
Trigger 
accept

Physics 
output 

rate

Raw 
event 
size

Belle 500 Hz 90 Hz

Belle II 30 kHz 3-10kHz ~200 kB

ATLAS 100 kHz 1 kHz 1.6MB
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• SuperKEKB has been brought to life.

• Phase II collisions start January 2018, Phase III Late 2018

• Rich physics program at SuperKEKB/Belle II
•New sources of CPV, New gauge bosons, Lepton Flavour 

Violation, Dark Sectors.
•Numerous anomalies to probe with the first 5 ab-1

•  Strong case for phase II physics.

• The Belle II physics book to be published in  
2017 (ed. PU & E. Kou)

Summary

52



Backup
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Belle II Physics Book

54

• B2TiP Report (600p) 
• https://confluence.desy.de/

display/BI/B2TiP+ReportStatus

• To be published in PTEP / Oxford 
University Press & printed.

• Belle II Detector, Simulation, 
Reconstruction, Analysis tools

• Physics working groups
• New physics prospects and 

global fit code

https://confluence.desy.de/display/BI/B2TiP+ReportStatus
https://confluence.desy.de/display/BI/B2TiP+ReportStatus
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Schedule as of Feb 2017
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Φ1

• Sin(2Φ1) will remain the 
most precise 
measurement in the UT 

• In Belle II the 
measurement will be 
dominated by 
systematics 

• Dominated by vertex 
related uncertainties.

56

  

Belle measurement statistical 
error
Belle measurement reducible 
systematic error
Belle measurement non 
reducible systematic error
Integrated luminosity used in 
Belle measurement
Belle II expected integrated 
luminosity

Luigi Li Gioi 9

Sin(2β) : expected errors 
Sin(2β) will remain the most precise 

measurement on the Unitarity Triangle 
parameters
In Belle II the measurement will be 
dominated by systematics

Effort concentrated in understand 
and reducing them

Three hypotheses
Belle: same Belle non reducible 
systematics
Belle II: vertex systematic * ½

Leptonic category: only leptonic 
categories for the flavor tagging 

B0 → J/y Ks

b →  c c s

σ total=√(σ (stat )Belle

2 +σ (systRed )Belle

2 )×LBelle /L+σ (systNonRed )Belle

2

Blois 2017

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).  
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(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)

13. March 2016 17/19 

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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ū

c

ū
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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:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

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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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,
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2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

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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