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Meet the people!

• The Belle II Collaboration comprises 1158 researchers from 124 institutes in 28 countries!

43rd Belle II General Meeting 
10-14 Oct 2022, Rome

Collaboration map

https://confluence.desy.de/display/BI/Belle+II+Collaboration+Map
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From KEKB to SuperKEKB
Goal: Achieve instantaneous luminosity of ℒBelle II = 6 × 1035 cm−2 s−1

ℒBelle = 2.11 × 1034 cm−2 s−1

x30!

Nano-beam scheme: Squeeze vertical 
beam spot size down to  50 nm using 

superconducting focusing magnets.
≈
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Belle II at SuperKEKB

● Located at KEK, Tsukuba.

(Japanese national HEP laboratory)
● �⇥⇤⌅
● ⇧⌃⌥� ⌦↵���✏⇣⌘

The project

| Dark sector physics with photons at Belle II | S Cunliffe 25.09.2018

Linac
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SuperKEKB  
(HER + LER)

Belle II  
Detector

Mt. Tsukuba

KEK Tsukuba  
Campus
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KL and muon detector (KLM): 


Scintillator + WLSF + MPPC (endcaps, inner barrel)


Particle Identifi 



Aerogel Ring-Imaging Cherenkov 
Counter (ARICH) (FWD)


Electromagnetic calorimeter 
(ECL): 




Vertex detectors (VXD): 


4 layer double-sided silicon strip detectors (SVD)


Central drift chamber (CDC): 
 



Magnet: 



Trigger: 
Hardware: < 30 kHz

Software: < 10 kHz

Re-utilized from Belle: 
 



It looks like Belle, but practically 
it’s a brand new detector!
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• An ideal laboratory to study rare decays or decays with missing energy 

‣ All quarks carry colour charges and only exist as bound 
states (with the exception of the top quark)

7

Positrons  

(4 GeV)

Electrons  

(7 GeV)

Did somebody order B mesons?
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Positrons  

(4 GeV)

Electrons  

(7 GeV)

Collide electrons and positrons at a 
centre of mass energy of about 

twice the B meson mass:

Did somebody order B mesons?

p
s = 10.58 GeV

<latexit sha1_base64="QMbxf+Lb56nAf92eo24LOAWNy3o=">AAACBXicbVDJSgNBEO2JW4zbqEc9NAbBU5iJirkIQQ96jGAWSELo6VSSJj2L3TViGHLx4q948aCIV//Bm39jZzlo4oOCx3tVVNXzIik0Os63lVpYXFpeSa9m1tY3Nrfs7Z2KDmPFocxDGaqaxzRIEUAZBUqoRQqY70moev3LkV+9B6VFGNziIIKmz7qB6AjO0Egte7+h7xQmekjPqevkTgu0gfCACb2CyrBlZ52cMwadJ+6UZMkUpZb91WiHPPYhQC6Z1nXXibCZMIWCSxhmGrGGiPE+60Ld0ID5oJvJ+IshPTRKm3ZCZSpAOlZ/TyTM13rge6bTZ9jTs95I/M+rx9gpNBMRRDFCwCeLOrGkGNJRJLQtFHCUA0MYV8LcSnmPKcbRBJcxIbizL8+TSj7nHufyNyfZ4sU0jjTZIwfkiLjkjBTJNSmRMuHkkTyTV/JmPVkv1rv1MWlNWdOZXfIH1ucPUMWXLA==</latexit>
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Positrons  

(4 GeV)

Electrons  

(7 GeV)

Collide electrons and positrons at a 
centre of mass energy of about 

twice the B meson mass:

B meson anti-B meson

light 
(anti)quark

heavy
(anti)b-quark

Advantages: Precisely known initial state, unique 
event topology & experimentally clean environment

Did somebody order B mesons?

p
s = 10.58 GeV
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First Belle II collision: 26 April 2018 00:38 GMT+09:00



First Belle II collision: 26 April 2018 00:38 GMT+09:00
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Luminosity status

20
19

20
20

20
21

20
22

Instantaneous luminosity:  
 = 4.7 x 10  cm  sLpeak 34 −2 −1

~362 fb  recorded at  
 
~42 fb  recorded 60 MeV 
below  (background 
studies) 

~19 fb  recorded at 10.8 GeV 
(exotic hadron searches)

−1 Υ(4S)

−1

Υ(4S)

−1

World record!

Integrated luminosity:

Online Luminosity

• Belle II has recorded a total integrated luminosity of 428 fb  since March 2019


- (Belle 988 fb , BaBar 513 fb )


• Current status: Long Shutdown 1 (LS1) to install two-layer pixel detector and machine 
maintenance until Fall 2023!

−1

−1 −1

https://confluence.desy.de/display/BI/Belle+II+Luminosity
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Physics program Belle II Physics Book

Snowmass White Paper

Image credit: T. Browder

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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Highlights of recent results

Image credit: T. Browder

Belle II Physics Book

Snowmass White Paper

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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Dark Higgsstrahlung: e+e− → A′￼h′￼
arXiv:2207.00509

• Dark photon : Couples to SM particles via kinematic 
mixing parameter 


• Dark Higgs: Does not mix with SM Higgs & couples 
to  via 

ϵ

A′￼ αD

• Signature: Two oppositely charged muons & missing 
energy


• Scan for excess in 9000 elliptical mass windows  
within the allowed region

 ~  x σ ϵ2 αD

https://arxiv.org/abs/2207.00509
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• Dark photon : Couples to SM particles via kinematic 
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ϵ
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Dark Higgsstrahlung: e+e− → A′￼h′￼
arXiv:2207.00509

