
Dear Belle II colleagues,

As some of you already heard through media, Professor Toshihide Maskawa 
passed away on July 23, at the age of 81.
His great work on the CP violation problem motivated us to do the B-factory 
experiments, and then led us together here to go beyond the Standard 
Model by Belle II.
It is really sad news, but let's keep in mind his encouragement and push 
forward to the success of the project.
I would like to express the deepest condolences on behalf of the Belle II 
collaboration. 

— Toru Iijima

Toshihide Maskawa 1940-2021
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Direct production of new particles

Energy frontier

Complementary Pathways to New Physics

Presently no unambiguous evidence for Beyond Standard Model (BSM) physics at the high energy frontier
Intensity frontier offers indirect sensitivity to very high scales: recent observation of “Flavour Anomalies’’
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Intensity frontier

Indirect sensitivity through loops

2 Introduction

new form of matter that interacts through gravity and possibly through very weak couplings to the SM
fields; hence the term “dark.” In addition, the observed asymmetry of matter and antimatter in the universe
remains unexplained by the SM.

These considerations point to the existence of new physics, defined as laws and symmetries of Nature that
lie beyond the SM. Currently, numerous imaginative theories for new physics have been proposed, but
experiments have yet to provide guidance pointing to the correct fundamental theory. Much of the worldwide
e↵ort in particle and nuclear physics is driven by searches for evidence of new particles and interactions.

The three-frontier model of particle physics was defined by the Particle Physics Project Prioritization Panel
in its 2008 report [1] and is often represented by the Venn diagram in Fig. 1-1. It has proven beneficial
for various levels of communication and is now widely used and recognized. Each frontier employs di↵erent
tools and techniques, but all frontiers work together to address the same fundamental questions.

At the cosmic frontier, physicists use the universe as an experimental laboratory and observatory, taking
advantage of naturally occurring events to observe indications of new interactions. Research focuses on
understanding dark energy and dark matter, employing a variety of instruments to measure particles on or
close to Earth. This program is pursued worldwide with a leading component in the United States.

At the energy frontier, experiments explore the highest possible energies reachable with accelerators, directly
looking for new physics via the production and identification of new states of matter. This has the advantage
of direct observation in a laboratory setting, but is limited by the kinematical reach of high energy colliders.
This work is now being carried out at the LHC at CERN, which collides protons at a center of mass energy
of 7-8 TeV, increasing to 14 TeV in the next few years.

At the intensity frontier, experiments use intense sources of particles from accelerators, reactors, the sun and
the atmosphere to explore new interactions. This involves ultra-precise measurements to search for quantum
e↵ects of new particles in rare processes or e↵ects that give rise to tiny deviations from SM predictions. This
technique has the asset of exploring very high energy scales, although pinpointing the correct underlying
theory is more complex. This program is currently pursued worldwide.

Figure 1-1. Illustration of the three frontiers of particle physics from [1].

Fundamental Physics at the Intensity Frontier
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Pre-Belle II Experiments and Data Sets

Flavor physics: CKM/UT, CPV in B decays
Hints for New Physics in rare processes
New particle discoveries: “XYZ” states 
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BES III @ BEPC II, IHEP China:  2009 - ongoing- Energy range √s = 2.0 - 4.6 GeV (~5 GeV since 2019)
- Design luminosity achieved: 1x1033 cm-2s-1 (at y(3770))

BaBar Experiment

BABAR and PEP-II operated from 1999-2008 at SLAC

Total Data

On resonance:
⌥(4S): 433fb�1

⌥(3S): 28fb�1

⌥(2S): 14fb�1

O↵ resonance:
54fb�1

Total: 529fb�1

Data sample On resonance O↵ resonance
fb�1 fb�1

Run 7 ⌥(3S) 27.95 = 25.55 +2.41 2.62
Run 6 ⌥(4S) 78.3 7.75

Blind analysis technique - only 2.41 fb
�1 of ⌥(3S) on resonance

and ⌥(3S) and ⌥(4S) o↵ resonance data are used to tune selection

⌥(3S) o↵ resonance statistic is small, Run 6 ⌥(4S) on resonance
data with same detector configuration used to get the final result

Caleb Miller (UVic) 3 / 10

(On Behalf  of  the BaBar Collaboration)

Tau-muon lepton flavor 
universality in 

Upsilon(3S) decays 

Swagato Banerjee

On behalf of the BABAR collaboration
B factories

t-charm factory

Charmonium physics
Spectroscopy of light-hadron states
Open charm physics 
Probing QCD predictions and New Physics  

BEAUTY	2020	(GeV) Dominant	processes	of	interest Integrated	luminosity	(fb-1) × CLEO-c22-09-2020 �1

[ ]GeVs

R

XYZ	scan	
4190-4280	
7.6	fb−1

10	
billion		
J/ψ

Λc		
4630-4700	
3.7	fb−1

BES III data sets (up to 2020)

b(1S) b(2S) b(3S) b(4S)

b(5S)

6fb-1 = 102M

25fb-1 = 158M
14fb-1 = 99M

3fb-1 = 12M
30fb-1 = 122M

711fb-1 = 772M
433fb-1 = 471M

121fb-1 = 36MOff-peak/Scan
100fb-1 54fb-1
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B-Factories Legacy

• ~2000 – 2010 : BaBar (SLAC) & Belle (KEK)
• Flavor physics: CKM/UT, CPV in B decays
• Hints for NP in rare processes
• New particle discoveries: “XYZ” states

e.g.: “The Physics of the B Factories”, EPJC 74, 3026 (2014)

X(3872) Y(4260)

X(3915)

X(3940)

Y(4660)

Z(4430)
X(4050)
X(4250)

Z(10610)
Z(10650)

Y(4360)

X(4350) Z(3900) Y(10753)
y(3823) cc0(3860)

cc2(3930)

X(4160)

Z(4200)

hb(1S) hb(1P)
hb(2P)
hb(2S)

PRL 91, 262001 (2003)

X(3872): Most cited 
Belle paper (~1900)

bb threshold
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Advantages of Flavor Production in e+e- Collisions
High luminosity can be achieved more easily
Coherent and well defined initial state without additional interactions 
Low (physics) backgrounds, high trigger efficiency, little bias 
Excellent neutral reconstruction (g, p0, h, KS, KL)
Rather uniform efficiency in Dalitz plot 
Good kinematic and vertex resolution 
High flavor-tagging efficiency with low dilution  
Many channels are unique to e+e- flavor factories 
Absolute branching fractions can be measured 
Can study 
- rare and forbidden decays, invisible decays (incl. tau decays)
- asymmetries (CP, isospin) 
- angular distributions 
Systematics quite different from hadron machines 0 in many areas complementary to LHCb
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Quantum entangled neutral 
B meson pair production

zD

Bphys

Btag

Δ t=
Δ z

βγ c

Resolution on 
Δt will be 

dominated by 
the resolution 
of the tagging 

side vertex

Time dependent measurements
Y(4S) is the first resonance just above the BB 
production threshold
Only BB pairs are produced, and are at rest in the 
Y(4S) frame

Δt probability parametrization

Belle ~ 200 mm

Belle II ~ 130 mm  

Luigi Li Gioi 3B2TIP

s(z) < 15 µm

F.Muheim: Highlights from the LHCb Experiment

https://indico.desy.de/event/28202/contributions/102717/
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Ambitious Next Step at Luminosity Frontier: SuperKEKB
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SuperKEKB is the next luminosity frontier

4
EPS-HEP 2021:   Belle II Highlights and Flavour Physics in e+e-

SuperKEKB and Belle II at the Intensity Frontier
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Damping ring (e+)
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SuperKEKB and Nano-Beam Scheme
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SuperKEKB

3

The super B-factory at KEK (2018 start)

● A planned 40-fold increase in luminosity over KEKB (target: 8x1035 

cm-2s-1 instantaneous, 50ab-1 integrated), due to major upgrades:

○ “Nano-beam” scheme (below)

○ Doubled beam currents 

○ (large number of upgrades to RF, magnet, vacuum, etc. 

systems)

● First turns Feb. 10, 2016! Exciting times!

See Y. Onishi, ICHEP highlights, 8/08 
12:10 

IR Superconducting Magnets  

N. Ohuchi 
 

2015/02/23 1 SuperKEKB Review 2015 

beam-beam param. x1

vertical beta function x 1/20

beam current x1.5

Nano-Beam scheme (P. Raimondi):
Squeeze beta function at the IP (βx*,βy*) and minimize longitudinal 
size of overlap region to avoid hourglass effect 
 

 
 
 
 

 
Strong focusing of beams down to vertical size of ~ 50 nm requires 
very low emittance beams and large crossing angle (83 mrad)          
0 Need powerful and sophisticated final focus system (QCS) 

d 

Collision Scheme 
High Current Scheme Nano-Beam Scheme 
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LER / HER KEKB SuperKEKB Effect

Energy [GeV] 3.5 / 8 4.0 / 7.0 boost x 2/3

Crossing angle 2fx [mrad] 22 83

by* [mm] 5.9 / 5.9 0.27 / 0.30 L x 20

I± [A] 1.64 / 1.19 2.8 / 2.0 L x ~1.5

ey = sy x sy’ [pm] 140 / 140 13 / 16

xy ~ (by*/ey)1/2 /s*x 0.129 / 0.09 0.09 / 0.09 L x 1

Luminosity [1034 cm-2 s-1] 2.1 60 L x 30

Y. Ohnishi: Status and perspectives of the SuperKEKB project

https://indico.desy.de/event/28202/contributions/105486/
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Ramping up machine performance proved more challenging than initially hoped for
- vertical beam size blow-up due to beam-beam effect (/crab-waist scheme)
- shorter than expected beam lifetime – limitations of injector power
- lower than expected bunch-current limit due to Transverse Mode Coupling Instabilities (TMCI)
- abnormal beam aborts, sometimes leading to damage of collimators
Despite these difficulties: world record reached in instantaneous luminosity of  3.12 x 1034cm-2s-1 on June 22nd

SuperKEKB Achievements
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SuperKEKB Operation Summary a: February - March 
b: April - July　 
c: October - December

Operation time 
6 - 7 months per year2019ab 2019c 2020ab 2020c 2021ab

βy* 3 → 2 mm βy* 2 → 1 mm βy* 1 → 0.8 mm βy* 1 mm βy* 1 mm

int. L  
recorded

int. L  
delivered

Shift 747.2 pb-1 
May 18 swing

787.6 pb-1 
June 22 swing

Day 1.964 fb-1 
May 18

2.233 fb-1 

May 22

7 days 
May 14 - 20 12.141 fb-1 13.482 fb-1

30 days 
May 18 - June 

23
42.319 fb-1 47.370 fb-1

2021ab 
140 days 123.2 fb-1 138.6 fb-1

total 213.5 fb-1

Peak Luminosity : 3.12 x 1034 cm-2s-1

"TMCI" 
carbon collimator
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Vertical Beam Size at IP 　224 nm : smallest size

3

Beta Squeezing

�
⇤y
=

q
"
y �

⇤y
<latexit sha1_base64="KybcT5crd1x/GzI8aPYbvhooJj8="></latexit><latexit sha1_base64="zjMWb1iudCBt/m69tGprOJyt9xA="></latexit><latexit sha1_base64="y1M9eW4h9VM6xps4ZJuSra3HWqQ="></latexit><latexit sha1_base64="y1M9eW4h9VM6xps4ZJuSra3HWqQ="></latexit><latexit sha1_base64="y1M9eW4h9VM6xps4ZJuSra3HWqQ="></latexit><latexit sha1_base64="1kmkKhFRpR3ZmLh8YupmZsU3w9g="></latexit>

Vertical Beam
 Size at IP

　
224 nm

 : sm
allest size

Y. Ohnishi: Status and perspectives of the SuperKEKB project

IR Superconducting Magnets  

N. Ohuchi 
 

2015/02/23 1 SuperKEKB Review 2015 

https://indico.desy.de/event/28202/contributions/105486/
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Peter Križan, Ljubljana 

electrons))(7GeV))

positrons)(4GeV))

KL and muon detector: 
Resistive Plate Counter (barrel) 
Scintillator + WLSF + MPPC (end-caps) 

Particle Identification  
Time-of-Propagation counter (barrel) 
Prox. focusing Aerogel RICH (fwd) 

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

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

Vertex Detector 
2 layers DEPFET + 4 layers DSSD 

Beryllium beam pipe 
2cm diameter 

Belle II Detector
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electrons		(7	GeV)

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

Central	Drift	Chamber	
Smaller	cell	size,	long	lever	arm

Particle	Identification		
Time-of-Propagation	counter	(barrel)		TOP	
Prox.	focusing	Aerogel	RICH	(forward)	ARICH	
Central	Drift	Chamber

Beryllium	beam	pipe	
2cm	diameter	  

Final	focus	system	QCS	
Set	of	super	conducting	
magnets	very	close	to	the	IP

Trigger		
Hardware	<	30kHz	
Software	<	10kHz

New	for 
Belle	II

eeFACT Hong Kong 2018 Phillip URQUIJO

electrons  (7 GeV)

positrons (4 GeV)

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

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

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

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

Vertex Detector 
2 layers DEPFET + 4 layers DSSD

Beryllium beam pipe 
2cm diameter

Belle II Detector 

 16

19

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

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

integration completed last week (left)

● Central vertexing detectors (SVD+PXD) 

assembling; will be integrated after Phase 2

● Other installation and upgrade work ongoing
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Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
● Drift chamber (CDC) installed October 2016

17

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016TOP

ARICH

VXD

Only 1st layer of PXD fully installed

EM	Calorimeter	
CsI(Tl),	waveform	sampling	electronics

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

Super	conducting	solenoid	
1.5	T	B-field

Taken	over 
from	Belle

Belle II TDR arXiv:1011.0352

https://arxiv.org/abs/1011.0352
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Belle II Physics “Mind Map” for Snowmass 2021 

Dashed	lines	indicate	extensions	to	SuperKEKB/Belle	II	that	can	enhance		
the	physics	reach	of	the	facility.	LOIs:	

Wealth	of	new	physics	possibilities	in	different	domains	of	HEP	(weak,	strong,	
electroweak	interactions).	Many	opportunities	for	initiatives	by	young	scientists.	

