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Luminosity frontier : indirect search

Energy frontier : direct search

New particle

arXiv:1309.2293

New physics search at Belle II
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• Indirect search for New Physics (NP) in quantum effect  

• Sensitivity of NP detection up to 200 TeV for loop diagram 


(depending on the NP coupling constant)
• Standard Model suppressed or forbidden decays

• Test lepton flavor universality and the lepton flavor violations 

• Dark sector search, τ physics, etc..

https://arxiv.org/abs/1309.2293


Luminosity frontier: SuperKEKB/Belle II
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World’s highest instantaneous luminosity: 
L = 4.14 x 1034 cm-2 s-1  

KEKB record: 2.1 x 1034 cm-2 s-1

Nano beam scheme

Low emittance  
electron gun

Position dumping ling 
low emittance position Position source target

Belle II detectore- 7 GeV
e+ 4 GeV

Asymmetric e+e- collider operating at a center of mass energy of the Υ(4S) resonance 

Υ(4S)

e+

e- γ*

B

B

• Squeeze the beam σy*~50 nm 
• Large crossing angle 



The Belle II detector

4

Level-1 trigger :CDC+ECL+TOP+KLM 
DAQ: Maximum 30 kHz L1 trigger 

Vertex detector (VXD) 
Inner 2 layers: pixel detector (PXD)

Outer 4 layers: strip sensor (SVD)

Central Drift Chamber (CDC) 
He (50%), C2H6 (50%), small 
cells, long lever arm

Particle Identification 
Barrel: Time-Of-Propagation counters 
(TOP)

Forward: Aerogel RICH (ARICH)

ElectroMagnetic Calorimeter (ECL) 
Barrel: CsI(TI) + waveform sampling

Endcap: waveform sampling

KL/μ detector (KLM) 
Outer barrel: Resistive Plate Counter 
(RPC)

Endcap/inner barrel: Scintillator

e- (7GeV)

e+ (4GeV)

 



Operation status and integrated luminosity
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•Belle II operation under COVID-19

Belle II data taking efficiency ~90%

2019 20222020 2020

•~380 fb-1 till now, expect ~500 fb-1 
till LS1 
•Belle: 1 ab-1 

•Long shutdown (LS) 1 starts from 
summer 2022 to autumn 2023 to 
replace PXD 

•LS2 is under discussion for machine 
improvements on the time frame of 
2026-27



Charm lifetimes
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Charm lifetime measurements at Belle II

Belle II World average
τ(D0) = 410.5 ± 1.1 (stat.) ± 0.8 (syst.) fs 410.1 ± 1.5 fs
τ(D+) = 1030.4 ± 4.7 (stat.) ± 3.1 (syst.) fs 1040 ± 7 fs

τ(Λc+) = 204.1 ± 0.8 (stat.) ± 1.4 (syst.) fs     
(202.4 ± 3.1 fs PDG)

World’s most precise measurement

• World’s most precise measurement of D0/D+ lifetime by Belle II, PRL 127, 211801 (2021) 
• Small interaction region 
• New vertex detector 



B physics

8



CKM matrix and unitarity triangle (UT)
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• Normalization by
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b row d column

Complex phase cause CP violation 

• A triangle on the complex plane

• Comprehensive test by Belle II

• Measure all sides and angles


• Search NP in mixing (tree, loop) 
by precise measurement of UT



|Vcb|, |Vub| measurement through  
semileptonic B decays
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Status of |Vub| and |Vcb| determinations
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Branch fraction : ~25%

|Vub|  and |Vcb| results from Belle, BaBar, etc., has longstanding discrepancy btw 
inclusive and exclusive measurements 

Exclusive Inclusive
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|Vub| = ( 3.88 ± 0.45 ) × 10-3  
|Vub| = ( 3.67 ± 0.15) × 10-3 (PDG)