• Dark photon : Couples to SM particles via kinematic 
mixing parameter 


• Dark Higgs: Does not mix with SM Higgs & couples 
to  via 

ϵ

A′￼ αD

World leading limits  
on  x  for 1.65 <  < 10.51 GeV/cϵ2 αD A′￼

2

• Signature: Two oppositely charged muons & missing 
energy


• Scan for excess in 9000 elliptical mass windows  
within the allowed region


• Observed no excess above expected background

 ~  x σ ϵ2 αD

https://arxiv.org/abs/2207.00509
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Search for  (  = invisible boson)τ+ → ℓ+α α

Z. Phys. C 68 (1995) 25

• Invisible LFV particles can emerge from new  
physics models  e.g. light ALP JHEP 09 (2021) 173


• Tag  using , then search for  
excess above the   spectrum

e+e− → τ+τ− τ → 3πν
τ → ℓνν

• The event signature is a peak in the  
distribution in the rest  frame


- A pseudo rest frame for  is reconstructed  
from the  of the  decays

xℓ ≡ Eℓ /2mτ
τsig

τsig
⃗p 3π τtag

F. Tenchini @ichep

(Epseudo, p̂pseudo) =

✓
Ebeam

2
,

P
3⇡ ~p

|
P

3⇡ ~p|

◆

<latexit sha1_base64="kLy82b1LoXh0FQji+a+emV9XM5c="></latexit>

Most stringent constraint on the BR to date! 

https://link.springer.com/content/pdf/10.1007/JHEP09(2021)173.pdf
https://agenda.infn.it/event/28874/contributions/169331/attachments/94359/129093/tenchini_ICHEP_2022_v3.pdf
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Image credit: T. Browder

Highlights of recent results Belle II Physics Book

Snowmass White Paper

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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 lifetime measurementΩ0
c arXiv:2208.08573

t =
m⌦0

c
~L · ~p⌦0

c
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c
|2
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• Extract lifetime from a fit to  where the 
decay time is given by:
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• Recent LHCb results have changed the hierarchy of  
singly charmed baryons


• Belle II analysis considers  events  
taken near  resonance


• Reconstruct chain:

e+e− → cc̄
Υ(4S)

• Leading systematics: background modelling Belle II confirms the LHCb results…

https://arxiv.org/abs/2208.08573
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Charm hadron lifetimes
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• Absolute lifetime measurements of charm hadrons at Belle II thus far:


- Improved knowledge of  lifetimes after ~20 years


- World’s most precise measurements of ,  and  lifetimes


- Independent confirmation of LHCb's result indicating that  is not the shortest-
lived weakly decaying charm baryon


• Results limited by statistics expected to improve with larger samples and additional 
decay modes


• Tiny systematic uncertainties (e.g., sub-% for ) establish excellent detector 
performance


• Paves the way for future lifetime measurements…

D
D0 D+ Λ+

c

Ω0
c

D0

N. Nellikunnummel @ichep

https://agenda.infn.it/event/28874/contributions/169342/attachments/93820/128474/Nisar_Belle2_CharmLifetimes.pdf
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Image credit: T. Browder

Highlights of recent results Belle II Physics Book

Snowmass White Paper

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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Reconstruction techniques

The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.
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The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.
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The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.
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responding to the mass of the ⌥ (4S) resonance. The energies of the electron and positron
beams are 7GeV and 4GeV, respectively, resulting in a boost of �� = 0.28 of the CM frame
relative to the lab frame. The integrated luminosity of the data is 34.6 fb�1. In addition, a
smaller sample of 3.23 fb�1 o↵-resonance data was collected at a CM energy of 10.52 GeV.

The analysis utilises several samples of simulated events. These include a sample of
e+e� ! (⌥ (4S) ! BB̄) with generic B-meson decays, generated with EvtGen [5], and
corresponding to an integrated luminosity of 100 fb�1. A 100 fb�1 sample of continuum
e+e� ! qq̄ (q = u, d, s, c) is simulated with KKMC [6] interfaced with PYTHIA [7]. All
data samples were analyzed (and, for Monte Carlo (MC) events, generated and simulated)
in the basf2 [8] framework.

3. THE ALGORITHM

The Full Event Interpretation employs a hierarchical reconstruction of exclusive B meson
decay chains, in which each unique decay channel of a particle has its own designated
multivariate classifier. The algorithm utilises several stages of reconstruction, which are
shown in Fig. 1. The algorithm starts by selecting candidates for stable particles, which
include muons, electrons, pions, kaons, protons and photons, from tracks and EM clusters
in the event. Subsequently, the algorithm carries out several stages of reconstruction of
intermediate particles such as ⇡0, K0

S, J/ , D and D⇤ mesons and, in addition, ⌃, ⇤ and ⇤c

baryons. The addition of baryonic modes is a recent extension of the algorithm. Intermediate
particles are reconstructed in specific decay modes from a combination of stable and other
intermediate particle candidates. The final stage of the algorithm reconstructs the B+ and
B0 mesons in 36 (8) and 31 (8) hadronic (semileptonic) modes.

Tracks
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Clusters
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K
0
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K
0
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⇡+e
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⇤
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K
0
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FIG. 1. The stages of reconstruction employed by Full Event Interpretation.

Each stage consists of pre-reconstruction and post-reconstruction steps. In the pre-
reconstruction step, candidates for particles are reconstructed, an inital pre-selection is ap-

9

✏ = O(100)%
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Tagging efficiency, backgrounds

Purity of tagged samples, available observables

Inclusive Semileptonic Hadronic

• Decays with missing final state particles are  
experimentally challenging to reconstruct


• Exploit Belle II’s unique event topology:


-  Information from companion B meson ( ) and 
conservation laws provide insights about signal B


• Tagged approaches reconstruct candidates with a 
hierarchical multivariate technique via (10 ) decay modes

- Small efficiency compensated by large integrated 

luminosity

Btag

𝒪 3

Full Event Interpretation

arXiv:1807.08680

https://arxiv.org/abs/1807.08680


# 27

Reconstruction techniques

The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.
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Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 2/23

`�
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responding to the mass of the ⌥ (4S) resonance. The energies of the electron and positron
beams are 7GeV and 4GeV, respectively, resulting in a boost of �� = 0.28 of the CM frame
relative to the lab frame. The integrated luminosity of the data is 34.6 fb�1. In addition, a
smaller sample of 3.23 fb�1 o↵-resonance data was collected at a CM energy of 10.52 GeV.