https://confluence.desy.de/display/BI/Snowmass+2021 

Very Diverse Belle II Physics Program
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Dashed lines indicate potential extensions to SuperKEKB/Belle II 
that can enhance the physics reach of the facility

The Belle II Physics Book

Prog. Theor. Exp. Phys. 2019, 123C01
arXiv:1808.10567 

Courtesy Tom Browder

https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/1808.10567
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Status of Integrated Luminosity and Long-term Operation Plan

Very successful data taking throughout the pandemic
- overall data taking efficiency of 89.5%
- collected up to 12 fb-1 per week: Super-B factory mode

Current working plan follows the KEK Roadmap2020
- LS1 in 2022 for PXD & TOP-PMT replacement
- options for a possible IR upgrade � 2026 under study ≳

�11

LS1: 
TOP PMT 

PXD

LS2: 
RF upgrade 

IR(QCS)

Remodelling  
of Linac

Tentative long-term operation plan

 34.5 fb-1

 65.8 fb-1
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Towards Measurements of CKM Matrix Elements |Vub| and |Vcb|

Long-standing discrepancy between inclusive and 
exclusive determinations of CKM matrix elements 
|Vub| and |Vcb| 

Analysis of inclusive and exclusive semi-leptonic B 
decays using both tagged and untagged approach
- |Vub|: B/Xu l n , B/p(r,h)l n  ( l = e , µ )

- |Vcb|: B/Xc l n , B/D(*)l n  ( l = e , µ )  

Tagged approach exploits Belle II Full Event 
Interpretation (FEI) algorithm
- hierarchical multivariate technique (>200 BDTs) 

to reconstruct the B-tag side (semi-leptonic or 
hadronic) through O(103) different decay modes 

- results in significantly increased tagging 
efficiency compared to Belle
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Reconstruction of events with missing energy:
Full Event Interpretation (FEI)

5 • Reconstruct one B (Btag) and constrain
the 4-momentum of the other B (Bsig)

• The FEI uses a multivariate technique
to reconstruct the B-tag side
(semileptonic or hadronic) through
O(103) decay modes in a Y(4S) decay. Belle algorithm: NIM A 654, 432-440 (2011)

Belle II FEI: Keck, T., Abudinén, F., Bernlochner, 
F.U. et al. Comput Softw Big Sci (2019) 3: 6. 
https://doi.org/10.1007/s41781-019-0021-8

Tagging efficiency (evaluated on Belle MC) 
@10% purity

−

5

(%) (%)

3

|Vub| and |Vcb| determinations

CKM matrix elements |Vub| and 
|Vcb| probed via semileptonic B 
decays with missing energy 
(neutrinos)

Both CKM matrix elements can be measured via inclusive or 
exclusive B decays:
• |Vub|: ! → #!ℓ%, ! → &((, *)ℓ%
• |Vcb|: ! → #"ℓ%, ! → ,(∗)ℓ%

Belle II physics reach projections summarized in the Belle II Physics Book 
(PTEP 2019 (2019) 12, 123C01, https://doi.org/10.1093/ptep/ptaa008)

Planck 2021, 30.06.2021Thomas Kuhr Page 14

B  D→ *ℓν Branching Fraction arXiv:2008.10299
BELLE2-CONF-PH-2020-009

Y(4S)
B

tag

B
sig

D

π

π

K
ν

ν

K D

ℓℓ

D*

PDG: (5.06 ± 0.12) %

absolute branching fraction

36 38 40 42 44
]-3| [10cb|V
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4
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-3
| [

10
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|V
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|ubExclusive |V

|cb|/|Vub|V
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) = 8.9%2χP(
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|: GGOUub |V
|: global fitcb |V

 = 1.0 contours2χΔ

HFLAV2021

HFLAV
2021

Comput Softw Big Sci 3, 6 (2019)

https://hflav.web.cern.ch

6 Marcella Bona

 UTfit update

 |Vcb| = (41.1 ± 1.0) 10-3  

 uncertainty ~ 2.4%

 uncertainty ~ 5.4%

 |Vub| = (3.89 ± 0.21) 10-3 

A-la-D’Agostini two-dimensional
average procedure:

 |Vub| = (3.70 ± 0.10) 10-3 
 |Vcb| = (41.7 ± 0.4) 10-3  

From global SM fit

 Vcb and Vub 

 |Vub| = (3.68 ± 0.10) 10-3 
 |Vcb| = (41.9 ± 0.5) 10-3  

UTfit prediction:

M.Bona: UTfit 2021 SM update

https://hflav.web.cern.ch
https://indico.desy.de/event/28202/contributions/106109/
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Inclusive and Exclusive b/(c,u)l n Branching Fractions

A large variety of different 
analysis strategies will help 
to resolve the remaining 
discrepancies 
 
 
Alternative approaches, such 
as the recently proposed use 
of inclusive q2-moments, are 
expected to further enhance 
sensitivity to Vcb
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FEI hadronic tag excl. B0/D*l n

Untagged exclusive B/D0l nUntagged inclusive Xu l n FEI hadronic tag excl. B0/p–l n

• Total decay rate expressed as expansion of non-perturbative matrix
elements (heavy quark expansion, HQE)

• Measure the spectral moments (moments of lepton energy or hadronc mass) in
order to simultaneously determine the non perturbative elements and |Vcb| (see
Kevin Olschewsky’s talk for the determination using q2 moments)

• Belle II performed both the untagged and the hadronic tagged analyses

10

Inclusive B → Xcℓn
BELLE2-CONF-DRAFT-2021-026

JHEP02(2019)177

electron momentum

Untagged analysis
• Require one well identified lepton
• Exploit missing mass and momentum to 

reject backgrounds  
• Measure the BR with a ML fit to p*

Main uncertainty is the knowledge of  
B → Xcℓn branching fractions

• FEI hadronic tagged and untagged approaches explored
• Decays reconstructed in the channels )∗ → )(+), )( → -+

Exclusive B → D(∗)ℓn

12

arXiv:2008.10299

Tagged analysis (B0→D*ℓn)
• Almost background free after tag and
signal selection ()∗, )# invariant masses,
+$∗ > 1./0)

• Main systematics: tracking of ps and MC
modelling

• In agreement with world average

Exclusive B → D(∗)ℓn
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Untagged analysis
• qBY angle between the B flight

direction and the direction of the D*ℓ
or D0ℓ system (Y):

• Fit to cosqBY distribution in data
to measure the branching ratio

&! → (")*

&" → (∗+*

consistent with the SM within 1s

BELLE2-CONF-PH-2020-008 
BELLE2-CONF-DRAFT-2021-XXX

In progress: extraction of  |Vcb| from partial branching 
fractions in bins of  hadron recoil parameter spectrum

Exclusive B → D(∗)ℓn

13

Untagged analysis
• qBY angle between the B flight

direction and the direction of the D*ℓ
or D0ℓ system (Y):

• Fit to cosqBY distribution in data
to measure the branching ratio

&! → (")*

&" → (∗+*
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FIG. 5: Distribution of the estimator of expected significance for B0 ! ⇡
�
`
+
⌫` decays

across 500 toy MC samples. The observed significance in data is also plotted.

Ndata
sig 20.79 ± 5.68

f+0 1.058 ± 0.024

CFFEI 0.8301 ± 0.0286

NBB̄ (37.711 ± 0.602) ⇥10
6

✏ (0.216 ± 0.001)%

B(B0 ! ⇡�`+⌫`) (1.58 ± 0.43stat ± 0.07sys) ⇥10
�4

TABLE III: Measured branching fraction of B0 ! ⇡
�
`
+
⌫` decays using 34.6 fb�1 of data.

The values of the parameters used in the measurement are also given.

in percent, are summarised in Table IV, and included:

• f+0: We combine the errors on the world averages for the branching fractions
B(⌥ (4S)! B

+
B

�) and B(⌥ (4S) ! B
0
B̄

0) and calculate the relative uncertainty on
the fraction f+0.

• FEI calibration: The given uncertainty on the calibration factor for the hadronic
FEI was determined taking into account multiple systematic e↵ects in the fitting to the
lepton momentum spectrum of B ! X`⌫ decays. These included uncertainties on both
the branching fractions and form factors of the various semileptonic components of
B ! X`⌫, the lepton ID e�ciency and fake rate uncertainties, tracking uncertainties,
and template uncertainties as a result of MC statistics. The relative uncertainty on
the calibration factor forms the dominant source of systematic uncertainty for this
analysis.

• NBB̄: The uncertainty on the number of BB̄ events in the present dataset includes
systematic e↵ects due to uncertainties on the luminosity, beam energy spread and
shift, tracking e�ciency and the selection e�ciency of BB̄ events.

15

Untagged exclusive B0/D*l n

Lepton momentum p* in the CMS

branching fractions of the decays of the ⌥ (4S) meson to pairs of charged and neutral B-
mesons [7], CFFEI is the FEI calibration factor, NBB̄ is the number of B-meson pairs counted
in the current dataset, and ✏ is the reconstruction e�ciency. The factor of 4 present in the
denominator accounts for the two B-mesons in the ⌥ (4S) decay and the reconstruction of
both light lepton flavors.

The signal e�ciency was calculated from the ratio of signal events present in MC before
and after all analysis selections, and was determined to be (0.216 ± 0.001)%. The values
of the above parameters together with the measured branching fraction are summarised in
Table III. The branching fraction agrees well with the world average value, (1.50 ± 0.06)
⇥10�4 [7].

FIG. 4: Post-fit M2
miss distribution from 34.6 fb�1 of data.

Predicted yield

from MC

Fitted mean µ
from MC

Fitted standard

deviation �
from MC

Observed fitted

yield in data

19.83 20.01 ± 0.26 5.79 ± 0.19 20.79 ± 5.68

TABLE II: Mean and standard deviation of the Gaussian PDF fit to the distributions of
signal yields from 500 toy MC samples. The numbers of expected and observed signal

events in data are also listed.

7. SYSTEMATIC UNCERTAINTIES

A number of sources of systematic uncertainty were identified for this analysis and eval-
uated for the branching fraction measurement. The relative uncertainties for each source,
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• Measure the spectral moments (moments of lepton energy or hadronc mass) in
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Kevin Olschewsky’s talk for the determination using q2 moments)

• Belle II performed both the untagged and the hadronic tagged analyses
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FIG. 1. The reconstructed pre-fitm2
miss distribution is shown and compared to the MC expectation.

The resolution of the peak is dominated by the resolution of the Btag reconstruction. Correctly

reconstructed Bsig candidates are expected to peak at m2
miss ⇡ m2

⌫ ⇠ 0.

calibration, the limited size of the MC sample, the lepton identification, the slow pion
reconstruction, tracking e�ciency, and from the assumed charm branching fractions. Using
the preliminary B counting result of NBB̄ = (37.7± 0.6)⇥106 and f+0 = 1.058±0.024 from
Ref. [10] we obtain

B(B0 ! D⇤+`�⌫ l) =
�
4.51± 0.41stat ± 0.27syst ± 0.45⇡s

�
% . (4)

The largest uncertainty stems from the slow pion e�ciency and a detailed breakdown is given
in Table I. The measured value is lower, but in good agreement with the world average of
Ref. [10] of B(B0 ! D⇤+`�⌫ l) = (5.05± 0.14)%.

5. EECL OF THE SELECTED B0 ! D⇤+`�⌫l EVENTS

The full reconstruction of Btag and Bsig allows one to analyze unassigned energy deposi-
tions in the calorimeter. Their energy can be summed, after some minimal energy cuts and
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to form a Bsig candidate. All tracks must fulfill the same quality criteria as described
above and, except for the slow pion ⇡s daughter produced in the D⇤+ decay, must have at
least one hit in the CDC. Oppositely charged tracks are combined to form D0 candidates.
Each D0 meson candidate is required to have an invariant mass conforming to mK⇡ 2
[1.858, 1.878]GeV/c2 and a CM momentum of less than 3 GeV/c. The D0 meson candidates
are then combined with a third track to form the D⇤+ candidate. The mass di↵erence,
defined as �m = mD

⇤ � mD, must lie within [0.143, 0.148]GeV/c2. In addition, charged
leptons must pass lepton particle identification (PID) criteria in the form of a likelihood,
which is determined using information from the di↵erent detector subsystems and ranges
from zero to unity. Each lepton candidate must have a PID likelihood ratio greater than
0.9 to be selected as either an electron or muon candidate. In addition, we require that
lepton candidates have a CM momentum greater than 1 GeV/c. The lepton candidate is
then combined with an oppositely charged D⇤ candidate and constrained with a vertex fit,
requiring both daughters to originate from a common point. ⌥ (4S) candidates are formed by
combining the resulting D⇤` candidate with a Btag. Events with additional tracks, after the
⌥ (4S) reconstruction, are excluded. At this point, there are on average 1.4 ⌥ (4S) candidates
per event. We select the candidate with the highest FEI signal probability of the daughter
Btag. If an event still has more than one candidate per event (which occurs for about 1.8%
of all remaining events), we select the candidate with its D⇤ candidate mass closest to the
world average D⇤ mass. To reduce possible backgrounds from fully hadronic decays, we also
impose that the missing energy, Emiss = 2 ⇥ ECM � EBtag

� ED
⇤ � E`, exceeds 300 MeV.

Here ED
⇤ and E` denote the energy of the reconstructed D⇤ and lepton candidates, and is

calculated using the reconstructed momenta.

4. SIGNAL EXTRACTION AND BRANCHING FRACTION

The signal is extracted using a binned maximum likelihood fit of m2
miss, defined as

m2
miss =

⇣
pe+ e

� � pBtag
� pD⇤ � p`

⌘2

, (2)

and evaluated in the CM frame with pe+ e
� and pBtag

= (ECM , ~pBtag
) denoting the four-

momenta of the colliding electron-positron pair and the reconstructed Btag candidate. Fur-
ther, p` and pD⇤ denote the four-momenta of the reconstructed lepton and D⇤+ candidate.
Correctly reconstructed B0 ! D⇤+`�⌫ l events should peak close tom2

miss ⇡ m2
⌫ ⇠ 0, whereas

contributions from most background processes will have on average larger values. The m2
miss

distribution of the reconstructed candidate events is shown in Figure 1. For the fit we merge
the small background contributions from continuum processes and other B meson decays.

