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Some of the Big Questions Everyone Wants to Answer

The Baryogenesis (new sources of CPV?)

      Dark Matter (what / how / where)

          Dark Energy / vacuum energy

               Neutrino masses (how / etc)

Some “related matters”:  FCNC,  LFV,  BNV, new right-handed currents, 
                                                how to extract NP / interpret (necessary) QCD
                                                in a model-independent way

The Belle II experiment seeks to provide new information about some of these matters

Complementarity of Big and Small
  Same questions / different tools 

ℓℓX
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Belle II: Much More Than the Next Generation B Factory
The next generation B factory (we plan to collect approx. 50 times more statistics than by Belle by ~2026)

The lepton factory (LFV/BNV!)

A window on the dark sector

A program to search for new sources of CP violation

Significant improvement in measuring the CKM angles

A QCD laboratory (hadron spectroscopy (including XYZ states))

Measurements to help improve theoretical estimates of HVP and HLbL for g-2

Hermeticity (even better than @Belle)
        Well-understood initial state
Absolute cross sections measurements
                 Quantum coherence
                         Flavor tagging

A better machine +
A better detector +
Higher luminosity =>
    Larger data set =>
Better NP sensitivity

We see Belle II as an indirect NP exploration experiment, besides, there are some
very interesting NP scenarios that can be explored directly (e.g. the dark photon)

but, also
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Why So Much Confidence in Your Friends and Hardware?
Existing datasets (in inverse fb)

SuperKEKB: 40x KEKB
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Ingredients for Success:  Part 1, The Machine,  SuperKEKB
Beam current: ×2 (higher RF power); upgraded components shown in color

Beam size: 1/20 (low emittance, compact and strong focusing quads)
Target: L = 8x1035/cm2/s = LKEKBx40

Nanobeams (originally proposed by P. Raimondi for SuperB), new positron target, reinforced RF cavities, redesigned lattices for LER & HER,  
LER: dipoles magnets replaced by longer ones, TiN-coated LER beampipe with antechambers, new superconducting focusing quadrupole magnets near IP

e- 7GeV 2.6 A

e+ 4GeV 3.6 A

Belle II

LINAC

Damping ring

Positron
source
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Ingredients for Success:  Part 1, The Machine,  SuperKEKB

    
Damping ring

Low emittance gun

Positron source  
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  Low emi ance

electrons to inject
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Add / modify
RF systems
for higher
beam current 

    
   

SuperKEKB

Redesign the la ces of both
rings to reduce the emi ance

Replace short dipoles
with longer ones (LER)

-TiN coated beam pipe with
antechambers

superconduc ng
 final

quad magnets                     near 

New
/ permanent
focusing
the IP, 1cm radius collision
point beryllium beam pipe

I 

Colliding bunches

     83 mrad
crossing angle



Ingredients for Success:  Part 2, The Detector,  Belle II

electron
beam  (7GeV)

    positron
beam (4GeV)
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1400 tons
 8m x 8m

Beryllium beam pipe in the interaction region: 
diameter decreased from 3cm to 2cm
Vertex detector (VXD):  two layers of pixels
followed by four double-layered silicon strips
Center drift chamber:  smaller cells (than @Belle),
faster electronics, improved triggering capabilities
PID:  compact Time-of-Propagation (TOP) barrel 
and proximity focusing aerogel endcap 
Cherenkov detectors
EM calorimeter:  Same CsI(TI) crystals, upgraded
electronics (shaper based on digital signal processing)

K   and  identification:  RPCs replaced by 
scintillators in the endcap and two inner
barrel layers, new electronics, triggering

L

Boost: 
SuperΥ( )e

7 GeV

BB D ν πKπμ Flavor tagz ~ 200 m -> 130 m 

μμJ/Ψ K ππe
4 GeV

√s = 10.58 GeV

B->Ks J/:  ~ 0.92 ps -> 0.77 ps 



Smaller Boost?  Improved Detector?  The Implications?

electron
beam  (7GeV)

    positron
beam (4GeV)
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1400 tons
 8m x 8m
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μμJ/Ψ K ππe
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√s = 10.58 GeV

B->Ks J/:  ~ 0.92 ps -> 0.77 ps 

Beryllium beam pipe in the interaction region: 
diameter decreased from 3cm to 2cm
Vertex detector (VXD):  two layers of pixels
followed by four double-layered silicon strips
Center drift chamber:  smaller cells (than @Belle),
faster electronics, improved triggering capabilities
PID:  compact Time-of-Propagation (TOP) barrel 
and proximity focusing aerogel endcap 
Cherenkov detectors
EM calorimeter:  Same CsI(TI) crystals, upgraded
electronics (shaper based on digital signal processing)

K   and  identification:  RPCs replaced by 
scintillators in the endcap and two inner
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VXD: beam-related background tolerant

Improved impact parameter resolution

Better z vertex resolution

Approx. 30% better inv. mass resolution

~30% increase in K   efficiency

Improved K /  separation

Decreased   fake rate by the factor of ~2.5

Improved slow (~100MeV/c)  reconstruction

Improved     reconstruction

s

0



First data will soon be recorded, but she is not done yet... 
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The Place of Future VXD is Currently Occupied by BEAST-II
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BEAST II (Phase 2 Commissioning Detector inside Belle II)
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Includes two PXD and four SVD ladders
3 FANGS

2 CLAWS

2 PLUMEs

BEAST II

VXD = PXD + SVD

    End of 2018Now

SVD
PXD

FANGS:  “LHC/ATLAS style” silicon pixel sensors,FANGS:  “LHC/ATLAS style” silicon pixel sensors,
CLAWS:  scintillator tiles read-out by silicon PMTs,CLAWS:  scintillator tiles read-out by silicon PMTs,
PLUME:  “ILC style” MIMOSA silicon pixel sensors, PLUME:  “ILC style” MIMOSA silicon pixel sensors, 
micro-TPC nuclear recoil (fast neutrons) detectors,micro-TPC nuclear recoil (fast neutrons) detectors,
He-3 tube thermal neutron detectors,He-3 tube thermal neutron detectors,
Scintillators + PIN diodes,Scintillators + PIN diodes,
diamond sensorsdiamond sensors

A system of radiation detectors: beam background monitors, first responders 

Understanding beam-related backgrounds
(and physics backgrounds!) is of great importance
There is only that much of radiation hardness...