Combined fit of B0→π-e+ν and B+→π0e+ν
• Hadronic B tag    : Full Event Interpretation 

trained 200 BDTs to reconstruct ~100 
decays channels, ~10000 B decay chains

Measuring |Vub| from B0→π-eν

https://arxiv.org/pdf/2009.04493.pdf


Measurement of B→D*lν for |Vcb|
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w = 1

w = 1.5

F2(w) : Form factor determination rely heavily 
on w = 1 (zero recoil), using CLN 
parameterization, NP B530, 153 (1998)

d�

d!
/ |V cb|2|F(!)|2
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|Vcb| = ( 37.9 ± 2.7 ) × 10-3  
|Vcb| = ( 39.5 ± 0.9 ) × 10-3  (PDG)



First Belle II |Vub| and |Vcb| results
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• These are the first Belle II tagged measurements of |Vub|  and |Vcb| are still 
statistically limited  
• More precise measurements with larger dataset 
• Higher precision with untagged measurement as the efficiency is 20-30%  



𝜙1/β, 𝜙2/α, 𝜙3/γ measurements 
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(0,0) (0,1)

(ρ,η)

α/𝜙2

β/𝜙1
γ/𝜙3 B→DK B→J/ψKS

B→ππ, ρρ
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Effective flavor tagging 
efficiency:

•Belle II : ( 30.0 ± 1.3 )%    

•Belle    : ( 30.1 ± 0.4 )%

EPJ C(2022) 82, 283

Time dependent CPV - Flavor tagging

B

K+

D0

π-

π-
e-  (7GeV)

e+ (4GeV)
𝐽/𝜓 µ+ 

B0

Ks

π+

µ- 

π-

Δt = Δz / βγc
Δz ~ 130 um Flavor non-specific 


CP eigenstate

Flavor tagger

Time dependent CP-Violation measurement: 
•Precise measurement of Δt 
•B flavor tagger

ACP =
�(B̄0(t) ! fCP )� �(B0(t) ! fCP )

�(B̄0(t) ! fCP ) + �(B0(t) ! fCP )
= Sfsin(�mt) +Afcos(�mt)

<latexit sha1_base64="EIIoFsMPGwRbMCw1E0z54o7Jgo8="></latexit>

Sf : indirect (Time dependent) CPV parameter

Af : direct CP violation parameter

B0

B0

fCP

Sf  = - ξ sin(2𝜙1)  with B0→J/ψKs    
∆m ：the oscillation frequency



B0 Lifetime and mixing frequency
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τB0 = 1.499 ± 0.013 (stat.) ± 0.008 (syst.) ps 
τB0 = 1.519 ± 0.004 ps (PDG) 
∆m = 0.516 ± 0.008 (stat.) ± 0.005 (syst.) ps-1 

• Result compatible with world average

• Similar uncertainty as Belle, BaBar results

• B→D*lν to be included


• Belle II ready for time dependent analysis

• Next step sin(2𝜙1) measurement



𝜙2/α measurement (B+→ρ+ρ0)
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Constraint for 𝜙2 using combination of B→ρρ (ρ+ρ-, ρ±ρ0, ρ0ρ0) decays

• Longitudinal polarization fraction fL

•Asymmetry in rate B+→ρ+ρ0 vs B-→ρ-ρ0 

•Direct CP-violation from interference between tree and penguin diagram

B+

B+
u u

uu

ρ+

ρ+

ρ0

ρ0



𝜙3/γ measurement
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B-

(Ksπ+π-) K-

D0K-

D0K- rB  : ratio of amplitude

δB : strong phase difference

• Interference between b→c and b→u (tree level)

Color suppressed

Favored

Asuppr.(B� ! D̄0K�)

Afavor.(B� ! D0K�)
= rBe

i(�B��3)
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JHEP 02 (2022) 063 

Belle

δB[°] 124.8 ± 12.9 (stat.) ± 0.5 (syst.) ± 1.7 (ext.)
rB 0.123 ± 0.024 (stat.) ± 0.001 (syst.) ± 0.002 (ext.)
γ[°] 78.4 ± 11.4 (stat.) ± 0.5 (syst.) ± 1.0 (ext.)