The analysis utilises several samples of simulated events. These include a sample of
e+e� ! (⌥ (4S) ! BB̄) with generic B-meson decays, generated with EvtGen [5], and
corresponding to an integrated luminosity of 100 fb�1. A 100 fb�1 sample of continuum
e+e� ! qq̄ (q = u, d, s, c) is simulated with KKMC [6] interfaced with PYTHIA [7]. All
data samples were analyzed (and, for Monte Carlo (MC) events, generated and simulated)
in the basf2 [8] framework.

3. THE ALGORITHM

The Full Event Interpretation employs a hierarchical reconstruction of exclusive B meson
decay chains, in which each unique decay channel of a particle has its own designated
multivariate classifier. The algorithm utilises several stages of reconstruction, which are
shown in Fig. 1. The algorithm starts by selecting candidates for stable particles, which
include muons, electrons, pions, kaons, protons and photons, from tracks and EM clusters
in the event. Subsequently, the algorithm carries out several stages of reconstruction of
intermediate particles such as ⇡0, K0

S, J/ , D and D⇤ mesons and, in addition, ⌃, ⇤ and ⇤c

baryons. The addition of baryonic modes is a recent extension of the algorithm. Intermediate
particles are reconstructed in specific decay modes from a combination of stable and other
intermediate particle candidates. The final stage of the algorithm reconstructs the B+ and
B0 mesons in 36 (8) and 31 (8) hadronic (semileptonic) modes.
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FIG. 1. The stages of reconstruction employed by Full Event Interpretation.

Each stage consists of pre-reconstruction and post-reconstruction steps. In the pre-
reconstruction step, candidates for particles are reconstructed, an inital pre-selection is ap-

9

✏ = O(100)%
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✏ = O(0.1)%
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Tagging efficiency, backgrounds

Purity of tagged samples, available observables

Inclusive Semileptonic Hadronic

• Decays with missing final state particles are  
experimentally challenging to reconstruct


• Exploit Belle II’s unique event topology:


-  Information from companion B meson ( ) and 
conservation laws provide insights about signal B


• Tagged approaches reconstruct candidates with a 
hierarchical multivariate technique via (10 ) decay modes

- Small efficiency compensated by large integrated 

luminosity

Btag

𝒪 3

Full Event Interpretation

arXiv:1807.08680

https://arxiv.org/abs/1807.08680
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Search for B+ → K+νν̄
PRL 127, 181802 (2021)

• Challenging due to multiple missing particles  
on the signal side


• New analysis strategy based on an inclusive  
reconstruction approach


• Increased signal efficiency  ~ 4% but larger  
background contributions


• Exploit distinctive topological features with BDTs 
to select events and suppress backgrounds

ϵsig

• Further improvements are underway:

- Extend/improve classifiers using neural networks


- Additional channels (e.g.,  ) 

- More data!

B0 → K*0νν̄

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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Search for B+ → K+νν̄
PRL 127, 181802 (2021)

• Challenging due to multiple missing particles  
on the signal side


• New analysis strategy based on an inclusive  
reconstruction approach


• Increased signal efficiency  ~ 4% but larger  
background contributions


• Exploit distinctive topological features with BDTs 
to select events and suppress backgrounds

ϵsig

• Further improvements are underway:

- Extend/improve classifiers using neural networks


- Additional channels (e.g.,  ) 

- More data!

B0 → K*0νν̄

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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Search for B+ → K+νν̄
PRL 127, 181802 (2021)

• Challenging due to multiple missing particles  
on the signal side


• New analysis strategy based on an inclusive  
reconstruction approach


• Increased signal efficiency  ~ 4% but larger  
background contributions


• Exploit distinctive topological features with BDTs 
to select events and suppress backgrounds

ϵsig

• Further improvements are underway:

- Extend/improve classifiers using neural networks


- Additional channels (e.g.,  ) 

- More data!

B0 → K*0νν̄

No excess excess above 
expected background

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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Search for B+ → K+νν̄
PRL 127, 181802 (2021)

• Challenging due to multiple missing particles  
on the signal side


• New analysis strategy based on an inclusive  
reconstruction approach


• Increased signal efficiency  ~ 4% but larger  
background contributions


• Exploit distinctive topological features with BDTs 
to select events and suppress backgrounds

ϵsig

• Further improvements are underway: 
- Extend/improve classifiers using neural networks


- Additional channels (e.g.,  ) 

- More data!

B0 → K*0νν̄

No excess excess above 
expected background

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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arXiv:2210.10220

Comparable precision with BaBar!

Inclusive analysis:  
Consider all  final statesb → sγ

• Reconstruction with hadronic tagging allows for  
access to photon energy in B rest frame 


• Large backgrounds challenging to suppress  
without sacrificing “inclusiveness”


• Subtract background with two-step procedure:


1. Fit the tag-side beam constrained mass  
to determine well-reconstructed  candidates


2. Subtract  background with a good 

EB
γ

Mbc
Btag

BB̄ Btag
Mbc =

q
E2

beam � p⇤2B
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Branching fraction of B → Xsγ

https://arxiv.org/abs/2210.10220
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Branching fraction of B → Xsγ arXiv:2210.10220

Comparable precision with BaBar!