The fit finds Ns = 133 ± 12 signal and 11 ± 5 background events and the fit result is
shown in Figure 2. The fitted yields can be converted into a branching fraction using

B(B0 ! D⇤+`�⌫ l) =
Ns ⇥ ✏�1

tag+sel

4⇥NBB ⇥ (1 + f+0)
�1 . (3)

Here ✏tag+sel = (0.40± 0.05) ⇥ 10�4 denotes the selection and tagging e�ciencies including
sub decay branching fractions. The quoted error includes uncertainties from the tagging
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Measurement of 1 ! D✓a✓ at Belle II Andrea Fodor 2

(a) (b)

Figure 2: (a): Comparison of data and MC electron COM momentum spectrum in the endpoint region;
1 ! D and 1 ! 2 represent all ⌫ ! -D4a4 and ⌫ ! -24a4 events that pass the selection, respectively; �/k
represents the electrons that originate from �/k ! 4+4� decays; secondaries represent electrons that are
not originating from a ⌫ meson or �/k decay; fakes represent other particles misidentified as electrons. (b):
Electron spectrum in the o�-resonance sample (black points) and in the on-resonance sample (red squares);
the fit used to estimate the continuum contributions is shown with the blue line; the measure of goodness of
fit is shown in the lower panel.

Figure 3: Comparison between ⌫ ! -D4a4 MC and the excess events in data in the electron endpoint region
after the continuum and ⌫⌫̄ background subtraction.

3. Tagged exclusive ⌫0
! c�✓+a✓

A search for the decay2 ⌫0
! c�✓+a✓ [8], where ✓ = 4, `, was performed using hadronic

tagging provided by the Full Event Interpretation (FEI) algorithm [9]. The FEI algorithm is a
tagging algorithm developed at Belle II that uses machine learning for decay reconstruction. In
FEI, one of the two ⌫ mesons produced in the event is reconstructed exclusively in one of the
O(10, 000) available hadronic or semileptonic decay modes. The algorithm uses a hierarchical

2Charge conjugation is implied throughout this report.
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simulation, as well as on o↵-resonance data. The results, reported in Table 3, are in good
agreement with world averages [9]. The signal yield per 106 BB is similar to that reported
by BaBar [5], and almost a factor two larger that that of Belle [4], partially thanks to the
absence of selection on continuum suppression variable. The next step will be to use the
future large data sample collected at Belle II for a full time dependent CP violation analysis.

TABLE 3. Summary of results on branching ratios obtained in this analysis, and comparison with
world averages.

This analysis World average [9]

Channel B (⇥106)

B± ! ⌘0K 63.4 +3.4
�3.3(stat)± 3.4(syst) 70.4± 2.5

B0 ! ⌘0K0 59.9 +5.8
�5.5(stat)± 2.7(syst) 66± 4
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have done a conservative estimate of this uncertainty by varying in the final fit the fraction
of peaking background (Sec.VB) by twice (95% confidence interval) its statistical error.
This procedure yields �Npeaking(µ+µ�) = 28, �Npeaking(e+e�) = 31.

VII. CONCLUSIONS

In the present paper, we have shown preliminary results for the reconstruction of the
B0 ! J/ K0

L decay in the first 62.8 fb�1 of integrated luminosity collected by Belle II,
which constitutes a rediscovery of this decay. The signal yields are:

Nsig (µ+µ�) = 267± 21(stat)± 28(peaking)

Nsig (e+e�) = 226± 20(stat)± 31(peaking).

The overall signal yield obtained with this selection is consistent with that observed by
the Belle Collaboration, with similar purity.

Work is in progress to extend this study to include neutral clusters reconstructed in the
ECL, which will significantly increase the signal sample.

Flavour tagging and tag and decay vertex time reconstruction will also be added to allow
the study of the time-dependent CP violation and the precise measurement of sin(2�1).
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FIG. 4. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-
enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection
reported on the plot, for the channel B0 ! ⌘0K0

S with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D
distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

• tracking e�ciency: we add 0.69% for each charged track in the signal final state [16];

• photon e�ciency: from a sample of e�e+ ! µ�µ+� events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle ✓;

• K0
S reconstruction e�ciency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction e�ciency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);

13

Rediscovery of B/h’K

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at

7

from the e+e� ! cc̄ generic sample nor the o↵-resonance data survive the analysis selection
cuts.

We parameterize the background with an Argus PDF [9] for the combinatorial part and a
CB PDF to describe a possible peaking component, which according to the simulation could
be expected mainly from B ! J/ K⇤0 and B ! J/ K⇤+ decays.

The fraction of the peaking component in the background is determined from fits to
the �E distributions of generic MC events (in which B0 ! J/ K0

L events are excluded
from the B0B0 sample). We find the peaking background fraction fpeak = (0.4± 3.1)% and
fpeak = (0.0± 3.1)% in the J/ ! µ+µ� and J/ ! e+e� final states, respectively.

In order to rely on MC simulations as little as possible, we estimate the fake J/ and fake
K0

L backgrounds directly from data. Wrongly reconstructed J/ candidates can be estimated
using the J/ mass sidebands, while fake K0

L mesons are estimated using an “anti-selection”
of K0

L clusters, with the requirements Nlayers = 1, klongID < 0.05.

VI. RESULTS

We determine the number of signal and background B0 ! J/ K0
L events with an un-

binned ML fit to our 62.8 fb�1 dataset in the �E interval [�20,+80]MeV, as shown in
Figure 4. The background shape parameters determined in the background control sample
are fixed in the fit, as well as the peaking background fraction estimated in the fit of the
simulated background events. The signal shape parameters are used as starting values in
the fit, but to minimize the dependence on MC the sigma and mean of the CB are left
free in the fit. Finally, to extract the number of signal and background events, we also
float the relative normalization of the signal and background distributions. The results are
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FIG. 4. �E distribution of B0 ! J/ K0
L candidate events for J/ ! µ+µ� final states (left) and

J/ ! e+e� final states (right) for a dataset corresponding to a luminosity of 62.8± 0.6 fb�1. The

results of the unbinned ML fit are superimposed.

Nsig(µ+µ�) = 267± 21, Nsig(e+e�) = 226± 20.
A thorough evaluation of the systematics uncertainties has not been performed yet. How-

ever, since we expect the one related to the peaking background to be relatively large, we
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Rediscovery of B/J/yK0L

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at
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6 Final results and conclusions735

A measurement of the D0 and D+ lifetimes is performed using data collected by Belle II736

during 2019 and 2020, and corresponding to an integrated luminosity of 72.0 fb�1. The D0
737

lifetime is measured in two di↵erent decay modes, D0
! K�⇡+ and D0

! K�⇡+⇡+⇡�;738

the blind results are:739

⌧(D0
! K�⇡+) = 416.1± 1.1± 0.8 fs ,740

⌧(D0
! K�⇡+⇡+⇡�) = 414.4± 1.2± 1.4 fs ,741

742

where the first uncertainties are statistical and the second systematic. They are consistent743

with each other within statistical uncertainties. The lifetime measured in theD0
! K�⇡+

744

mode is more precise and is used as nominal results. The D+ lifetime is measured using745

the D+
! K�⇡+⇡+ channel; the blind result is:746

⌧(D+) = 1036.0± 4.7± 3.1 fs .747
748

These are world’s most precise D0 and D+ lifetimes to date, and are still limited by the749

statistical uncertainties.750

After the green light for unblinding has been given, the final results are18751

⌧(D0) = 410.5± 1.1± 0.8 fs ,752

⌧(D+) = 1030.4± 4.7± 3.1 fs .753
754

They are consistent with the world-average values of 410.1±1.5 fs and 1040±7 fs, respec-755

tively [4]. Assuming that all systematic uncertainties are fully correlated between the two756

measurements, with the only exception of those due to the background contamination757

(which are assumed uncorrelated), the total correlation coe�cient is determined to be758

18%. The ratio between D+ and D0 lifetimes is, therefore, derived to be759

⌧(D+)

⌧(D0)
= 2.510± 0.015 .760
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For completeness, the lifetime from the D0

! K�⇡+⇡+⇡�
mode is 408.8± 1.2± 1.4 fs.
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More precise than, and consistent with,  
the respective world-average values  

(410.1±1.5 fs and 1040±7 fs).

Determine also lifetimes ratio considering 
correlations between uncertainties:  

riod. For the systematic contribution, we consider coherent global deformations of the206

vertex detectors with scales, determined by the most misaligned sensors, ranging from207

about 50µm to 700µm. For each, the full alignment procedure is run, yielding residual208

systematic misalignment with scales smaller than 4µm. Additional configurations are209

generated by misaligning the vertex detector while keeping the CDC perfectly aligned.210

Possible imperfections in the calibration of the beam-spot position are also introduced, by211

using beam-spot parameters measured on misaligned simulated control samples to fully212

mimic the procedure used for real data. For each misalignment configuration, the re-213

constructed signal candidates are fit and the lifetime bias is estimated. We estimate the214

systematic uncertainty due to imperfect detector alignment as the sum in quadrature of215

the statistical and systematic contributions, which are the largest lifetime biases observed216

in the corresponding misalignment configurations. The resulting uncertainties are 0.72 fs217

and 1.71 fs for D0 ! K�⇡+ and D+ ! K�⇡+⇡+ decays, respectively.218

The limited knowledge of the momentum scale, calibrated on data using high-yield219

samples of charm-, strange- and beauty-hadron decays, results into 0.19 fs and 0.48 fs220

uncertainties on the measured D0 and D+ lifetimes, respectively. Uncertainties on the221

world-average values of the D0 and D+ masses [2], used in the computation of the decay222

time, result negligible contributions when compared to other systematic uncertainties.223

As a cross-check, an independent measurement of the D0 lifetime is performed using224

approximately 146 ⇥ 103 D⇤+ ! D0(! K�⇡+⇡�⇡+)⇡+ decays reconstructed in data225

with criteria similar to those used for the D0 ! K�⇡+ mode and a signal purity of226

approximately 99%. The resulting lifetime, 408.8±1.2(stat)±1.4(syst) fs, is in agreement227

with the value determined from theD0 ! K�⇡+ mode. The larger systematic uncertainty228

is due to the larger background contamination.229

Finally, the internal consistency of the measurement is tested by repeating the full230

analysis in subsets of the data selected according to criteria that may potentially induce231

biases on the measured lifetimes (such as data-taking periods and conditions, charm meson232

momentum, flight direction and flavor), and by varying the selection requirements and233

the definition of the signal and sideband regions. In all cases the observed variations of234

the results are consistent with statistical fluctuations.235

In conclusions, the D0 and D+ lifetimes are measured using e+e�-collision data col-236

lected by Belle II during 2019 and the first half of 2020, and corresponding to an inte-237

grated luminosity of 72.0 fb�1. The results, ⌧(D0) = 410.5 ± 1.1(stat) ± 0.8(syst) fs and238

⌧(D+) = 1030.4 ± 4.7(stat) ± 3.1(syst) fs, are the world’s most precise to date and are239

consistent with previous determinations [2]. Assuming that all systematic uncertainties240

are fully correlated between the two measurements, with the only exception of those due241

to the background contamination (which are assumed uncorrelated), the total correlation242

coe�cient is determined to be 18%. The ratio between D+ and D0 lifetimes is derived to243

be ⌧(D+)/⌧(D0) = 2.510 ± 0.015. These results demonstrate the excellent performance244

of the vertexing capabilities of the Belle II detector, and prove an in-depth understanding245

of systematic e↵ects that could impact future decay-time dependent analyses of neutral-246

meson mixing and mixing-induced CP violation.247
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- Most critical contribution from 
misalignment of the vertex 
detector, as it affects the scale  
of the flight length.  
Periodic calibration with control 
data measures misaligned sensors  
with few μm accuracy. 

- For D+ dominant systematic from 
background modelling.  

- Both contributions can improve. 

Uncertainty budget
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Parameter Fit result

D0 ! K�⇡+ D0 ! K�⇡+⇡+⇡� D+ ! K�⇡+⇡+

⌧ (fs) 410.5± 1.1 408.8± 1.2 1030.4± 4.7
b (fs) 3.30± 0.55 5.27± 0.64 7.5± 1.7
bbkg (fs) – – 4.4± 2.3
f1 0.969± 0.010 – –
s(1) 1.118± 0.013 1.1648± 0.0084 1.2887± 0.0099
s2 2.47± 0.18 – –
fb – – 0.08803± 0.00050
fbl – – 0.401± 0.017
fbl1 – – 0.825± 0.011
⌧b1 (fs) – – 153.1± 6.5
⌧b2 (fs) – – 818± 34

Table 2: Detailed results of the fits to the data.

Source Uncertainty (fs)

D0 ! K�⇡+ D0 ! K�⇡+⇡+⇡� D+ ! K�⇡+⇡+

Resolution model 0.16 0.46 0.39
Backgrounds 0.24 1.23 2.52
Detector alignment 0.72 0.43 1.70
Momentum scale 0.19 0.19 0.48
Input charm masses 0.01 0.01 0.03

Total systematic 0.8 1.4 3.1
Statistical 1.1 1.2 4.7

Table 3: Summary of uncertainties a↵ecting the lifetime measurements. The total sys-
tematic is the sum in quadrature of the individual components.
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- Validation with independent sample of D*+→D0(→K–π+π—π+)π+.  
Different decay topology, larger (~1%) background contamination than D0→K–π+. 
Measure D0 lifetime with 1.2 fs precision (stat-only) in agreement with D0→K–π+ result.
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Figure 1: Mass distributions of (top) D0 ! K�⇡+ and (bottom) D+ ! K�⇡+⇡+ can-
didates with fit projections overlaid. The vertical dashed and dotted lines indicate the
signal and sideband regions, respectively.