First combined Belle (711 fb-1) and Belle II (128 fb-1) analysis
• Expect < 3° uncertainty with 10 ab-1 

• Will still statistically limited

B → DK B → Dπ B → DK B → Dπ

https://link.springer.com/content/pdf/10.1007/JHEP02(2022)063.pdf


B anomaly
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LFU violation in b→sll
<latexit sha1_base64="8PIVRbbJSmePfD4vuRZ6R2WLDRw="></latexit>

R(K(⇤)) =
Br(B ! K(⇤)µ+µ�)

Br(B ! K(⇤)e+e�)

•LHCb finds 3.1σ evidence for LFU 
violation 

LeptoquarkSM

• Similar precision for electron and muon channels

• Limited by sample size

• Expected to became competitive with 1 ab-1

B→K*l+l- 

PDG averages

arXiv:2103.11769 arXiv:2110.09501
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SUSY

Light dark matter

This method only sensitive to high pT region of K+ 

Inclusive search of B±→K±νν
Br(B+ ! K+⌫⌫̄)SM = (4.6± 0.5)⇥ 10�6

<latexit sha1_base64="GT3BN/MtSkL056jRBhZ/n8mLvw4="></latexit>

SM prediction:

• Belle, Babar: B tag

• ε ~0.04% (hadronic)

• ε ~0.2% (semileptonic) 


• Belle II : untag

• ε ~4% (2 step Fast BDT)

•Search for flavor-changing neutral current	 

•A channel unique to Belle II  

•b→sνν contain the same new physics of b→sl+l-

•b→sνν is theoretically clean than b→sl+l- 

High Energy Phys. 02, 184 (2015)



Result of inclusive search of B±→K±νν
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• 2~3 times limit compare to Belle and BaBar with only 63 fb-1

• Expect 2 times limit compare SM prediction with 500 fb-1 (towards discovery)

PRL, 127, 181802 (2021)



Dark Sector
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Dark Sector Search at Belle II

Mediator,

• Light dark matter search, low background, 
3D momentum conservation at Belle II 
• Sensitivity for MeV-GeV scenarios  
• Typical processes 

• e+ + e- → SM particle + mediator  
• B → SM particle + mediator 

• Belle or BaBar not able for DM search for low multiplicity processes (trigger setting, 
etc.), Belle II have the capability, already published 2 results with initial data  
• e+e- →μ+μ-Z’, Z’→invisible (0.28 fb-1)  PRL 124 (2020), 141801 
• e+e- →a(→γγ)γ (Axion-Like Particle) (0.44 fb-1)  PRL 125 (2020), 161806

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806
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Dark Higgsstrahlung
• U(1)’ extension of the standard model 

• Massive dark photon (A’) as the mediator 
• Spontaneous symmetry breaking introduce a 

dark Higgs (h’) 
• Phys.Rev. D 79, 115008 (2009) 
• A’ couples to SM only via kinetic mixing (ε) 
• αD dark coupling constant

e+

e-

• Mass hierarchy scenarios 
• mh’ > mA’: h’→A’A’(*), 4had., 2l + 2 had. (final 

state: 6 tracks), probed by BaBar (2012), Belle 
(2015) 

• mh’ < mA’: h’ “long lived thus invisible” (2 
tracks), partly probed by KLOE (2015)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.79.115008
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Dark Higgstrahlung results
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� / ✏2↵D

• No significant deviation from SM background 
expectation is observed (8.34 fb-1) 

• Upper limits are set on σ and ε2αD:  
• Covered region: 1.65 < MA’< 10.51 GeV and Mh’< MA’ 

• 90% CL UL on σ from 1.7 to 5 fb @ 4<MA’< 9 GeV  
• For MA’< 4 GeV: low sensitivity due to trigger eff. 
• For MA’> 9 GeV: large dimuon background