Inclusive analysis:  
Consider all  final statesb → sγ

• Reconstruction with hadronic tagging allows for  
access to photon energy in B rest frame 


• Large backgrounds challenging to suppress  
without sacrificing “inclusiveness”


• Subtract background with two-step procedure:


1. Fit the tag-side beam constrained mass  
to determine well-reconstructed  candidates


2. Subtract  background with a good 

EB
γ

Mbc
Btag

BB̄ Btag

https://arxiv.org/abs/2210.10220
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Image credit: T. Browder

Highlights of recent results Belle II Physics Book

Snowmass White Paper

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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CKM Unitarity triangle

Overconstrain Unitarity condition

→ A potent test of Standard Model

CKM Matrix

Almost all information on UT sides and angles comes from B-physics…
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Measuring : time dependent analysesϕ1

Time-dependent decay rate: 

• Due to the asymmetric beam energies B mesons fly in the  
direction of the  beam with a maximal deviation of 12 


• : fully reconstructed flavour eigenstate


• : provides vertex and flavour information


- Dedicated flavour tagging algorithm identifies 
 flavour using all particles not belonging  

to 


- Precise vertex reconstruction provides crucial 
knowledge of  resolution

e− ∘

B0
CP

B̄0
tag

B̄0
tag
B0

CP

Δt

�t =
(~vCP � ~vtag) · ~nboost

��c
<latexit sha1_base64="uTLaRxdOLO94gEEz5xn365qyHrk="></latexit>

Image credit: J. Skorupa
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C. La Licata @ichep
Measuring ϕ1

arXiv:2209.09547

 

• Golden channel for sin 2  measurement, largely  
background free


• Resolution function parameters calibrated with  
 events


• Subtract background by fitting

B0 → J/ψK0
s

ϕ1

B → D(*)−π+

 

• Challenging vertexing with no prompt tracks


- Only reconstruct  and extrapolate back


• Extract signal from simultaneous fit: background  
suppression BDT,  and 

B0 → K0
s K0

s K0
s

Ks → π+π−

MKsKsKs
Mbc

•  and other  resonances to be addedKL cc̄

Both analyses dominated by statistical uncertainties… 

S = 0.720± 0.062± 0.016
<latexit sha1_base64="y+1WTs40D1FqA81IHmODYyLwPYo=">AAACEHicbZBNS8NAEIY39avWr6hHL4tF9FSSKK0XoejFY0X7AU0om+2mXbqbhN2NUEJ/ghf/ihcPinj16M1/46aNoK0Dyz68M8PMvH7MqFSW9WUUlpZXVteK66WNza3tHXN3ryWjRGDSxBGLRMdHkjAakqaiipFOLAjiPiNtf3SV5dv3REgahXdqHBOPo0FIA4qR0lLPPHY5UkOMWHo7gRfQqtQcC7ox12RVnR+yqz2zrP9pwEWwcyiDPBo989PtRzjhJFSYISm7thUrL0VCUczIpOQmksQIj9CAdDWGiBPppdODJvBIK30YREK/UMGp+rsjRVzKMfd1Zba+nM9l4n+5bqKCcy+lYZwoEuLZoCBhUEUwcwf2qSBYsbEGhAXVu0I8RAJhpT0saRPs+ZMXoeVU7NOKc3NWrl/mdhTBATgEJ8AGNVAH16ABmgCDB/AEXsCr8Wg8G2/G+6y0YOQ9++BPGB/fed2ZBw==</latexit>

A = 0.094± 0.044+0.042
�0.017
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S = �1.86+0.91
�0.46 ± 0.09

<latexit sha1_base64="6nAgCfgeiD8oN1Fq/pXNLFvb8mA=">AAACFXicbVBLSwMxGMzWV62vVY9egkUQtMtuLbU9CEUvHivaB3RryaZpG5p9kGSFsuyf8OJf8eJBEa+CN/+N2XYP2joQMsx8H8mMEzAqpGl+a5ml5ZXVtex6bmNza3tH391rCj/kmDSwz3zedpAgjHqkIalkpB1wglyHkZYzvkr81gPhgvrenZwEpOuioUcHFCOppJ5+artIjjBi0W0ML2DBMirl++jENKpW3IsKplEqx9AOXGgaZrWn59U1BVwkVkryIEW9p3/ZfR+HLvEkZkiIjmUGshshLilmJM7ZoSABwmM0JB1FPeQS0Y2mqWJ4pJQ+HPhcHU/Cqfp7I0KuEBPXUZNJBjHvJeJ/XieUg0o3ol4QSuLh2UODkEHpw6Qi2KecYMkmiiDMqforxCPEEZaqyJwqwZqPvEiaRcM6M4o3pXztMq0jCw7AITgGFjgHNXAN6qABMHgEz+AVvGlP2ov2rn3MRjNaurMP/kD7/AF4fps0</latexit>

A = �0.22+0.30
�0.27 ± 0.04

<latexit sha1_base64="JwOh2KfnRLQqgJkKBC33d0IJRKQ=">AAACFXicbVDLSgMxFM3UV62vqks3wSII6jAzLdSNUHXjsoJ9QGcsmTRtQ5OZIckIZZifcOOvuHGhiFvBnX9jpu1CWy+EnJxzLzfn+BGjUlnWt5FbWl5ZXcuvFzY2t7Z3irt7TRnGApMGDlko2j6ShNGANBRVjLQjQRD3GWn5o+tMbz0QIWkY3KlxRDyOBgHtU4yUprrFU5cjNcSIJZcpvIBnluk498mJZZattJtkz2oK3YhDy7Qq3WJJX5OCi8CegRKYVb1b/HJ7IY45CRRmSMqObUXKS5BQFDOSFtxYkgjhERqQjoYB4kR6ycRVCo8004P9UOgTKDhhf08kiEs55r7uzDzIeS0j/9M6seqfewkNoliRAE8X9WMGVQiziGCPCoIVG2uAsKD6rxAPkUBY6SALOgR73vIiaDqmXTad20qpdjWLIw8OwCE4Bjaoghq4AXXQABg8gmfwCt6MJ+PFeDc+pq05YzazD/6U8fkDNMabCg==</latexit>