D0 ! K+K�, each modeled with a Johnson’s SU distribution [16] with parameters deter-97

mined from simulation, do not enter the signal region; the remaining background, modeled98

with an exponential distribution, is dominated by random combinations of particles form-99

ing candidates with zero e↵ective lifetime.100

The selection of the D⇤+ ! D+(! K�⇡+⇡+)⇡0 candidates follows similar criteria as101

those for the D0 mode, but with more stringent requirements to suppress a larger back-102

ground contamination. Candidate kaons and pions are tracks that have a hit in the first103

layer of the PXD, at least one hit in the SVD, and at least 30 hits in the CDC. They104

are combined to form D+ ! K�⇡+⇡+ candidates. To suppress backgrounds from mis-105
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Figure 2: Decay-time distributions of (top) D0 ! K�⇡+ and (bottom) D+ ! K�⇡+⇡+

candidates in their respective signal regions with fit projections overlaid.

for in the fit of the D+ lifetime using sideband data. In simulation, the sideband (t, �t)185

distribution describes well the background (t, �t) distribution in the signal region. The186

same might not hold in data given that some disagreement is observed between data187

and simulation in the t distribution of the candidates populating the sideband region.188

One thousand samples of simulated decays, emulating sideband data that do not describe189

the background in the signal region with a similar level of disagreement, are generated190

and fit. The absolute average di↵erence between the measured and simulated lifetimes,191

2.52 fs, is assigned as a systematic uncertainty due to the modeling of the background192

(t, �t) distribution. In the lifetime fit, the fraction of background decays in the signal193

region is constrained from the fit to the m(K�⇡+⇡+) distribution. The lifetimes measured194
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- Fit to unbinned (t,σt) distribution 

- Background neglected for 
D0→K–π+, while it is modelled 
using data sidebands for 
D+→K–π+π+ 

- Resolution function  
(2 gaussian for D0,  
gaussian for D+)  
determined directly in data. 
Width of ~60-70 fs.
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Expected Impact of Belle II on the Longstanding “Kp’’ Puzzle
A significant difference is seen between direct CP asymmetry in B0/K+p– and B+/K+p0 decays:  
∆ACP = 0.124 ± 0.021
An Isospin sum rule has been proposed which provides a sensitive null-test:  PLB 627, 82 (2005) 

�
- a violation of the sum rule would be evidence for New Physics 
- precision on AK0p0 is the most limiting input for test of sum rule

IK⇡ = AK+⇡� +AK0⇡+

B(K0⇡+)

B(K+⇡�)

⌧B0

⌧B+

� 2AK+⇡0

B(K+⇡0)

B(K+⇡�)

⌧B0

⌧B+

� 2AK0⇡0
B(K0⇡0)

B(K+⇡�)
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each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
in the good tag region 0.25  r  1 and in the signal region (left panel: �0.16 < �E < 0.08 GeV,
right panel: Mbc > 5.27 GeV/c2).
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is consistent with zero with a 7% uncertainty. We assign as a systematic uncertainty the
observed shift on AK

0
⇡

0 from this alternative fit.

TABLE II. Summary of the (fractional) systematic uncertainties of the branching fraction mea-
surement.

Source �B(%)

Tracking e�ciency 1.8

K0
S reconstruction e�ciency 3.8

⇡0 reconstruction e�ciency 13.0

Continuum-suppression e�ciency 2.4

N(BB̄) (as written in Eq. 3) 1.4

Signal model <0.1

Continuum background model 1.4

Total 14.0

TABLE III. Summary of (absolute) systematic uncertainties in the A
K

0
⇡

0 measurement.

Source �AK
0
⇡
0

Flavor tagging modelling 0.03

B0 mixing parameter �d <0.01

B-decay background asymmetry 0.03

Continuum background asymmetry 0.01

Total 0.04

8. RESULT AND FUTURE IMPACT

We report a measurement of the direct CP asymmetry of the B0 ! K0⇡0 decay and an
update of its branching fraction that supersedes the value measured in Ref. [5]. We use data
collected by Belle II experiment in 2019 and 2020, corresponding to 62.8 fb�1 of integrated
luminosity, collected at the ⌥ (4S) resonance. We used simulation to devise and optimize
the candidate selection. We reconstruct and select 45+9

�8 signal candidates, from which we
determine the CP asymmetry and the branching fraction to be

AK
0
⇡

0 = �0.40+0.46
�0.44(stat) ± 0.04(syst), and

B(B0 ! K0⇡0) = [8.5+1.7
�1.6(stat) ± 1.2(syst)] ⇥ 10�6.

The value of the branching fraction is in agreement with known determinations. The direct
CP asymmetry AK

0
⇡

0 is measured for the first time at Belle II, paving the way for a precise
test of the isospin sum rule with larger Belle II datasets.

Belle II plays a crucial role in updating the isospin sum rule results, as it is the only run-
ning experiment that reports measurements of branching fraction and CP -violating asymme-
tries of B0 ! K0⇡0 decays. We investigate the impact that these and future measurements
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Towards Belle II Measurement of f3 /g with B/D(*)K/p Transitions
B−/D(*)0p− and  B0/D(*)+p− are the most 
abundant hadronic B decays 
B−/D(*)0K− are sensitive to CKM unitarity-
triangle angle f3 (or g) 
- “golden’’ mode: B−/D0(K0Sp+p−)K−

Many systematic uncertainties cancel in the 
ratio of decay rates
Results agree with world average (LHCb) 
 

Re-optimization of Belle f3-analysis ongoing
- precision of favoured BPGGSZ method 

strongly depends on recent BES III results 
on strong phases between D0 and D0 
decays to K0Spp 

- aiming for first Belle+Belle II combined 
result by end of summer

�17
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1. INTRODUCTION

We report the first measurements at Belle II of observables related to B� ! D(⇤)0h� and
B̄0 ! D(⇤)+h� decays, where h� is either a ⇡� orK� meson. (Throughout this paper charge-
conjugate is implied.) These decay modes are of interest for two reasons. Firstly, the decays
B� ! D(⇤)0⇡� and B̄0 ! D(⇤)+⇡� arise from the favoured b ! c transition, which makes
them some of the most abundant hadronic B decays with branching fractions between 0.25%
and 0.5% [1]. Therefore, these modes are important control channels for other fully hadronic
B-decay measurements, such as those of time-dependent CP violation and charmless B
decays. Secondly, the decays B� ! D(⇤)0K� are sensitive to the b� d Cabibbo-Kobayashi-
Maskawa (CKM) [2] unitarity-triangle angle �3 (or �) [3]. A more precise determination of
�3 is one of the primary goals of Belle II [4].

An important set of observables related to these modes are the ratios between the decay
rates:

R(⇤)0 =
�(B� ! D(⇤)0K�)

�(B� ! D(⇤)0⇡�)
(1)

R(⇤)+ =
�(B̄0 ! D(⇤)+K�)

�(B̄0 ! D(⇤)+⇡�)
. (2)

These observables can test theoretical predictions, particularly of factorization and SU(3)
symmetry breaking in quantum chromodynamics (QCD) [5]. We present measurements
of R(⇤)0/+ for four decay modes: (1) B� ! D0h�, D0 ! K�⇡+ or D0 ! K0

S⇡
+⇡�; (2)

B� ! D⇤0h�, D⇤0 ! D0⇡0, D0 ! K�⇡+; (3) B̄0 ! D+h�, D+ ! K�⇡+⇡+; and (4)
B̄0 ! D⇤+h�, D⇤+ ! D0⇡+, D0 ! K�⇡+.

Among these decays B� ! D0(K0
S⇡

+⇡�)K� is the single most sensitive mode to deter-
mine �3 [6–8] at Belle II [4]. Therefore, the demonstration of an e�cient reconstruction of
this mode at Belle II is a significant first step toward a determination of �3. Hence, a more
complex analysis is performed for B� ! D0(K0

S⇡
+⇡�)K� compared to the other modes,

which are used as high-statistics control samples or for tests of QCD.

The remainder of this paper is organised as followed. Section 2 describes the Belle II
detector, as well as the data and simulation samples used in these analyses. The event
selection requirements are outlined in Sec. 3. Section 4 describes how the values of R(⇤)0/+

are determined from the data, the results are presented and the evaluation of systematic
uncertainties described. Section 5 gives the conclusion and outlook.

2. THE BELLE II DETECTOR AND DATA SAMPLE

Belle II [9] is a particle-physics spectrometer with almost 4⇡ solid-angle coverage, which
is designed to reconstruct the products of electron-positron collisions produced by the Su-
perKEKB asymmetric-energy collider [10], located at the KEK laboratory in Tsukuba,
Japan. The energies of the electron and positron beams are 7 GeV and 4 GeV, respec-
tively. Belle II comprises several subdetectors arranged around the interaction point in a
cylindrical geometry. The innermost subdetector is the vertex detector (VXD), which uses
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R(⇤)0 =
�(B� ! D(⇤)0K�)

�(B� ! D(⇤)0⇡�)
(1)

R(⇤)+ =
�(B̄0 ! D(⇤)+K�)

�(B̄0 ! D(⇤)+⇡�)
. (2)

These observables can test theoretical predictions, particularly of factorization and SU(3)
symmetry breaking in quantum chromodynamics (QCD) [5]. We present measurements
of R(⇤)0/+ for four decay modes: (1) B� ! D0h�, D0 ! K�⇡+ or D0 ! K0

S⇡
+⇡�; (2)

B� ! D⇤0h�, D⇤0 ! D0⇡0, D0 ! K�⇡+; (3) B̄0 ! D+h�, D+ ! K�⇡+⇡+; and (4)
B̄0 ! D⇤+h�, D⇤+ ! D0⇡+, D0 ! K�⇡+.

Among these decays B� ! D0(K0
S⇡

+⇡�)K� is the single most sensitive mode to deter-
mine �3 [6–8] at Belle II [4]. Therefore, the demonstration of an e�cient reconstruction of
this mode at Belle II is a significant first step toward a determination of �3. Hence, a more
complex analysis is performed for B� ! D0(K0

S⇡
+⇡�)K� compared to the other modes,

which are used as high-statistics control samples or for tests of QCD.

The remainder of this paper is organised as followed. Section 2 describes the Belle II
detector, as well as the data and simulation samples used in these analyses. The event
selection requirements are outlined in Sec. 3. Section 4 describes how the values of R(⇤)0/+

are determined from the data, the results are presented and the evaluation of systematic
uncertainties described. Section 5 gives the conclusion and outlook.

2. THE BELLE II DETECTOR AND DATA SAMPLE

Belle II [9] is a particle-physics spectrometer with almost 4⇡ solid-angle coverage, which
is designed to reconstruct the products of electron-positron collisions produced by the Su-
perKEKB asymmetric-energy collider [10], located at the KEK laboratory in Tsukuba,
Japan. The energies of the electron and positron beams are 7 GeV and 4 GeV, respec-
tively. Belle II comprises several subdetectors arranged around the interaction point in a
cylindrical geometry. The innermost subdetector is the vertex detector (VXD), which uses
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þ π−;K0
SðLÞπ

þ π−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þ π− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þ π− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þ π− [30] and D0 → K0

Lπ
þ π−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þ π− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þ π− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþ π−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþ π− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þ π− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þ π− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 1. Signal-enhanced (left) �E and (right) C 0 distributions for B� ! D0(K0
S⇡

+⇡�)h� for
the pion-enhanced (top) and kaon-enhanced (bottom) data sample. The projection of the total
and individual components of a simultaneous unbinned maximum-likelihood fit are overlaid. The
signal-enhancement is achieved by requiring |�E| < 0.03 GeV and 0.65 < C 0 < 1 on the C 0 and
�E distributions, respectively.

and kaon-enhanced samples can be expressed by the following relations:

ND(⇤)⇡
pion enhanced = (1� )ND(⇤)⇡

tot (5)

ND(⇤)⇡
kaon enhanced = ND(⇤)⇡

tot (6)

ND(⇤)K
kaon enhanced = ✏R(⇤) ND(⇤)⇡

tot (7)

ND(⇤)K
pion enhanced = (1� ✏)R(⇤) ND(⇤)⇡

tot . (8)

Here the pion fake rate  is a free parameter, as well as R(⇤) and ND(⇤)⇡
tot , respectively the ratio

between the decay rates defined in Eq. (2) and the signal yield of B ! D(⇤)⇡ mode. Due to
the low yield of B ! D(⇤)K cross feed to the pion-enhanced sample, the kaon identification
e�ciency ✏ is fixed to the value obtained from the tagged D control samples that are used
to calibrate the particle identification [23] performance.

Three background components are considered:

• continuum qq̄ background;

• combinatorial BB̄ background, in which the final state particles could be coming from
both B mesons in an event; and
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and individual components of a simultaneous unbinned maximum-likelihood fit are overlaid. The
signal-enhancement is achieved by requiring |�E| < 0.03 GeV and 0.65 < C 0 < 1 on the C 0 and
�E distributions, respectively.

and kaon-enhanced samples can be expressed by the following relations:
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Here the pion fake rate  is a free parameter, as well as R(⇤) and ND(⇤)⇡
tot , respectively the ratio

between the decay rates defined in Eq. (2) and the signal yield of B ! D(⇤)⇡ mode. Due to
the low yield of B ! D(⇤)K cross feed to the pion-enhanced sample, the kaon identification
e�ciency ✏ is fixed to the value obtained from the tagged D control samples that are used
to calibrate the particle identification [23] performance.

Three background components are considered:

• continuum qq̄ background;

• combinatorial BB̄ background, in which the final state particles could be coming from
both B mesons in an event; and
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is constrained to its known value in subsequent kinematic fits to improve its four-momentum
resolution.

Invariant-mass restrictions are placed on the the D and D⇤ candidates, formed from
combinations of the selected ⇡+, K+, K0

S and ⇡0 candidates, to reduce combinatorial back-
ground:

• 1.84 < M(K�⇡+) < 1.89 GeV/c2;

• 1.85 < M(K0
S⇡

�⇡+) < 1.88 GeV/c2;

• 1.844 < M(K�⇡+⇡+) < 1.894 GeV/c2;

• 0.140 < M(D0⇡0)�M(D0) < 0.144 GeV/c2; and

• 0.143 < M(D0⇡+)�M(D0) < 0.147 GeV/c2.