28

Summary and prospects
•Belle II already accumulated 380 fb-1 data, aim to take 

~500 fb-1 till LS1 (Belle 1 ab-1) 

•Recent results presented in today’s talk 
•Lifetime of D0, D+ and Λc+ : world most precise 
•Semileptonic B decays 

•First |Vub| and |Vcb| measurement  
•B0 lifetime and mixing frequency: next step sin(2𝜙1)
•B+→ρ+ρ0 measurement for 𝜙2/α
•Measurement of 𝜙3/γ : first Belle + Belle II analysis 
•Search for Dark sector 

•Still other results can not covered in this talk 
•Belle II took unique data with collision energy above 
Υ(4S), around 10.751 GeV, for new structure studies

•More results are expected with competitive intergraded 
luminosity of BaBar experiment plan to be taken until 
summer 2022  



Backup
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Tag side reconstruction at Belle II
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• Hadronic tag    : Full Event Interpretation trained 200 BDTs to reconstruct ~100 
decays channels, ~10000 B decay chains 
•ε=0.47% for B± 

•ε=0.29% for B0
arXiv:2008.06096

https://arxiv.org/pdf/2008.06096.pdf


Measurement of B→Xclv for |Vcb|
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Hadronic mass moments of 
inclusive B→Xclν with hadronic tag

•A new method proposed in JHEP02 (2019)177 to extract |Vcb| from q2 moments 
•B→Xclv decay width is expressed with HQE (heavy-quark expansion) parameters 
•This method reduce HQE parameters from 13 to 8 
•Global fit for inclusive |Vcb| in the future 

 

q2 moments as a function of q2 momentum threshold

https://inspirehep.net/literature/2081808

https://link.springer.com/article/10.1007/JHEP02(2019)177
https://arxiv.org/pdf/2009.04493.pdf


B rare decay 

32



B→Kπ puzzle

33

• Assume penguin + tree diagrams are dominant 

AK+⇡0

CP ⇠ AK+⇡�

CP

<latexit sha1_base64="9hhfytSX7s49vxHKYOSxYFvIutk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQiiWRgrqrdiO4qWAf0KRhMp22QyeTMDMRSshHuPFX3LhQxK0Ld/6N0zaL2nrgwuGce7n3Hj9iVCrL+jFyK6tr6xv5zcLW9s7unrl/0JRhLDBp4JCFou0jSRjlpKGoYqQdCYICn5GWP6pN/NYjEZKG/EGNI+IGaMBpn2KktOSZpetuctctQSeiXSv1klo9hY6kAYRzxtnM8MyiVbamgMvEzkgRZKh75rfTC3EcEK4wQ1J2bCtSboKEopiRtODEkkQIj9CAdDTlKCDSTaZPpfBEKz3YD4UuruBUnZ9IUCDlOPB1Z4DUUC56E/E/rxOr/qWbUB7FinA8W9SPGVQhnCQEe1QQrNhYE4QF1bdCPEQCYaVzLOgQ7MWXl0nzvGxXylf3lWL1JosjD47AMTgFNrgAVXAL6qABMHgCL+ANvBvPxqvxYXzOWnNGNnMI/sD4+gXU/JzX</latexit>

IK⇡ ⌘ AK+⇡+

CP +AK0⇡+

CP
BK0⇡+

BK+⇡�

⌧B0

⌧B+

� 2AK+⇡0

CP
BK+⇡0

BK+⇡�

⌧B0

⌧B+

�AK0⇡0

CP
BK0⇡0

BK+⇡�
= 0(?)

<latexit sha1_base64="6oWXns2BJhqkm1pt/epb48olyEQ="></latexit>

World average: IKπ = (-14 ± 11)% 

• Another approach (isospin sum rule) to pin down the B→Kπ puzzle (less theoretical uncer.)  