�E = E⇤
B � Ebeam
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https://agenda.infn.it/event/28874/contributions/169336/attachments/93929/128392/ICHEP2022_lalicata_final.pdf
https://arxiv.org/abs/2209.09547
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Measuring : ϕ2 B0 → π0π0
J. Skorupa @ichep

• Most challenging  mode, very hard for LHCb

• Suppress photon background with dedicated MVA 

to ensure pure  sample

• Extract data-simulation calibration factors using 

 control channel

• Signal yield from 3D simultaneous fit: background  

suppression BDT,  and 

π0π0

π0 → γγ

B0 → D*( → K−π+π0)π0

ΔE Mbc

B(B0 ! ⇡0⇡0) = (1.27± 0.25± 0.17) · 10�6
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A⇡⇡ = 0.14± 0.46± 0.07± 0.04
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Competitive with Belle using only 1/3 of data set! 

 = 93  18Nsig ±

WA: A⇡⇡ = 0.33± 0.22
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B = (1.59± 0.26) · 10�6
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PRL 65, 3381 (1990)

https://agenda.infn.it/event/28874/contributions/169326/attachments/93992/128864/pres.pdf


# 39

Image credit: T. Browder

Highlights of recent results Belle II Physics Book

Snowmass White Paper

https://academic.oup.com/ptep/article/2020/2/029201/5766205?login=false
https://arxiv.org/abs/2207.06307
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How does one measure |Vcb| & |Vub|?

Inclusive |Vcb | 

Exclusive |Vub | 

Needs input from non-perturbative 
methods:

Form Factors

Total decay rate determined from 
Heavy Quark Expansion (HQE)

Exclusive |Vcb | 

Inclusive |Vub | 
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u
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qu

u

D⇤
<latexit sha1_base64="Yw5mTOgLRI4anJLUGLjoJlyDE60=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIsgHspuFfRY1IPHCm5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRjdTv/XElOaxfDDjhPkRGUgeckqMlbzbx+xs0itXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDKz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXd82rt/qJSv87jKMIRHMMpuHAJdbiDBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wd1yo50</latexit>

X
<latexit sha1_base64="kpPTAtGMnO2krFRSnNrra2xDivU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftweM4A==</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

B / |Vqb|2f2
<latexit sha1_base64="sl7+XVa/t8hSS9xWv3T2GJmJ89Q=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqqQgwViVhbFI9CE1IXJcp7XqOMF2kKo0X8DCr7AwgBArMxt/g9NmgJYj2To6517de48fMyqVZX0bK6tr6xubpa3y9s7u3r55cNiRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj++yv3uAxGSRvxWTWLihmjIaUAxUlryzKoTIjXCiKXNDDqxiGIVwWnHS+/9bHqX1rMg/zyzYtWsGeAysQtSAQVanvnlDCKchIQrzJCUfduKlZsioShmJCs7iSQxwmM0JH1NOQqJdNPZORmsamUAg0joxxWcqb87UhRKOQl9XZkvLxe9XPzP6ycquHRTyuNEEY7ng4KEQX1yng0cUEGwYhNNEBZU7wrxCAmElU6wrEOwF09eJp16zT6r1W/OK41mEUcJHIMTcApscAEa4Bq0QBtg8AiewSt4M56MF+Pd+JiXrhhFzxH4A+PzBxBNnL8=</latexit>
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How does one measure |Vcb| & |Vub|?

Needs input from non-perturbative 
methods:

Form Factors

Total decay rate determined from 
Heavy Quark Expansion (HQE)

Exclusive |Vub | Exclusive |Vcb | 

Inclusive |Vcb | Inclusive |Vub | 
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<latexit sha1_base64="Yw5mTOgLRI4anJLUGLjoJlyDE60=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIsgHspuFfRY1IPHCm5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRjdTv/XElOaxfDDjhPkRGUgeckqMlbzbx+xs0itXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDKz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXd82rt/qJSv87jKMIRHMMpuHAJdbiDBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wd1yo50</latexit>

X
<latexit sha1_base64="kpPTAtGMnO2krFRSnNrra2xDivU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftweM4A==</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

B / |Vqb|2f2
<latexit sha1_base64="sl7+XVa/t8hSS9xWv3T2GJmJ89Q=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqqQgwViVhbFI9CE1IXJcp7XqOMF2kKo0X8DCr7AwgBArMxt/g9NmgJYj2To6517de48fMyqVZX0bK6tr6xubpa3y9s7u3r55cNiRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj++yv3uAxGSRvxWTWLihmjIaUAxUlryzKoTIjXCiKXNDDqxiGIVwWnHS+/9bHqX1rMg/zyzYtWsGeAysQtSAQVanvnlDCKchIQrzJCUfduKlZsioShmJCs7iSQxwmM0JH1NOQqJdNPZORmsamUAg0joxxWcqb87UhRKOQl9XZkvLxe9XPzP6ycquHRTyuNEEY7ng4KEQX1yng0cUEGwYhNNEBZU7wrxCAmElU6wrEOwF09eJp16zT6r1W/OK41mEUcJHIMTcApscAEa4Bq0QBtg8AiewSt4M56MF+Pd+JiXrhhFzxH4A+PzBxBNnL8=</latexit>
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How does one measure |Vcb| & |Vub|?