These intervals correspond to between ±3.5� and ±4.0� about the nominal D(⇤) masses
[1], where � is the invariant-mass resolution. To improve the resolution of the selected D(⇤)

candidate’s four-momentum, it is reconstructed using a kinematic fit that constraints the
reconstructed mass to the known D(⇤) mass [1]. This fit improves the resolution of the
beam-energy di↵erence [defined in Eq. (4)] by approximately 11%.

B-meson candidates are reconstructed by combining a D or D⇤ candidate with a charged
track without any particle identification criteria applied. The kinematic variables used to
discriminate B decays from combinatorial or partially reconstructed background are the
beam-energy-constrained mass

Mbc =
1

c2

vuutE2
beam �

 
X

i

~pic

!2

, (3)

and the beam-energy di↵erence

�E =
X

i

Ei � Ebeam , (4)

where Ebeam is the beam energy and (Ei, ~pic) is the four-momentum of the ith decay product
of the B candidate; all quantities are calculated in the center-of-mass frame. For correctly re-
constructed signal, Mbc peaks at the nominal mass of the B meson [1] and �E peaks at zero.
We retain candidates with Mbc > 5.27 GeV/c2. The distribution of �E for selected candi-
dates is fit to determine the values of R(⇤)+/0. Therefore, mode-dependent �E criteria are
placed to define the interval over which the distribution is fit. The reason for the di↵ering�E
ranges is two-fold: to remove partially reconstructed background and to increase sideband
control regions for the two-dimensional fit in the mode B� ! D(K0

S⇡
+⇡�)h�. The�E crite-

ria are �0.13 < �E < 0.15 GeV for B� ! D0(K�⇡+)h� and B� ! D⇤0[D0(K�⇡+)⇡0]h�,
�0.13 < �E < 0.18 GeV for B� ! D0(K0

S⇡
+⇡�)h�, and �0.15 < �E < 0.15 GeV for

B̄0 ! D(⇤)+h�.

There are a few background modes that can peak in the same manner as the signal
(‘peaking background’). The decay B� ! J/ (`+`�)K� may contribute to the background
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TABLE I. R+ and R0 results compared to those reported by the LHCb Collaboration [24, 25].

B� ! D0(K�⇡+)h� B� ! D0(K0
S⇡

+⇡�)h� B̄0 ! D+h�

Belle II R+/0 (⇥10�2) 7.66± 0.55 +0.11
�0.08 6.32± 0.81 +0.09

�0.11 9.22± 0.58± 0.09

LHCb R+/0 (⇥10�2) 7.77± 0.04± 0.07 [24] 7.77± 0.04± 0.07 [24] 8.22± 0.11± 0.25 [25]

• cross-feed peaking background from B+ ! Dh+, where h = ⇡,K, in which the charged
kaon is misidentified as a pion or vice versa.

There is no significant correlation between �E and C 0, so the two-dimensional PDF for each
of the components is the product of one-dimensional �E and C 0 PDFs. The sum of a double
Gaussian function and an asymmetric Gaussian function with a common mean is used as the
PDF to model the �E signal component in both samples. A uniform distribution is used to
model the C 0 signal component in both samples. The continuum background distribution is
modeled with a first-order polynomial in �E and by the sum of two exponential functions
in C 0. The �E distribution of combinatorial BB̄ background in D⇡ is described by an
exponential function. A first-order polynomial is added to the above two PDFs in the case
of B ! DK decays. The C 0 distribution in the B ! D⇡ (B ! DK) sample is modeled by
a first-order (third-order) polynomial. The cross-feed peaking background in �E is modeled
by the sum of a (double) Gaussian and an asymmetric Gaussian in the B ! DK (B ! D⇡)
sample and a first-order polynomial is used to model the C 0 distribution for both samples.

All yields are determined from the fit to data. For the �E PDFs the following parameters
are determined in the fit to data: the signal PDF mean value, polynomial coe�cient for
continuum background �E distribution, the exponential parameter for BB̄ background,
and the di↵erence between the means of the signal and cross-feed peaks in the B ! DK
sample. For the C 0 PDFs the following parameters are determined from the fit to data: the
polynomial coe�cient of the BB̄ background and one of the exponential parameters of the
continuum background. All other shape parameters are fixed to those obtained from fits to
appropriate MC samples. A scaling factor is applied on the �E signal resolution, which is
a free parameter in the fit. The signal-enhanced fit projections for the data are shown in
Fig. 1, where the signal regions are defined as |�E| < 0.03 GeV and 0.65 < C 0 < 1.

For the other modes, in which continuum background is suppressed by simply requiring
R2 < 0.3, the signal yield is extracted using a simultaneous fit to only the �E distributions
in both samples. In few modes, there remains a peaking background from charmless hadronic
B decays which have the same final state as the signal, e.g. B ! K⇢ for the B ! D(K⇡)⇡
mode. The peaking background yield is fixed from MC simulation properly scaled by their
measured branching fraction [1]. The fit projections for the data are shown for B� !
D0(K�⇡+)h�, B� ! D⇤0[D0(K�⇡+)⇡0]h�, B̄0 ! D+(K�⇡+⇡+)h� and B̄0 ! D(⇤)+h�

in Figs. 2, 3, 4 and 5, respectively. The measured values of R(⇤)+ and R(⇤)0 are listed in
Tables I and II, respectively. The results reported by the LHCb Collaboration [24–26] are
also given in these tables; these measurements dominate the world-average values reported
by the Particle Data Group (PDG) [1].

We consider several sources of systematic uncertainties. We assume the sources are
independent, such that the total systematic uncertainty is the sum in quadrature of the con-
tributions from individual sources. The individual contributions to the R(⇤)+/0 systematic
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series of anomalies with several modes.
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tensions, though the SM prediction suffers from 
the hadronic uncertainty.
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B+ oK+ℓℓ decays at Belle II 
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BF a 10-7

• These decays have raised a lot of interest in 
the study of  the LFU ratio.

• The rare decays B+oK+ℓℓ (ℓ =e, μ ) are seen at 
Belle II with just 62.8 fb-1

• Signal yield : 8.6−3.9
+4.3 ± 0.4 (2.7V)

• B-decays with bosℓℓ transitions: FCNCs, suppressed at tree level and sensitive to 
many SM extension.
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Figure 1. Signal-enhanced Mbc (left), ∆E (middle), and O′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

as calibration modes for the PDF shapes used as well as to calibrate the efficiency of

O > Omin requirement for possible difference between data and simulation. These are also

used to verify that there is no bias for some of the key observables. For example, we ob-

tain RK(J/ψ) = 0.994 ± 0.011 ± 0.010 and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and

B → J/ψK0
S
, respectively. Similarly, AI(B → J/ψK) is −0.002 ± 0.006 ± 0.014.
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Belle II 
B→K+ l+ l-

Belle JHEP 2103, 105 
(2021)  B→K+ e+ e- 

Belle Phys. Rev. Lett. 
126, 161801 (2021)

• Long term focus on electron channels (LFUV, angular analyses) &  inclusive channels. 

•  q2 (electron) resolution ~ 50 MeV2/c2 near J/ψ, background constrained with Mbc. 

9 Radiative and Electroweak Penguin B Decays

Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

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

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.38 0.12 0.050

QFL
([2.5, 4.0] GeV2) 0.34 0.12 0.044

QFL
([4.0, 6.0] GeV2) 0.28 0.092 0.036

QFL
(> 14.2 GeV2) 0.18 0.054 0.018

Q1 ([1.0, 2.5] GeV2) 1.2 0.48 0.15

Q1 ([2.5, 4.0] GeV2) 1.0 0.42 0.14

Q1 ([4.0, 6.0] GeV2) 0.86 0.34 0.11

Q1 (> 14.2 GeV2) 0.66 0.24 0.080

Q2 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q2 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q2 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q2 (> 14.2 GeV2) 0.17 0.068 0.022

Q3 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q3 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q3 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q3 (> 14.2 GeV2) 0.36 0.14 0.044

Q4 ([1.0, 2.5] GeV2) 1.0 0.36 0.11

Q4 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q4 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q4 (> 14.2 GeV2) 0.52 0.20 0.064

Q5 ([1.0, 2.5] GeV2) 0.94 0.34 0.11

Q5 ([2.5, 4.0] GeV2) 0.84 0.30 0.10

Q5 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q5 (> 14.2 GeV2) 0.46 0.18 0.054

Q6 ([1.0, 2.5] GeV2) 1.0 0.34 0.11

Q6 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q6 ([4.0, 6.0] GeV2) 0.72 024 0.080

Q6 (> 14.2 GeV2) 0.54 0.20 0.064

Q8 ([1.0, 2.5] GeV2) 1.0 0.38 0.12

Q8 ([2.5, 4.0] GeV2) 0.94 0.34 0.11

Q8 ([4.0, 6.0] GeV2) 0.76 0.28 0.090

Q8 (> 14.2 GeV2) 0.54 0.20 0.064

245/688
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Figure 1. Signal-enhancedMbc (left), ∆E (middle), andO′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

listed in table 2. These samples serve as calibration modes for the PDF shapes used
as well as to calibrate the efficiency of O > Omin requirement for possible difference
between data and simulation. These are also used to verify that there is no bias for
some of the key observables. For example, we obtain RK(J/ψ) = 0.994 ± 0.011 ± 0.010
and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and B0 → J/ψK0

S , respectively. Similarly,
AI(B → J/ψK) is −0.002± 0.006± 0.014.
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Figure 1. Signal-enhancedMbc (left), ∆E (middle), andO′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

listed in table 2. These samples serve as calibration modes for the PDF shapes used
as well as to calibrate the efficiency of O > Omin requirement for possible difference
between data and simulation. These are also used to verify that there is no bias for
some of the key observables. For example, we obtain RK(J/ψ) = 0.994 ± 0.011 ± 0.010
and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and B0 → J/ψK0

S , respectively. Similarly,
AI(B → J/ψK) is −0.002± 0.006± 0.014.
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B+/K+µ+µ– B+/K+e+e–

bins are studied using MC events and found to be
negligible. In the case of results for the full region of
q2 > 0.045 GeV2=c4, the different veto regions for the
electron and muon channels need to be accounted for in the
determination of reconstruction efficiency. This introduces
model dependence to our signal simulation, which uses
form factors from Ref. [23]. We estimate the systematic
uncertainty due to this model dependence using different
signal MC samples generated with form factors from QCD
sum rules [24] and quark models [25]. The maximum
difference in selection efficiency with respect to the
nominal model, in each q2 region, is taken as our estimate

for the size of this effect. This results, on average, in a
difference of 0.4! 2.4% with a maximum of 6.5%,
depending on the mode and q2 region. As discussed in
the beginning, this uncertainty only applies to the branch-
ing fractions, not to the LFU ratios. The systematic
uncertainty for hadron identification and K" selection is
covered in the uncertainty for the top-level classifiers due to
the multivariate selection approach. For the branching
fraction measurements, additional uncertainties from
tracking (0.35% per track) and the total number of BB̄
events in data are taken into account. The dominant
uncertainty originates from lepton identification, ranging

(b)

(c)

(a)

FIG. 2. Results for RK" (a), RK"þ (b), and RK"0 (c) compared to SM predictions from Refs. [26,27]. The separate vertical error bars
indicate the statistical and total uncertainty. Shaded bands indicate the charmonium vetoes.

TABLE II. Results for RK", RK"0 , and RK"þ . The first uncertainty is statistical and the second is systematic.

q2 (GeV2=c4) All modes B0 modes Bþ modes

[0.045, 1.1] 0.52þ0.36
−0.26 ! 0.05 0.46þ0.55

−0.27 ! 0.13 0.62þ0.60
−0.36 ! 0.07

[1.1, 6] 0.96þ0.45
−0.29 ! 0.11 1.06þ0.63

−0.38 ! 0.13 0.72þ0.99
−0.44 ! 0.14

[0.1, 8] 0.90þ0.27
−0.21 ! 0.10 0.86þ0.33

−0.24 ! 0.09 0.96þ0.56
−0.35 ! 0.13

[15, 19] 1.18þ0.52
−0.32 ! 0.10 1.12þ0.61

−0.36 ! 0.10 1.40þ1.99
−0.68 ! 0.11

[0.045, 19] 0.94þ0.17
−0.14 ! 0.08 1.12þ0.27

−0.21 ! 0.09 0.70þ0.24
−0.19 ! 0.06

PHYSICAL REVIEW LETTERS 126, 161801 (2021)

161801-6

Phys. Rev. Lett. 126, 161801 (2021)
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RK(⇤) =
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

| Search for  and other electroweak/radiative penguin processes at Belle II | Simon Kurz, July 2021B± → K± νν̄ 6

Overview and First Results
Study of B± → K± ℓ+ ℓ−

• Important to have independent measurement of FCNC decay  (with 
) to shed more light onto results from LHCb arXiv:2103.11769 (submitted to Nature Physics) 

• Rediscovery of :

B± → K± ℓ+ ℓ−

ℓ= e, μ

B± → K± ℓ+ ℓ−

• Available data not enough to determine key observables like branching fraction, 
isospin asymmetry,  (ratio of BRs of muon and election channel) 

• Prepare/rehearse analysis using   (with ) control 
sample (same final state but large BR)

RK
B → J/Ψ(ℓ+ ℓ−) K K= K± , K0

S

Observed 
 

(stat./syst.) 
signal events in 
2D fit ( , )

8.6+ 4.3
−3.9 ± 0.4

Mbc ΔE

Flavor-Changing Neutral Current (FCNC)

BELLE

Belle II 2021 Phillip URQUIJO

B→K(*)±/0 l+l-

16

FPCP2021 Shun Watanuki 32021/6/7

Ø As we might already know, LHCb reported a 
series of anomalies with several modes.
(B0→K*0ℓ+ℓ-, B+→K+ℓ+ℓ-, Lb→pKℓ+ℓ-)

Ø Angular analyses with B→K*µ+µ- also shows 
tensions, though the SM prediction suffers from 
the hadronic uncertainty.
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JHEP 08, 055(2017)

RK* by LHCb
3fb-1

LHCb measurement of RK
[LHCb-PAPER-2021-004]

17

B+ oK+ℓℓ decays at Belle II 

22-Mar-2021 Moriond-QCD 2021  |   S. Sandilya 9

BF a 10-7

• These decays have raised a lot of interest in 
the study of  the LFU ratio.