‣QCD color suppression effect cannel out

 

dominant

�AK⇡ = AK+⇡0

CP �AK+⇡�

CP = (12.2± 2.2)%

<latexit sha1_base64="XU01BsAtzVJM7RI/QX0sj//81Ow="></latexit>

 (12.4 ± 2.1)% PDG

ACP (K
+⇡�) +ACP (K

0⇡+) ⇡ ACP (K
+⇡0) +ACP (K

0⇡0)

<latexit sha1_base64="M6Dl4xu9MWOLJ1zRVzyLJow3Dy0=">AAACOHicbVDLSgMxFM3UV62vUZdugkVoKZYZKai7ajeCCyvYB3SmJZOmbWhmJiQZsQz9LDd+hjtx40IRt36B6QOxrQcCh3PO5eYejzMqlWW9GIml5ZXVteR6amNza3vH3N2ryjASmFRwyEJR95AkjAakoqhipM4FQb7HSM3rl0Z+7Z4IScPgTg04cX3UDWiHYqS01DJvLlpxqTzMXDdzDqfN4yzMwV/JGkm5LHQQ5yJ8gLNZazFrZVtm2spbY8BFYk9JGkxRbpnPTjvEkU8ChRmSsmFbXLkxEopiRoYpJ5KEI9xHXdLQNEA+kW48PnwIj7TShp1Q6BcoOFb/TsTIl3LgezrpI9WT895I/M9rRKpz5sY04JEiAZ4s6kQMqhCOWoRtKghWbKAJwoLqv0LcQwJhpbtO6RLs+ZMXSfUkbxfy57eFdPFyWkcSHIBDkAE2OAVFcAXKoAIweASv4B18GE/Gm/FpfE2iCWM6sw9mYHz/AK83qCc=</latexit>

small small

• Current results obtained from the experiment

Neutral final states are crucial !
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B→K0π0 (189.8 fb-)
Br(10-6) 11.0 ± 1.2 (stat.) ± 1.0 (syst.)

PDG(10-6) 9.9 ± 0.5
ACP -0.41 +0.30-0.32 ± 0.09

ACP(PDG) 0.00 ± 0.13
Uncertainty ~4% at Belle II, able to answer Ikπ

Measurement of B→Kπ decays

The Belle II Physics Book, PTEP 2019, 123C01 

�E = E⇤
B � E⇤

beam

<latexit sha1_base64="JaVjFWzrRpEzTtMTEfN+pFQzxpY=">AAACB3icbVDLSgMxFM3UV62vUZeCBIsggmVGCupCKNWCywr2Ae04ZNK0Dc1khiQjlKE7N/6KGxeKuPUX3Pk3Zqaz0NYDIYdz7r3JPV7IqFSW9W3kFhaXllfyq4W19Y3NLXN7pymDSGDSwAELRNtDkjDKSUNRxUg7FAT5HiMtb3SV+K0HIiQN+J0ah8Tx0YDTPsVIack197vXhCkEa/AS1u6P3So8Se/Y00MmBdcsWiUrBZwndkaKIEPdNb+6vQBHPuEKMyRlx7ZC5cRIKIoZmRS6kSQhwiM0IB1NOfKJdOJ0jwk81EoP9gOhD1cwVX93xMiXcux7utJHaihnvUT8z+tEqn/uxJSHkSIcTx/qRwyqACahwB4VBCs21gRhQfVfIR4igbDS0SUh2LMrz5Pmackuly5uy8VKNYsjD/bAATgCNjgDFXAD6qABMHgEz+AVvBlPxovxbnxMS3NG1rML/sD4/AGpIpap</latexit>

B→K0π0

•Perform 4D fit (ΔE, Δt, Mbc, continuum suppression output)

•Constrain SCP using previous measurements to maximize precision on ACP

https://doi.org/10.1093/ptep/ptz106
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Dark Sector Search at Belle II
• Belle or BaBar did not search for some of the processes (trigger setting, etc.), 