Needs input from non-perturbative 
methods:

Form Factors

Total decay rate determined from 
Heavy Quark Expansion (HQE)
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Inclusive |Vcb | Inclusive |Vub | 
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<latexit sha1_base64="Yw5mTOgLRI4anJLUGLjoJlyDE60=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIsgHspuFfRY1IPHCm5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRjdTv/XElOaxfDDjhPkRGUgeckqMlbzbx+xs0itXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDKz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXd82rt/qJSv87jKMIRHMMpuHAJdbiDBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wd1yo50</latexit>

X
<latexit sha1_base64="kpPTAtGMnO2krFRSnNrra2xDivU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftweM4A==</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

}
<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

Prediction from
Theory but often also constrained 

from measured differential distributions

Theory from non-perturbative Methods:
* Lattice QCD (high q2)
* QCD Sum rules (low q2)

Measured
Branching Fraction
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Current status: A longstanding 

Inclusive 

Exclusive

Inclusive 

Exclusive

Image credit: M. Prim
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Untagged |Vub|
arXiv:2210.04224

• Extract signal via binned 2D fit using  and  
in bins of 


• Fit differential decay width to BCL expansion 
with FNAL/MILC lattice QCD constraints included 
as nuisance parameters

ΔE Mbc
q2 = (pB − pπ)2 = (pℓ + pν)2

• Reconstruct  with inclusive tagging


• Main challenge: large backgrounds from continuum  
and other semileptonic decays

- Reject with dedicated BDT


• Estimate  using a modified diamond frame  
approach

B0 → π−ℓ+νℓ

pB

|Vub| = (3.54± 0.12± 0.15± 0.16) · 10�3
<latexit sha1_base64="JNFWW0v0Ry/rd7E+DqQyBuKP3b0="></latexit>

Image credit: P. Lewis

https://arxiv.org/abs/2210.04224
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Untagged |Vcb|
arXiv:2210.13143

• Reconstruct  and  
 with inclusive tagging


• Main challenge: large backgrounds from  
 decays


- Reduce by reconstructing slow pions with  
p < 0.35 GeV and rejecting events where 

    [140, 150] MeV


• Estimate  again using a modified diamond frame  
approach


• Fit the angle between B and Y( ) to extract signal:

B0 → D−( → K+π−π−)ℓ+νℓ
B+ → D̄0( → K+π−)ℓ+νℓ

B → D*ℓνℓ

mD* − mD ∈

pB

Dℓ

cos ✓BY =
2E⇤

BE
⇤
Y �m2

B �m2
Y

2|p⇤B ||p⇤Y |
<latexit sha1_base64="lpE1FjU9d/yjX/f7+cSUP06nixI="></latexit>

• Fit differential decay width using BGL (N = 3)  
parametrization with FNAL/MILC and HPQCD lattice  
QCD constraints included as nuisance parameters

w =
m2

B +m2
D � q2

2mBmD
<latexit sha1_base64="0AK43zf8TFMGTgx1oN8ztVhcgyk=">AAACHHicbZBNS8MwGMdTX+d8q3r0EhyCII62E/QijLmDxwnuBbY50izdwpK2JqkySj+IF7+KFw+KePEg+G1Mtx5084GEH///85A8fzdkVCrL+jYWFpeWV1Zza/n1jc2tbXNntyGDSGBSxwELRMtFkjDqk7qiipFWKAjiLiNNd3SZ+s17IiQN/Bs1DkmXo4FPPYqR0lLPLD3AC9jxBMIxv42dpBdXEngMp1yFJ/AupSR2eOroq5okPbNgFa1JwXmwMyiArGo987PTD3DEia8wQ1K2bStU3RgJRTEjSb4TSRIiPEID0tboI05kN54sl8BDrfShFwh9fAUn6u+JGHEpx9zVnRypoZz1UvE/rx0p77wbUz+MFPHx9CEvYlAFME0K9qkgWLGxBoQF1X+FeIh0Ukrnmdch2LMrz0PDKdqlonN9WihXsjhyYB8cgCNggzNQBlegBuoAg0fwDF7Bm/FkvBjvxse0dcHIZvbAnzK+fgAGJKDA</latexit>

⌘EW|Vcb| = (38.53± 1.15) · 10�3
<latexit sha1_base64="FyelMPOVx2gcENX+IO9QHif0kmc="></latexit>

Signal 

Electroweak corr.  
factor  1≃

~ 3% error comparable to past 
measurements

: zero 
recoil 

wmin wmax

https://arxiv.org/abs/2210.13143
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New incl. |Vcb| from  momentsq2

How to measure moments:

arXiv:2205.06372

Calibrated   
dist. accounting for 
data/MC differences 

q2
Residual bias  

corr. factor

Correct for resolution  
& selection effects

Background  
subtraction weights

• Novel theoretical approach to determine incl. |Vcb|  with a reduced set of higher order 
HQE parameters at ( ) in a completely data-driven approach JHEP 02 177 (2019) 


• Requires the reconstruction of  for  decays


- Only possible through hadronic tagging at B-factories!


• Main challenge: non-resonant  ‘gap’ modelling

𝒪 1/m4
b

q2 B → Xcℓνℓ

Xcℓνℓ

https://arxiv.org/abs/2205.06372
https://link.springer.com/article/10.1007/JHEP02(2019)177


# 47

New incl. |Vcb| from  momentsq2
JHEP 10 (2022) 068

• Novel theoretical approach to determine incl. |Vcb|  with a reduced set of higher order 
HQE parameters at ( ) in a completely data-driven approach JHEP 02 177 (2019) 