• The rare decays B+oK+ℓℓ (ℓ =e, μ ) are seen at 
Belle II with just 62.8 fb-1

• Signal yield : 8.6−3.9
+4.3 ± 0.4 (2.7V)

• B-decays with bosℓℓ transitions: FCNCs, suppressed at tree level and sensitive to 
many SM extension.
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Figure 1. Signal-enhanced Mbc (left), ∆E (middle), and O′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

as calibration modes for the PDF shapes used as well as to calibrate the efficiency of

O > Omin requirement for possible difference between data and simulation. These are also

used to verify that there is no bias for some of the key observables. For example, we ob-

tain RK(J/ψ) = 0.994 ± 0.011 ± 0.010 and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and

B → J/ψK0
S
, respectively. Similarly, AI(B → J/ψK) is −0.002 ± 0.006 ± 0.014.

– 7 –

Belle II 
B→K+ l+ l-

Belle JHEP 2103, 105 
(2021)  B→K+ e+ e- 

Belle Phys. Rev. Lett. 
126, 161801 (2021)

• Long term focus on electron channels (LFUV, angular analyses) &  inclusive channels. 

•  q2 (electron) resolution ~ 50 MeV2/c2 near J/ψ, background constrained with Mbc. 

9 Radiative and Electroweak Penguin B Decays

Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

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

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.38 0.12 0.050

QFL
([2.5, 4.0] GeV2) 0.34 0.12 0.044

QFL
([4.0, 6.0] GeV2) 0.28 0.092 0.036

QFL
(> 14.2 GeV2) 0.18 0.054 0.018

Q1 ([1.0, 2.5] GeV2) 1.2 0.48 0.15

Q1 ([2.5, 4.0] GeV2) 1.0 0.42 0.14

Q1 ([4.0, 6.0] GeV2) 0.86 0.34 0.11

Q1 (> 14.2 GeV2) 0.66 0.24 0.080

Q2 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q2 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q2 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q2 (> 14.2 GeV2) 0.17 0.068 0.022

Q3 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q3 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q3 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q3 (> 14.2 GeV2) 0.36 0.14 0.044

Q4 ([1.0, 2.5] GeV2) 1.0 0.36 0.11

Q4 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q4 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q4 (> 14.2 GeV2) 0.52 0.20 0.064

Q5 ([1.0, 2.5] GeV2) 0.94 0.34 0.11

Q5 ([2.5, 4.0] GeV2) 0.84 0.30 0.10

Q5 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q5 (> 14.2 GeV2) 0.46 0.18 0.054

Q6 ([1.0, 2.5] GeV2) 1.0 0.34 0.11

Q6 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q6 ([4.0, 6.0] GeV2) 0.72 024 0.080

Q6 (> 14.2 GeV2) 0.54 0.20 0.064

Q8 ([1.0, 2.5] GeV2) 1.0 0.38 0.12

Q8 ([2.5, 4.0] GeV2) 0.94 0.34 0.11

Q8 ([4.0, 6.0] GeV2) 0.76 0.28 0.090

Q8 (> 14.2 GeV2) 0.54 0.20 0.064

245/688

Planck 2021, 30.06.2021Thomas Kuhr Page 16

b  s→ ℓℓ
BR(B → Kμ+μ–) / BR(B  Ke→ +e–)

arXiv:2103.11769

B → K*μ+μ–

uncertainty

Similar sensitivity for R(K*) and R(X
s
)

ht
tp

s:
//d

oc
s.

be
lle

2.
or

g/
re

co
rd

/1
90

6/
 

fil
es

/A
pp

ro
ve

d_
Pl

ot
s_

B
pt

oK
pl

l.p
df

S.Kurz: Search for B → Kνν and other electroweak/radiative penguin processes at Belle II

https://link.springer.com/article/10.1007/JHEP03(2021)105
https://docs.belle2.org/record/1906/
https://docs.belle2.org/record/1906/files/Approved_Plots_BptoKpll.pdf
https://indico.desy.de/event/28202/contributions/105865/


carsten.niebuhr@desy.deEPS-HEP 2021:   Belle II Highlights and Flavour Physics in e+e-

Search for �B± → K±νν̄

Flavour-Changing Neutral Current process that has not yet been observed
- no photon contribution/much cleaner theoretical prediction 

�
Previous searches based on tagged analyses
- semi-leptonic tag: esig ~ 0.2% (Belle)

- hadronic tag:       esig ~ 0.04% (BaBar)
New approach by Belle II based on an inclusive tag
- no explicit reconstruction of the second B-meson
- use BDTs to exploit distinctive topological features of �
- much higher efficiency of esig ~ 4.3% resulting in increased sensitivity per luminosity

Further improvements are underway
- more data (already have 3x more on tape)
- additional channels (� , � , …)
- improved/extended classifiers (neural networks)

Events of different tagging methods are statistically independent and can be combined

ℬ(B± → K±νν̄) = (4.6 ± 0.5) × 10−6

B± → K±νν̄

B0 → K*0νν̄ B0 → K0
S νν̄
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FIG. 2: Distribution of the classifier output BDT1 (main fig-
ure) and BDT2 for BDT1 > 0.9 (inset). The distributions are
shown before (J/ !µ+µ�) and after (J/ !µ+/ µ�/ ) the muon
removal and update of the kaon-candidate momentum of se-
lected B+ ! K+J/ events in simulation and data. As a
reference, the classifier outputs directly obtained from simu-
lated B+ ! K+⌫⌫̄ signal events are overlaid. The simulation
histograms are scaled to the total number of B+ ! K+J/ 
events selected in data.

allowed to float independently in the fit. However, each of
them is constrained assuming a normal constraint, cen-
tered at the expected background yield obtained from
simulation and a width

::::::::
standard

:::::::::
deviation corresponding

to 50% of the central value. This value is motivated by a
global normalization di↵erence of (40±12)% between the
o↵-resonance data and simulation in the control regions
CR2 and CR3 and also covers the uncertainty on the sam-
ple luminosity. The remaining considered systematic un-
certainties may also influence the shape of the templates.
Systematic uncertainties originating from the branching
fractions of the leading B-meson decays, the PID cor-
rection, and the SM form factors are accounted for with
three nuisance parameters each to model correlations be-
tween the individual SR and CR bins. The remaining
systematic uncertainties arise from the energy miscalibra-
tion of hadronic and beam-background calorimeter en-
ergy deposits and the tracking ine�ciency, and are each
accounted for with one nuisance parameter. The sys-
tematic uncertainty due to the limited size of simulated
samples is taken into account by one nuisance parameter
per bin per process

::::::::::
background

::::::::
category. This results in

a total of 175 nuisance parameters.
To validate the fitting software, an alternative ap-

proach based on a simplified Gaussian likelihood func-
tion (sghf) is developed. Tests of both pyhf and sghf
are performed using pseudo-experiments, in which both
statistical and systematic uncertainties are taken into ac-
count, including background normalizations. No bias in
µ and its uncertainty is observed, and the p-value for the
data and fit model compatibility is found to be above
65%.

Shifts of the nuisance parameters corresponding to the
seven background sources are investigated before µ is re-
vealed. Given the

::::
The

::::::::::
parameters

:::::::::::::
corresponding

:::
to

:::
the

:::::::::
continuum

:::::::::::
background

::::::
yields

::::
are

::::::::
increased

:::
by

:::
at

:::::
most

:::
one

::::::::
standard

:::::::::
deviation,

::::::
which

::::::::
confirms

::::
that

:::::
they

:::
are

:::
not

:::::
pulled

::::::::::::
substantially

:::
in

:::
the

:::
fit

:::::
given

::::
the

:
observed di↵er-

ence in the normalization of the continuum simulation
with respect to the o↵-resonance data, the parameters
corresponding to the continuum background yields are
increased by at most one standard deviation. The back-
ground yields in the bins of CR2 and CR3 predicted
by the fit are found in agreement with the o↵-resonance
data. No shift is observed for the parameters correspond-
ing to the background yields from charged and neutral
B-meson decays, which are the dominant contributions
in the most sensitive SR bins.

A comparison of the data and fit results in the SR and
CR1 is shown in Fig. 3. The

:::::::::::::
corresponding

:::::
figure

:::
for

::::
CR2

:::
and

:::::
CR3

:::
can

:::
be

:::::
found

:::
in

:::
the

:::::::::::::
Supplemental

::::::::
Material

:::
[25]

:
.
:::::
The

:
signal purity is found to be 6% in the SR and

is as high as 22% in the three bins with BDT2 > 0.99.
Continuum processes

::::::
events

:
make up 59% of the back-

ground events in the SR and 28% of the events with
BDT2 > 0.99.

FIG. 3: Yields in on-resonance data and as predicted by
the simultaneous fit to the on- and o↵-resonance data, corre-
sponding to an integrated luminosity of 63 fb�1 and 9 fb�1,
respectively. The predicted yields are shown individually for
charged and neutral B-meson decays and the sum of the
five continuum contributions

::::::::
categories. The leftmost three

bins belong to CR1 with BDT2 2 [0.93, 0.95] and the other
nine bins correspond to the SR, three for each range of
BDT2 2 [0.95, 0.97, 0.99, 1.0]. Each set of three bins is de-
fined by pT(K

+) 2 [0.5, 2.0, 2.4, 3.5]GeV/c. All yields in the
rightmost three bins are scaled by a factor of two.

The signal strength is determined by the fit to be
µ = 4.2+3.4

�3.2 = 4.2+2.9
�2.8(stat)

+1.8
�1.6(syst), where the statis-

tical uncertainty is estimated using pseudo-experiments
based on Poisson statistics. The total uncertainty is ob-
tained by a profile likelihood scan, fitting the model with
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A search for the flavor-changing neutral-current decay B+ ! K+⌫⌫̄ is performed at the Belle II
experiment at the SuperKEKB asymmetric energy electron-positron collider. The results are based
on a data sample corresponding

::::
data

::::::
sample

:::::::::::
corresponds to an integrated luminosity of 63 fb�1

collected at the ⌥ (4S) resonance and a sample of 9 fb�1 collected at an energy 60MeV below
the resonance. A novel measurement method is employed, which exploits topological

:::::::
Because

:::
the

:::::::::
measurable

:::::
decay

::::::::
signature

:::::::
involves

:::::
only

:
a
:::::
single

:::::::
charged

:::::
kaon,

::
a
:::::
novel

:::::::::::
measurement

::::::::
approach

::
is

::::
used

::::
that

:::::::
exploits

:::
not

::::
only

:::
the

:
properties of the B+ ! K+⌫⌫̄ decaythat di↵er from both generic

bottom-meson
:
,
:::
but

::::
also

:::
the

:::::::
inclusive

:::::::::
properties

::
of

:::
the

:::::
other B

:::::
meson

::
in

:::
the

:::::::::::
⌥ (4S) ! BB̄

::::::
event,

::
to

:::::::
suppress

:::
the

::::::::::
background

::::
from

:::::
other B

:::::
meson decays and light-quark pair production. This inclusive

tagging approach o↵ers a higher signal e�ciency compared to previous searches. No significant
signal is observed. An upper limit on the branching fraction of B+ ! K+⌫⌫̄ of 4.1⇥ 10�5 is set at
the 90% confidence level.

PACS numbers: 13.25.Hw, 14.40.Nd, 12.15.Mm

Flavor-changing neutral-current transitions, such as
b ! s⌫⌫̄, are suppressed in the Standard Model (SM)
by the extended Glashow–Iliopoulos–Maiani mechanism
[1]. These transitions can only occur at higher orders in
SM perturbation theory via weak amplitudes involving
the exchange of at least two gauge bosons, as illustrated
in Fig. 1. The absence of charged leptons in the final
state reduces the corresponding theoretical uncertainty
compared to b ! s`+`� transitions, which su↵er from a
breaking of factorization caused by photon exchange [2].
The branching fraction of the B+ ! K+⌫⌫̄ decay [3],
which involves a b ! s⌫⌫̄ transition, is predicted to be
(4.6± 0.5) ⇥ 10�6

:
,
::::::
where

:::
the

:::::
main

::::::::::::
contribution

:::
to

:::
the

::::::::::
uncertainty

::::::
arises

:::::
from

::::
the

::::::::::
B+ ! K+

:::::::::
transition

:::::
form

:::::
factor

:
[4].

b s

⌫

⌫

u, c, t

Z

W�

(a) Penguin diagram

b s

⌫ ⌫

u, c, t

`�

W� W+

(b) Box diagram

FIG. 1: Lowest-order quark-level diagrams for the b ! s⌫⌫̄
transition in the SM.

Studies of this rare decay are currently of particular in-
terest, as this process o↵ers a complementary probe of po-
tential non-SM physics scenarios that are proposed to ex-
plain the tensions with the SM predictions in b ! s`+`�

transitions [5] observed in Refs. [6–11]. More generally,
measurements of the B+ ! K+⌫⌫̄ decay help constrain
models that predict new particles, such as leptoquarks
[12], axions [13], or dark matter particles [14].

The study of the B+ ! K+⌫⌫̄ decay is experimen-
tally challenging as the final state contains two neutri-
nos, which leave no signature in the detector and cannot
be used to derive information about the signal B-meson.
Previous searches used tagged approaches, where the sec-
ond B meson produced in the e+e� ! ⌥ (4S) ! BB̄
event is explicitly reconstructed in a hadronic decay [15–

17] or in a semileptonic decay [18, 19]. This tagging
suppresses background events but results in a low sig-
nal reconstruction e�ciency, typically well below 1%. In
all analyses reported to date, no evidence for a signal is
found, and the current experimental upper limit on the
branching fraction is estimated to be 1.6⇥ 10�5 at 90%
confidence level [20].
In this search, a novel and independent inclusive tag-

ging approach is used, inspired by Ref. [21]. This ap-
proach has the benefit of a larger signal e�ciency of
about 4%, at the cost of higher background levels. The
method exploits the distinctive topological

:::
and

:::::::::
kinematic

features of the B+ ! K+⌫⌫̄ decay that distinguish this
process from the seven dominant background processes,
i. e.,

:::::::::
categories.