Belle II initial data enable two searches 
• e+e- →μ+μ-Z’, Z’→invisible (0.28 fb-1)  PRL 124 (2020), 141801 
• e+e- →a(→γγ)γ (Axion-Like Particle) (0.44 fb-1)  PRL 125 (2020), 161806
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Dark Higgstrahlung background and systemtatics



Unitarity Triangle fit extrapolation
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The Belle II Physics Book, PTEP 2019, 123C01 

If the current World Average holdCurrent Belle II 50 ab-1

• Tensions existed on Vub and 𝜙1

• UT can not close if keeping the 

central value for 50 ab-1 

• Differences between UT determined 

by tree (Vub, 𝜙3) and loop (𝜙1, 𝜙2) 
can be discriminated with 50 ab-1 

data-set

Zoom

https://doi.org/10.1093/ptep/ptz106
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BeIIe II projection 
Sρ0ρ0 = -0.14 
Sπ0π0 = 0.75

1σ

• Δ𝜙2~0.6° (current 4.2°) with 50 fb-1 data

• B→ππ, B→ρρ isospin analysis and B→ρ(ππ)π 

Dalitz analysis of 3 body decays

• LHCb can not measure 𝜙2

The Belle II Physics Book, PTEP 2019, 123C01 

B+→ρ+ρ0

Yeild 104 ± 16 
Br(10-6) 20.6 ± 3.2  ± 3.1

PDG 24.0 ± 1.9 
fL 0.936+0.049-0.041  ± 0.021

fL(PDG) 0.950 ± 0.016

• Compatible with PDG value

• Performance superior to early Belle results

fL = fraction of longitudinally polarized events

B+→ρ+ρ0

𝜙2 measurement (B→ρρ)

Current precision

BELLE2-CONF-DRAFT-2021-005

�E = E⇤
B � E⇤

beam

<latexit sha1_base64="JaVjFWzrRpEzTtMTEfN+pFQzxpY=">AAACB3icbVDLSgMxFM3UV62vUZeCBIsggmVGCupCKNWCywr2Ae04ZNK0Dc1khiQjlKE7N/6KGxeKuPUX3Pk3Zqaz0NYDIYdz7r3JPV7IqFSW9W3kFhaXllfyq4W19Y3NLXN7pymDSGDSwAELRNtDkjDKSUNRxUg7FAT5HiMtb3SV+K0HIiQN+J0ah8Tx0YDTPsVIack197vXhCkEa/AS1u6P3So8Se/Y00MmBdcsWiUrBZwndkaKIEPdNb+6vQBHPuEKMyRlx7ZC5cRIKIoZmRS6kSQhwiM0IB1NOfKJdOJ0jwk81EoP9gOhD1cwVX93xMiXcux7utJHaihnvUT8z+tEqn/uxJSHkSIcTx/qRwyqACahwB4VBCs21gRhQfVfIR4igbDS0SUh2LMrz5Pmackuly5uy8VKNYsjD/bAATgCNjgDFXAD6qABMHgEz+AVvBlPxovxbnxMS3NG1rML/sD4/AGpIpap</latexit>

https://doi.org/10.1093/ptep/ptz106
https://docs.belle2.org/record/2242/files/BELLE2-CONF-DRAFT-2021-005.pdf
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Belle II - LHCb comparison
P.  URQUIJO @ Beauty 2020



Prospects of |Vub| and |Vcb|
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The Belle II Physics Book, PTEP 2019, 123C01 

Side Observable Dominant uncertainties

|Vtd| Δmd: BB mixing 
frequency

Lattice QCD (|Vtd| now is mainly 
limited by LQCD)

|Vcb| Br(b→clν) Exclusive: Lattice QCD

Inclusive: experiment vs. 
phenomenology|Vub| Br(b→ulν)

https://doi.org/10.1093/ptep/ptz106


41

Belle II - LHCb comparison
RD(*) |Vub|

sin(2𝜙1) 𝜙3
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Belle II detector performance