• Requires the reconstruction of  for  decays


- Only possible through hadronic tagging at B-factories


• Main challenge: non-resonant  ‘gap’ modelling

𝒪 1/m4
b

q2 B → Xcℓνℓ

Xcℓνℓ

• Combined Belle & Belle II fit:

|Vcb| = (41.69± 0.63) · 10�3
<latexit sha1_base64="CIpdgGYQ627+3dnIcnM60Rp2J2M=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoF4akLVUXQtGNywr2AW0tk+mkHTqZhJmJUNJ8gxt/xY0LRdy6cuffOH0stPXAhcM593LvPW7IqFS2/W2kVlbX1jfSm5mt7Z3dPXP/oC6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNd3g98RsPREga8Ds1CknHR31OPYqR0lLXzI/r3Ri7yRhewlzJscoXsB360LbKxTxs416goGPfx6fFpGtmbcueAi4TZ06yYI5q1/xq9wIc+YQrzJCULccOVSdGQlHMSJJpR5KECA9Rn7Q05cgnshNPX0rgiVZ60AuELq7gVP09ESNfypHv6k4fqYFc9Cbif14rUt55J6Y8jBTheLbIixhUAZzkA3tUEKzYSBOEBdW3QjxAAmGlU8zoEJzFl5dJvWA5RatwW8pWruZxpMEROAY54IAzUAE3oApqAINH8AxewZvxZLwY78bHrDVlzGcOwR8Ynz9dkZog</latexit> Incl. vs Excl. puzzle remains…

FYI my PhD analysis

https://link.springer.com/article/10.1007/JHEP10(2022)068
https://link.springer.com/article/10.1007/JHEP02(2019)177
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112011


# 48

Test of LFU: R(Xe/μ)
H. Junkerkalefeld @ichep

• Obtain the  yields by a simultaneous 
binned likelihood fit of the  and  templates  
to individual  distributions

Xℓν
e μ

p*ℓ

R(Xe/µ) = 1.033± 0.010± 0.020
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Compatible with SM prediction of 
1.006  0.001 with 1.2± σ

First test of ( ) LFU in incl.  ! e/μ B → Xℓν

• Inclusive cross-check of the current R(D*)  
tension is crucial:


• No measurement from Belle or BaBar… 


• First step:  LFU testing with light leptons 
using hadronic tagging 

R(Xe/μ)

R(X) =
B(B ! X⌧⌫)

B(B ! X`⌫)
<latexit sha1_base64="tP1j8bxTGKh1BGyFqy1Vc0GrZHw="></latexit>

R(Xe/µ) =
B(B ! Xe⌫)

B(B ! Xµ⌫)
<latexit sha1_base64="CelfkalOGml+MxdcMVsQiVQ6568="></latexit>

https://agenda.infn.it/event/28874/contributions/169348/attachments/94338/129062/HJ_LFU_results_at_Belle_II.pdf
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Forward-backward asymmetry
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Current measurements of  from  decays display a discrepancy 
with the SM prediction

AFB B0 → D*−ℓ+νℓ

• First measurement of  from inclusive  decays would provide an  
orthogonal, complementary study JHEP 04 (2016) 131


-  component easily subtracted in the HQE with smaller uncertainties 
than traditional MC approach arXiv:2205.03427 & JHEP 09 (2021) 51


• Additional information on HQE parameters leads to greater sensitivity in global 
fits, directly impacting precision on incl. |Vcb|

AFB B → Xℓνℓ

Xuℓνℓ

3.9σ

https://link.springer.com/article/10.1140/epjc/s10052-021-09724-2
https://link.springer.com/article/10.1007/JHEP04(2016)131
https://arxiv.org/abs/2205.03427
https://link.springer.com/article/10.1007/JHEP09(2021)051#citeas
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• Goal: Measure  from inclusive   
decays using hadronic tagging

AFB B → Xℓν

JHEP 04 (2016) 131
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• Missing energy and  easily accessible variables 
with tagged approach


• Separate electron and muon channels for further  
LFU tests


• Additional information leads to greater sensitivity in  
global fits, particularly the HQE parameter 
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• Reconstruct:

z = cos ✓`
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Incl.        at Belle II     AFB
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https://link.springer.com/article/10.1007/JHEP04(2016)131
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Nice, smooth curve 
without any requirement 

on EB
ℓ

• A minimum energy is required for leptons to 
be successfully reconstructed & identified 
by the Belle II detector


• Higher  selects a less inclusive sample


• Imposing an  requirement introduces a 
kink, which would smooth out due to 
detector resolution


• Potential challenges in unfolding 
reconstructed to the underlying distribution?

Eℓ

Eℓ

Suggestion: 
Use a  selection instead q2
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Dist. distorts rapidly 
with increasing  

selections…
EB
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• A minimum energy is required for leptons to 
be successfully reconstructed & identified 
by the Belle II detector


• Higher  selects a less inclusive sample


• Imposing an  requirement introduces a 
kink, which would smooth out due to 
detector resolution


• Potential challenges in unfolding 
reconstructed to the underlying distribution?

Eℓ

Eℓ

Suggestion: 
Use a  selection instead q2
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Impact of an  requirementEℓ
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• A minimum energy is required for leptons to 
be successfully reconstructed & identified 
by the Belle II detector


• Higher  selects a less inclusive sample


• Imposing an  requirement introduces a 
kink, which would smooth out due to 
detector resolution


• Potential challenges in unfolding 
reconstructed to the underlying distribution?

Eℓ

Eℓ

Suggestion: 
Use a  selection instead q2

HQE prediction with  
different  selectionsq2
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I. Meet the 
Belle II 

Collaboration

III. 

IV. Towards higher  
luminosity

Highlights of 
recent results

SuperKEKB & status 
of Belle II

II. 

Belle II started its journey and offers a unique and fertile 
environment for flavour physics.

LS2

LS1

With 428 fb  LS1 data Belle II can already provide physics output 
with comparable precision to that of its predecessors.

−1

Over the next decade, Belle II 
aims to collect a data set 
equivalent to ~ 50 ab .−1

High quality results will soon 
start to impact world 
averages as data and 
precision increase.

Towards higher luminosity:
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IV. Towards higher  
luminosity

Highlights of 
recent results

SuperKEKB & status 
of Belle II

II. 

Belle II started its journey and offers a unique and fertile 
environment for flavour physics.

LS2

LS1

With 428 fb  LS1 data Belle II can already provide physics output 
with comparable precision to that of its predecessors.