::::::::
These

:::
are

:
other decays of charged

and B
:::::::
mesons,

::::::
decays

:::
of neutral B mesonsand continuum

processes (
:
,
::::
and

:::
the

:::
five

::::::::::
continuum

:::::::::
categories

:
e+e� ! qq̄

with q = u, d, s, c quarks and e+e� ! ⌧+⌧�). The signal
candidates are reconstructed as a single charged-particle
trajectory (track) generated by the kaon, typically car-
rying higher momentum than background particles. The
remaining tracks and energy deposits, referred to as the
rest of the event (ROE), can thus be associated to the
decay of the accompanying B meson. Furthermore, the
neutrinos produced in the signal B-meson decay typically
carry a significant fraction of its energy. The resulting
missing momentum is defined as the momentum needed
to cancel the sum of the three-momenta of all recon-
structed tracks and energy deposits in the center-of-mass
system of the incoming beams. The specific properties of
signal events are captured in a variety of discriminating
variables used as inputs for event classifiers to separate
signal from background.
This search uses data from e+e� collisions produced

in 2019 and 2020 by the SuperKEKB collider [22].
The data, corresponding to an integrated luminosity of
63 fb�1 [23], are

::::
were

:
recorded by the Belle II detector

at a center-of-mass energy of
p
s = 10.58GeV, which

corresponds to the ⌥ (4S) resonance, and contain 68 mil-
lion BB̄ pairs [24]. An additional o↵-resonance sample
of 9 fb�1 integrated luminosity, collected at an energy
60MeV lower than the ⌥ (4S) resonance, is used to con-
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FIG. 3: Signal e�ciency as a function of the dineutrino in-
variant mass squared q2 for events in the SR (BDT1 > 0.9
and BDT2 > 0.95). The error bars indicate the statistical
uncertainty.

FIG. 4:
::::
The

:::::::::
branching

::::::::
fraction

:::::::::
measured

:::
by

:::::
Belle

::
II,

::::::::
previous

:::::::::::
experiments

:::::::
[14–16]

:::
and

::::
the

::::::::
Standard

::::::
Model

:::::::::
expectation

::::
[17].

::::
The

::::::
values

:::::::
reported

:::
for

:::::
Belle

:::
are

::::::::
computed

:::::
based

:::
on

::::
the

:::::::
quoted

:::::::::
observed

:::::::
number

:::
of

:::::::
events

::::
and

::::::::
e�ciency.

::::
The

::::::::
weighted

::::::
average

::
is
:::::::::
computed

::::::::
assuming

::::
that

::::::::::
uncertainties

:::
are

::::::::::::
uncorrelated.

[1] T. Fawcett, Pattern Recognition Letters 27, 861 (2006).
[2] T. Keck, Comput. Softw. Big Sci. 1, 2 (2017).
[3] V. Bertacchi et al. (Belle II Tracking Group), Comput.

Phys. Commun. 259, 107610 (2021).
[4] Bevan, A. J. and others, The Physics of the B Factories

(Eur. Phys. J., 2014), vol. C74, chap. 9.
[5] G. C. Fox and S. Wolfram, Nucl. Phys. B 149, 413 (1979),

[Erratum: Nucl.Phys.B 157, 543 (1979)].
[6] S. H. Lee et al. (Belle Collaboration), Phys. Rev. Lett.

91, 261801 (2003).
[7] D. J. Lange, Nucl. Instrum. Meth. A462, 152 (2001).
[8] S. Jadach, B. F. L. Ward, and Z. Was, Comput. Phys.

Commun. 130, 260 (2000).
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Inclusive tagging method

Inclusive tag: start with the signal decay. Highest pT track gives correct 
candidate in 78% cases. Use event properties to suppress backgrounds.
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values is adopted as follows:

(Mbc � µMbc)
2

(2�Mbc)
2

+
(�E/

p
s� µ�E/

p
s)

2

(2��E/
p
s)

2
< 1.0, (2.6)

�Mbc = 0.5(�high
Mbc

+ �low
Mbc

),

��E/
p
s = 0.5(�high

�E/
p
s
+ �low

�E/
p
s).

Here, �high/low
Mbc

and �high/low
�E/

p
s

are the widths on the higher/lower side of the peak ob-
tained by fitting the signal distribution to an asymmetric Gaussian function. The es-
timated resolutions are �high/low

Mbc
= 11.08 ± 0.08/7.46 ± 0.23 MeV/c2 and �high/low

�E/
p
s

=

(5.6±0.4)/(4.2±0.2)⇥10�3 for ⌧± ! µ±� events, and �high/low
Mbc

= 11.55±0.27/10.59±0.19

MeV/c2 and �high/low
�E/

p
s

= (6.1 ± 0.7)/(4.4 ± 0.3) ⇥ 10�3 for ⌧± ! e±� events. The mean
values of the signal distributions are µMbc = 1.78 MeV/c2 and µ�E/

p
s = �0.6 ⇥ 10�3 for

⌧± ! µ±� events, and µMbc = 1.79 MeV/c2 and µ�E/
p
s = �1.0 ⇥ 10�3 for ⌧± ! e±�

events. The overall signal efficiency estimated using the above signal region is 3.7% for
⌧± ! µ±� and 2.9% for ⌧± ! e±�.
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(a) ⌧± ! µ±�
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(b) ⌧± ! e±�

Figure 3. Two-dimensional distributions of �E/
p
s vs. Mbc for (a) ⌧± ! µ±� and (b) ⌧± ! e±�

events. Black points are data, blue squares are ⌧± ! `±� signal MC events, and magenta ellipses

show the signal region used in this analysis (±2� region).

The most dominant background in the ⌧± ! µ±� (⌧± ! e±�) search arises from ⌧+⌧�

events decaying to ⌧± ! µ±⌫µ⌫⌧ (⌧± ! e±⌫e⌫⌧ ) with a photon coming from initial-state
radiation or beam background. The µ+µ�� and e+e�� events are subdominant, with their
contributions falling below 5%. Other backgrounds such as two-photon and qq̄ are negligible
in the signal region.

– 6 –

Lepton flavor violation in tau decays
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0'( = (3')*+,- )2− (6⃗ℓ/,-)2

Ø Expected 90% confidence-level upper limits, ℬ R± → S±T < 4.9× 10#4 and ℬ(
)

R± →
V±T < 6.4× 10#4, are 1.5–1.7 times more stringent than BaBar

q Conducted a search for LFV decays τ± → ℓ±γ (ℓ = e, µ) using twice the data 
size used in the earlier Belle result

q Significant improvement in search sensitivities
a) Introduced two new variables: energy asymmetry 

and ξ5 678 ,6:7%;(678)>? ≡ Yp@(678)>? ⋅ Yp6:7%;(678)>?

b) Performed optimization for the tag-side events
c) Calibrated photon energy resolution using S*S#(T)

events

☞ Observed limits are ℬ R± → S±T < 4.2× 10#4 and ℬ R± → V±T < 5.6× 10#4, of 
which the muon one is the most stringent to date

Δ3/ 8 = (3ℓ/,- − 8/2)/ 8

q Unbinned maximum-likelihood fit to:

PRL 104, 021802 (2010)

PLB 666, 16 (2008)
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the �E strip is found to have a uniform event density
in Mrec. Therefore, we calculate the background yield in
the signal region based on the number of events found in
the �E strip in lieu of the full sideband. The expected
numbers of background events in the signal region with
uncertainties are listed in Table I for all channels.

For ⌧� ! pe�e� and pe+µ� channels, no events sur-
vive in the �E strip as shown in Fig. 5. In these two
cases, we use the following method to get an approxi-
mate background yield in the strip. As the ⌧� ! pµ�µ�

channel has the most number of events, we take the ra-
tio of events in its lower sideband with and without ap-
plying proton identification. We multiply this ratio by
the number of events found in ⌧� ! pe�e� and pe+µ�

without proton identification requirement to get an ap-
proximate background yield in the �E strip, from which
the expected number of background in the signal region
is calculated. We have checked that this method gives a
background yield consistent with that directly obtained
from the �E strip for other four channels.

We calculate the systematic uncertainties arising from
various sources. The uncertainties due to lepton iden-
tification are 2.3% per electron and 2.0% per muon.
Similarly, the proton identification uncertainty is 0.5%.
Tracking e�ciency uncertainty is 0.35% per track, total-
ing 1.4% for four tracks in the final state. For the system-
atic uncertainty due to e�ciency variation, we take half
of the maximum spread in e�ciency with respect to its
average value found in the invariant-mass variables: Mp`,
Mp`0 , and M``0 . The uncertainty in the trigger e�ciency
studied with a dedicated trigger simulation program is
found to be 1.2% [22]. All these multiplicative contri-
butions are added in quadrature to get a total system-
atic uncertainty in e�ciency. The uncertainty associated
with integrated luminosity is 1.4%, and that due to the
e+e� ! ⌧+⌧� cross section is 0.3%. Both contribute as
an uncertainty to the number of ⌧ pairs used in the upper
limit calculation (see below).

There is one event observed in data in each of the
⌧� ! pe+e�, pe�e�, and pµ�µ� channels as shown in
Fig. 5. We find no events in the signal region in the case
of ⌧� ! pe�µ+, pe+µ�, and pµ�µ+. As the number
of events observed in the signal region is consistent with
the background prediction, we calculate an upper limit
using the Feldman-Cousins method [28]. The 90% CL up-
per limit on the signal yield (NUL

sig ) is obtained with the
POLE program [29] based on the number of observed
data and expected background events, the uncertainty
in background, as well as uncertainties in e�ciency and
number of ⌧ pairs. The upper limit on the branching
fraction is then:

B(⌧� ! pµ�µ�) <
NUL

sig

2N⌧⌧ ✏
, (1)

where the detection e�ciency in the signal region (✏) is
determined by multiplying the o↵-line selection e�ciency
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FIG. 5. �E–Mrec distributions where the red box denotes
the signal region and the green �E strip is used to calculate
the expected background. Black dots represent the data.

by the trigger e�ciency, and N⌧⌧ = �⌧⌧Lint = (841 ±
12) ⇥ 106 is the number of ⌧ pairs expected in 921 fb�1

of data. The trigger e�ciency is about 90% for all the
channels. In Table I we list results for all channels. The
obtained upper limits range from 1.8⇥10�8 to 4.0⇥10�8.
In summary, we have searched for six lepton-number-

and baryon-number-violating ⌧ decays into a proton or
an antiproton and two charged leptons using 921 fb�1 of
data. In the case of ⌧� ! pµ�µ� and pµ�µ+, our lim-
its are improved by an order of magnitude compared to
LHCb [8]. For the remaining four channels, we set limits
for the first time. These results would be useful in the
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TABLE I. Signal detection e�ciency, number of expected
background events (Nbkg), number of observed data events
(Nobs), 90% CL upper limits on the signal yield and branch-
ing fraction for various decay channels.

Channel ✏ (%) Nbkg Nobs NUL
sig B (⇥10�8)

⌧� ! pe+e� 7.8 0.50± 0.35 1 3.9 < 3.0
⌧� ! pe�e� 8.0 0.23± 0.07 1 4.1 < 3.0
⌧� ! pe+µ� 6.5 0.22± 0.06 0 2.2 < 2.0
⌧� ! pe�µ+ 6.9 0.40± 0.28 0 2.1 < 1.8
⌧� ! pµ�µ� 4.6 1.30± 0.46 1 3.1 < 4.0
⌧� ! pµ�µ+ 5.0 1.14± 0.43 0 1.5 < 1.8

current and future pursuits of baryon number violation.
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Search for LFV decays �  using full Belle 
data set (988 fb-1)
Improvements compared to previous Belle analysis
- about twice more data than previous analysis
- new requirements on observables energy asymmetry and 

beam-energy-constrained mass
- photon energy calibrated using radiative muon events
Perform unbinned maximum-likelihood fit to 

- �

- �

Upper limits are set on branching fractions: 
�  and �  
at 90% confidence level
- the �  limit is the most stringent to date  
 

Another search for lepton-number- and baryon-number-
violating tau decays, such as � , improves existing 
LHCb limits or even yields first-ever limits for some channels

τ± → ℓ±γ (ℓ = e, μ)

Mbc = (ECM
beam)2 − | ⃗p CM

ℓγ |2

ΔE / s = (ECM
ℓγ − s /2)/ s

ℬ(τ± → μ±γ) < 4.2 × 10−8 ℬ(τ± → e±γ) < 5.6 × 10−8

τ± → μ±γ

τ → pℓℓ′�

S.Patra: New physics searches through 𝜏 decays at Belle

https://arxiv.org/abs/2103.12994
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.111101
https://indico.desy.de/event/28202/contributions/105875/
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Probing t-µ Universality and LFV in U(3S) Decays
The decay widths of a �  bound state into a pair of leptons 
can be precisely calculated
The ratio of decay widths in t pairs and µ pairs, Rtµ, is 
therefore a sensitive probe for New Physics, such as
- light CP-odd Higgs in 2HDM (Type-II) models with large 

tanβ  
- New Physics contributions that might resolve tensions 

in R(D*) measurements
Based on U(3S), U(4S) and off-resonance data the Babar 
analysis exploits differences between resonant and off-
resonant di-muon processes to improve the precision 
The result of �  
is six times more precise than previous measurement and 
agrees with the SM prediction of 0.9948 within ± 2σ  
 

The data are also used to derive a preliminary first upper 
limit on electron-muon flavor violation in U(3S) decays:  

 at 90% CL  
or, if interpreted as a limit on the scale of New Physics: 

 at 90% CL

qq̄

RΥ(3S)
τμ = Γτ+τ− /Γμ+μ− = 0.966 ± 0.008stat ± 0.014syst

ℬ(Υ(3S ) → e±μ∓) < 3.6 × 10−7

ΛNP /g2
NP ≥ 80 TeV
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A CP-odd Higgs boson A0 would couple more strongly to ⌧ ’s and thus have leave
a new physics signal in the measurement1

A new physics contribution in b ! c⌧⌫ decays to resolve the existing tension in
R(D(*)) measurements will also have a signature in this ratio2

There is one prior measurement from CLEO3 at R⌧µ = 1.05± 0.08stat ± 0.05sys
Standard model predicts, after radiative corrections, R⌧µ = 0.9948±O(10�5)

1M. A. Sanchis-Lozano, Int. J. Mod. Phys. A 19, 2183(2004)
2D. Aloni et al. , J. High Energ. Phys. 06, 019 (2017)
3D. Besson et al. (CLEO), Phys. Rev. Lett.98, 052002 (2007).
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2

Lepton Universality in ϒ decays

Swagato Banerjee Tau-mu universality 
in ϒ(3S) decays 

Hadronic corrections cancel in the ratio:

Width of a spin-1  bound state (mass M) decaying into :qq̄ ℓ+ ℓ−

Such ratios are very well known in the Standard Model (SM):

Aloni, Efrati, Grossman & Nir 
JHEP 06 (2017) 019

ΓΥ→ℓ+ ℓ− = 4α2e2
q

|Ψ(0) |2

M2 (1 + 2 m2
ℓ

M2 ) 1 − 4 m2
ℓ

M2

Rτμ = ΓΥ→τ+ τ−

ΓΥ→μ+ μ−
= M2 + 2m2

τ

M2 + 2m2μ

M2 − 4m2
τ

M2 − 4m2μ

Fit results (continuum subtracted)

12Swagato Banerjee Tau-mu universality 
in ϒ(3S) decays 

• Dominant contribution to the above fit comes from continuum  

• When the continuum background is subtracted, ϒ(3S) signal  
& “cascade”  backgrounds can be seen in  distributionMμμ/ s Phys. Rev. Lett. 125.241801 
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A CP-odd Higgs boson A0 would couple more strongly to ⌧ ’s and thus have leave
a new physics signal in the measurement1

A new physics contribution in b ! c⌧⌫ decays to resolve the existing tension in
R(D(*)) measurements will also have a signature in this ratio2

There is one prior measurement from CLEO3 at R⌧µ = 1.05± 0.08stat ± 0.05sys
Standard model predicts, after radiative corrections, R⌧µ = 0.9948±O(10�5)
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Result of template fit 
after continuum 
background subtraction

N.Tasneem: Tests of the Standard Model by means of Υ(3𝑆) meson decays with the 𝐵𝐴𝐵𝐴𝑅 detector

Invariant Mass distribution of 𝒆±𝝁∓

After all selection criteria are applied 

9

BABAR Preliminary

Candidate Events:15 (black)
Data Driven Estimated 
Background : 12.2 (grey)

Before final selection criteria were 
applied (3% unblinded preselected data) 

BABAR PreliminaryInvariant Mass distribution of 𝒆±𝝁∓

After all selection criteria are applied 

9

BABAR Preliminary

Candidate Events:15 (black)
Data Driven Estimated 
Background : 12.2 (grey)

Before final selection criteria were 
applied (3% unblinded preselected data) 

BABAR Preliminary

Data driven background 
estimate based on U(4S) 
data 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.241801
https://indico.desy.de/event/28202/contributions/105858/
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First observation of Zcs (3985) in e+e-/K+D–sD*0, K+D*–sD0

Recent observations of nonstrange 
hidden-charm tetra-quark candidates with 
quark content  (Zc states) have 
opened a new chapter in hadron 
spectroscopy 
BESIII reported on the first candidate for a 
charged hidden-charm tetraquark with 
strangeness, decaying into D−sD0 and 
D*−sD0 
A number of different explanations for this 
new state have been proposed
However, the properties of the excess 
need further exploration with more 
statistics 
- relation to the ~10x broader �  state 

decaying to J/yK+, reported by LHCb, 
still needs to be understood 

cc̄qq̄′�

cc̄us̄

�22

Search for strange cc-like states

Signal in the recoil mass in the        mass region

23
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resolution compared to RMðKþD−
s Þ [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state KþD−

s D$0. There is also a
contribution from KþD$−

s D0, which appears as a broader
structure beneath the KþD−

s D$0 signal. Therefore, we
require RMðKþD−

s Þ þMðD−
s Þ −mðD−

s Þ to be in the
interval ð1.990; 2.027Þ GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D−
s and K− candi-

dates, rather than the right-sign D−
s and Kþ candidates. The

WS K−D−
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, ð1.91; 1.95Þ GeV=c2 and ð2.08; 2.11Þ GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor Kþ. This technique
has been used previously in the observation of the
Zcð4025Þþ at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RMðKþD−

s Þ
and RMðKþÞ spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RMðKþÞ distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RMðKþÞ distribution for events atffiffiffi
s

p
¼ 4.681 GeV; an enhancement is evident in the region

RMðKþÞ < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RMðKþÞ distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes eþe− → KþðD−

s D$0 þD$−
s D0Þ. To under-

stand potential contributions from the processes eþe− →
Dð$Þ−

s D$$þ
s ð→ Dð$Þ0KþÞ or Dð$Þ0D̄$$0ð→ Dð$Þ−

s KþÞ, we
examine all known D$$

ðsÞ excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$þ
s background have potential contributions to the

RMðKþÞ spectrum: (1) D−
s D$

s1ð2536Þþð→ D$0KþÞ,
(2) D$−

s D$
s2ð2573Þþð→ D0KþÞ, and (3) D−

s D$
s1ð2700Þþ

ð→ D$0KþÞ. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1ð2536Þþ peak in the
D$0Kþ mass spectra using two separate partially recon-
structed samples: KþD−

s (with D$0 missing) and KþD$0

(with D−
s missing). For channel (2), control samples are

selected by reconstructing D0Kþγ (with missing D−
s ) or

KþD$−
s (with missing D0). The D$

s2ð2573Þþ yield is
obtained from combined fits to the D0Kþ mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of eþe− → D−

s D$
s1ð2700Þþð→ D0KþÞ is selected

by detecting the D−
s Kþ recoiling against a missing D0.

We then use the BF ratio of B(D$
s1ð2700Þþ → D$0Kþ)=

B(D$
s1ð2700Þþ → D0Kþ) ¼ 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RMðKþÞ of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RMðKþÞ spectrum atffiffiffi
s

p
¼ 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the Kþ recoil-mass spectra in data at

ffiffiffi
s

p
¼ 4.628, 4.641,

4.661, 4.681, and 4.698 GeV. Note that the size of the
D$0D̄$

1ð2600Þ0ð→ D−
s KþÞ component is consistent with zero.
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FIG. 4. The Kþ recoil-mass spectrum in data at
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¼

4.681 GeV after subtraction of the combinatorial backgrounds.
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Significant (5.3s) enhancement at threshold 
over estimated backgrounds at 4.681 GeV
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Backgrounds from open charm 
channels estimated from control 
data samples 

Significant (        ) enhancement at 
threshold over estimated 
backgrounds at 4.681 GeV

à Breit-Wigner parameterization    
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width
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The Zcs(3985) as a threshold e↵ect from the D̄⇤
sD + D̄sD⇤ interaction
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We study the e+e� ! K+(D⇤�
s D0 +D�

s D⇤0) reaction recently measured at BESIII, from where
a new Zcs state has been reported. We study the interaction of D̄sD

⇤ with the coupled channels
J/ K�, K⇤�⌘c, D

�
s D⇤0, D⇤�

s D0 by means of an extension to the charm sector of the local hidden
gauge approach. We find that the D�

s D⇤0+D⇤�
s D0 combination couples to J/ K� and K⇤�⌘c, but

the D�
s D⇤0 �D⇤�

s D0 combination does not. The coupled channels help to build up strength in the
D�

s D⇤0 +D⇤�
s D0 diagonal scattering matrix close to threshold and, although the interaction is not

strong enough to produce a bound state or resonance, it is su�cient to produce a large accumulation
of strength at the D̄sD

⇤ threshold in the e+e� ! K+(D⇤�
s D0 + D�

s D⇤0) reaction in agreement
with experiment.

PACS numbers:

I. INTRODUCTION

The discovery of the Zc(3900) at Ref. [1] and Ref. [2] was a turning point in hadron spectroscopy since it provided
a clear example of an exotic meson state. Many possible types of hadronic structures were proposed, from compact
tetraquarks [3, 4] to hadronic molecules [5] and even a threshold e↵ect [6], although challenged in Refs. [7, 8]. Subtle
points of the interaction, as the small attractive DD̄⇤ interaction in one channel for I = 1 [9], led gradually to an
interpretation as some type of molecular state, slightly bound or virtual, helped by coupled channels [9–20].

In Ref. [9] a barely bound state or a virtual state of D̄⇤D + D̄D⇤ nature were found, which produced peaks a few
MeV above threshold in the DD̄⇤ mass distribution of the e+e� ! ⇡DD̄⇤ reaction measured at BESIII [21]. Such a
situation is quite common and was also stressed in Ref. [11].

In a very recent experiment the BESIII collaboration has reported a state, named Zcs(3985), from a peak near
threshold in the D⇤�

s
D0, D�

s
D⇤0 invariant mass distribution of the e+e� ! K+(D⇤�

s
D0+D�

s
D⇤0) reaction [22]. The

mass and width reported are

M = 3982.5+1.8
�2.6 ± 2.1 MeV, (1)

� = 12.8+5.3
�4.4 ± 3.0 MeV. (2)

The state lies about 7 MeV above the D⇤�
s

D0, D�
s
D⇤0 threshold and could be the SU(3) partner of the Zc(3900)

state, where a u or d quark has been replaced by an s quark.
The reaction from the theoretical community to that finding has been fast. Several works have proposed di↵erent

explanations for the new state. Prior to the experiment, a QCD sum rule calculation with the D̄⇤
s
D+D̄sD⇤ molecular

configuration produced a state with a mass of 3960 MeV and uncertainty about 100 MeV [23]. In Ref. [24], QCD
sum rules are also applied to the investigation of K̄⇤⌘c, D̄⇤

s
D, D̄sD⇤ configurations and also a compact tetraquark

state, with uncertainties of about 150 MeV in the mass. Another work based on sum rules has been done in Ref. [25]
establishing a possible tetraquak state with these quantum numbers and a mass compatible with experiment within
the typical uncertainties in the mass of the sum rules, and a similar one is done in Ref. [26] investigating also the
resonance properties at finite temperature. Work along similar lines is also done in Ref. [27] making extrapolations to
the beauty sector. Quark model calculations have also been reported in Ref. [28] considering two types of structures:
meson-meson and diquark-antidiquark, favoring the latter option. In Ref. [29] arguments of SU(3) symmetry are
used to relate the Zc(3900), assumed to be a molecular state of positive G-parity D̄⇤D + D̄D⇤, to a state made of
D̄⇤

s
D + D̄sD⇤. The state obtained is the U-spin partner of Zc(3900) as a resonance within coupled-channel using
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Conclusions

Flavor physics in e+e- collisions offers an extremely rich physics program with many 
opportunities to probe New Physics 

The first generation B-factory experiments Belle and BaBar and the Tau-charm factory 
experiment BES III continue to deliver first quality and highly relevant physics results 

SuperKEKB has set a new world record in peak luminosity and is entering the regime of 
a „Super B factory“ 

The Belle II detector is working very well and is producing very promising physics results 

Looking forward to an exciting era of discoveries and a healthy competition and 
complementarity of Belle II and LHCb
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Belle II - LHCb Comparison
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Observable
Current 

Belle/
Babar

2019 
LHCb

Belle II  
(5 ab-1)

Belle II  
(50 ab-1)

LHCb  
(23 fb-1)

Belle II 
Upgrade  
(250 ab-1)

LHCb 
upgrade II 
(300 fb-1)

CKM precision, new physics in CP Violation
sin 2β/φ1 (B→ J/ψ KS) 0.03 0.04 0.012 0.005 0.011 0.002 0.003
γ/φ3 13º 5.4º 4.7º 1.5º 1.5º 0.4º 0.4º
α/φ2 4º – 2 0.6º – 0.3º –
|Vub| (Belle) or |Vub|/|Vcb| (LHCb) 4.5% 6% 2% 1% 3% <1% 1%
φs – 49 mrad – – 14 mrad – 4 mrad
SCP(B→η’ KS, gluonic penguin) 0.08 ○ 0.03 0.015 ○ 0.007 ○
ACP(B→KSπ0) 0.15 – 0.07 0.04 – 0.02 –
New physics in radiative & EW Penguins, LFUV
SCP(Bd→K* γ) 0.32 ○ 0.11 0.035 ○ 0.015 ○
R(B→K*l+l-) (1<q2<6 GeV2/c2) 0.24 0.1 0.09 0.03 0.03 0.01 0.01
R(B→D*τν) 6% 10% 3% 1.5% 3% <1% 1%
Br(B→τν), Br(B→K*νν) 24%, – – 9%, 25% 4%, 9% – 1.7%,  4% –
Br(Bd→µµ) – 90% – – 34% – 10%
Charm and τ 
ΔACP(KK-ππ) – 8.5×10-4 – 5.4×10-4 1.7×10-4 2×10-4 0.3×10-4

ACP(D→π+π0) 1.2% – 0.5% 0.2% – 0.1% –
Br(τ→e γ) <120×10-9 – <40×10-9 <12×10-9 – <5×10-9 –
Br(τ→µµµ) <21×10-9 <46×10-9 <3×10-9 <3×10-9 <16×10-9 <0.3×10-9 <5×10-9

Belle II  
Higher sensitivity to decays with 
photons and neutrinos (e.g. 
B→Kνν, µν), inclusive decays, 
time dependent CPV in Bd, τ 
physics. 

LHCb 
Higher production rates for ultra 
rare B, D, & K decays, access to all 
b-hadron flavours (e.g. Λb), high 
boost for fast Bs oscillations. 

Overlap in various key areas to 
verify discoveries. 

Upgrades  
Most key channels will be stats. 
limited (not theory or syst.). 
LHCb scheduled major upgrades 
during LS3 and LS4. 
Belle II formulating an upgrade 
program.

arXiv: 1808.08865 (Physics case for LHCb upgrade II), PTEP 2019 (2019) 12, 123C01 (Belle II Physics Book) ○ Possible in similar channels, lower precision
– Not competitive.
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