−1

Over the next decade, Belle II 
aims to collect a data set 
equivalent to ~ 50 ab .−1

Towards higher luminosity:

Exciting, new 
results  

are on the way!

High quality results will soon 
start to impact world 
averages as data and 
precision increase.



Florian Bernlochner Antrittsvorlesung — Schönheit und Geschmack

Thank you for your attention!
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A requirement of                                 
is equivalent to imposing a selection 

of  

57

 vs.  selection criteriaEℓ q2
[JHEP 02, 177 (2019)]
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A requirement of                                 
is equivalent to imposing a selection 

of  

q2 > 3.6 GeV2
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https://link.springer.com/article/10.1007/JHEP02(2019)177


# 58

              modelling & compositionB ! Xc`⌫
<latexit sha1_base64="DlmxVehEH68vb00mqAAIdWL/TGQ=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyWpgh5LvXisYD+gCWGz3bZLN5uwO1FK6MWLf8WLB0W8+h+8+W/ctjlo64OBx3szzMwLE8E1OM63VVhZXVvfKG6WtrZ3dvfs/YOWjlNFWZPGIladkGgmuGRN4CBYJ1GMRKFg7XB0PfXb90xpHss7GCfMj8hA8j6nBIwU2Md17Ck+GAJRKn7AnSCjE+wxIbAn08AuOxVnBrxM3JyUUY5GYH95vZimEZNABdG66zoJ+BlRwKlgk5KXapYQOiID1jVUkohpP5t9McGnRunhfqxMScAz9fdERiKtx1FoOiMCQ73oTcX/vG4K/Ss/4zJJgUk6X9RPBYYYTyPBPa4YBTE2hFDFza2YDokiFExwJROCu/jyMmlVK+55pXp7Ua7V8ziK6AidoDPkoktUQzeogZqIokf0jF7Rm/VkvVjv1se8tWDlM4foD6zPH7+KmBg=</latexit>

Fairly well known. 
Some iso-spin tension. 

Broad states based on 
3 measurements. 

(BaBar, Belle, DELPHI)

Image credit: F. Metzner

Some hints from  
the BaBar result.
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A tale of two ‘gap’ models
Model 1: 

Equidistribution of all final state particles in phase space

PRD 104, 112011 (2021)Provides better 
kinematic 

description

(Assign 100% BR uncertainty in systematics covariance matrix)

q2
<latexit sha1_base64="GipskatfPDoEFooHo0IJNhPepwI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttLJvttl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJlIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJxqxn0Wy1i3Qmq4FIr7KFDyVqI5jULJm+HoZuo3n7g2Ilb3OE54ENGBEn3BKFrJf3zIqpNuqexW3BnIMvFyUoYc9W7pq9OLWRpxhUxSY9qem2CQUY2CST4pdlLDE8pGdMDblioacRNks2Mn5NQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XTrF/FWRCJSlyxeaL+qkkGJPp56QnNGcox5ZQpoW9lbAh1ZShzadoQ/AWX14mjWrFO69U7y7Ktes8jgIcwwmcgQeXUINbqIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/xtqOqQ==</latexit>

MX
<latexit sha1_base64="utebinLZ9dtYeHrB9SJPpEfpsXs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiFy9CBdMW2lA222m7dLMJuxuhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wE18Z1v53C2vrG5lZxu7Szu7d/UD48auo4VQx9FotYtUOqUXCJvuFGYDtRSKNQYCsc38781hMqzWP5aCYJBhEdSj7gjBor+fe9rD3tlStu1Z2DrBIvJxXI0eiVv7r9mKURSsME1brjuYkJMqoMZwKnpW6qMaFsTIfYsVTSCHWQzY+dkjOr9MkgVrakIXP190RGI60nUWg7I2pGetmbif95ndQMroOMyyQ1KNli0SAVxMRk9jnpc4XMiIkllClubyVsRBVlxuZTsiF4yy+vkmat6l1Uaw+XlfpNHkcRTuAUzsGDK6jDHTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nD8r/jqw=</latexit>

E`
B

<latexit sha1_base64="hBFU7fRbEa9D+k98MOA8x0rVynQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GOpCB4r2A9oYtlsp+3SzSbsboQS8je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IOZMacf5tgpr6xubW8Xt0s7u3v5B+fCoraJEUmzRiEeyGxCFnAlsaaY5dmOJJAw4doLJzczvPKFULBIPehqjH5KRYENGiTaSd/uYesh51k8bWb9ccarOHPYqcXNSgRzNfvnLG0Q0CVFoyolSPdeJtZ8SqRnlmJW8RGFM6ISMsGeoICEqP53fnNlnRhnYw0iaEtqeq78nUhIqNQ0D0xkSPVbL3kz8z+slenjtp0zEiUZBF4uGCbd1ZM8CsAdMItV8agihkplbbTomklBtYiqZENzll1dJu1Z1L6q1+8tKvZHHUYQTOIVzcOEK6nAHTWgBhRie4RXerMR6sd6tj0VrwcpnjuEPrM8fKKKRww==</latexit>

Model 2: 
Decay via intermediate broad          stateD⇤⇤

<latexit sha1_base64="iRDEAsAn9uGixQJzmpej08xz1Ug=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBeii7VdBjUQ8eK9gPaNeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo+up33qiSjMp7s04pn6EB4KFjGBjpebNQ1ouT3rFkltxZ0DLxMtICTLUe8Wvbl+SJKLCEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcAR1X46u3aCTqzSR6FUtoRBM/X3RIojrcdRYDsjbIZ60ZuK/3mdxISXfspEnBgqyHxRmHBkJJq+jvpMUWL42BJMFLO3IjLEChNjAyrYELzFl5dJs1rxzirVu/NS7SqLIw9HcAyn4MEF1OAW6tAAAo/wDK/w5kjnxXl3PuatOSebOYQ/cD5/ANvPjqg=</latexit>