BEAST II, Commissioning Detector, beautiful PLUMEage!
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2 PLUMEs

SVD PXD

3 FANGS

2 CLAWS

FANGS:  “LHC/ATLAS style” silicon pixel sensors,FANGS:  “LHC/ATLAS style” silicon pixel sensors,
CLAWS:  scintillator tiles read-out by silicon PMTs,CLAWS:  scintillator tiles read-out by silicon PMTs,
PLUME:  “ILC style” MIMOSA silicon pixel sensorsPLUME:  “ILC style” MIMOSA silicon pixel sensors



BEAST II (Beam Exorcism for A STable experiment) roars
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2 PLUMEsSVD
PXD

The accelerator group’s goal achieved 
 

on the first try on March 19, 2018:
 

more than 20 turns with RF off!
 

All BEAST detectors (but PIN diodes), i.e. 
 

diamonds, FANGS, CLAWS, PLUMEs, He3  
 

and TPCs have seen the first backgrounds

PPPPXXXXDDDDP DDD

・・
・

2016

JFY2016

2017 2018 2019

JFY2017 JFY2018 JFY2019Japanese FY

・・
・

0 6 2017 2018 2019
・

JFY2016 JFY2017 JFY2018 JFY2019pJapaneese FY

Calendar Year

Summer shutdown
(power saving)

Summer shutdown
(power saving)

phase 1
phase 2
Main Ring phase 3

Installation of final focusing quads and Belle II,
and other renovation of accelerator

w/o final focusing quads
w/o Belle II

w/ full Belle II

Damping Ring  installation & startup

MR startup
,

HER start
LER start

(mid Feb. – mid Jul. 2018)

Summer shutdown
(power saving)

Power saving
after mid July 2018

phase 3 operation
9 months / year 

eeelllll

iiddd

Damping Ring
commissioning

Shutdown for
Vertex Detector 
installation

w/ final focusing quads
w/ Belle II (no Vertex Detector)

Verification of nano-beam scheme (target  L > 10  cm  s  )
Understanding beam background especially in VXD volume

34 -2 -1

NOW

COMPLETED



BEAST II  Paper is Out / Beam Backgrounds Measured
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2 PLUMEsSVD
PXD

  https://arxiv.org/abs/1802.01366



Phase 2 Commissioning:  The Machine Comes First
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2 PLUMEsSVD
PXD

Phase 2.2

Phase 2.3

Phase 2.4

KEKB

Preliminary plans for Phase 2 luminosity tuning
1) Start with low current
2) Squeeze beams to achieve specific of ~KEKB
3) Increase the number of bunches from 394 to 1576,
     currents: 0.64mA (+) and 0.51mA (-)
4) Further squeeze beams to get to the Phase 2.4 goal

Collision energy:

Upsilon(4S) for machine commissioning
Also, Beyond 4S Physics (above 4S but below 6S)

Study Purpose

Beam-size scan Measure Touschek BG component 

Vacuum bump study Measure Beam-gas BG component

Collimator study Find optimal setting

Injection study Measure injection BG time structure, 
improve injection efficiency

Luminosity scan Measure luminosity BG component

Dedicated beam background studies during phase 2



Welcome to the Machine

Aspen 2018 - The Particle Frontier - March 25-31 16Vladimir Savinov (University of Pittsburgh) on behalf of the Belle II Collaboration

2 PLUMEsSVD
PXD SuperKEKB 2-Hour Operation Summary

http://www-superkekb.kek.jp/operation.html

SuperKEKB 24-Hour Operation Summary
In Phase 1 the LER (positron) current reached 1010 mA and the HER (electron) current reached 870 mA.  After optics corrections, the emittances
of the two beams were near or below design values. Since there was no superconducting final focus, only single beam studies were possible



Belle II Had Been Recording Cosmic Events Until Recently
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2 PLUMEsSVD
PXD

KLM

KLM

TOP

TOP
CDC

CDC

ECL Beam view layout
  of 16 TOP slots

Clean standalone TOP triggering on cosmic muons

Summer 2017

Back-to-back top-to-bottom
TOP-based two-slot triggers

February 2018



Belle II Phase 2 / Early Phase 3 Physics (possibly with VXD)
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2 PLUMEsSVD
PXD

M.B. Voloshin,  Radiative transitions from Y(5S) to molecular bottomonium, Phys. Rev. D 84, 031502(R) (2011)

S. Godfrey and K. Moats, Bottomonium mesons and strategies for their observation, Phys. Rev. D 92, 054034 (2015)
S. Godfrey and N. Isgur, Mesons in a relativized quark model with chromodynamics, Phys. Rev. D 32, 189 (1985).

Many of these states have been observed

Many more have not been discovered yet

Low-energy hadronic physics is important

hb(1P) + -
The real interest is actually to Y(6S)



QCD creates no good vibrations? Then Dark Matters must!
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2 PLUMEsSVD
PXD

X



e+

e–

1

2

A’

B2TiP report / to be submitted to PTEP (2018)

Single-photon events, ECL trigger (~GeV)



Dark matter is unexpectedly absent from the galaxy NGC1052–DF2 

Nature, March 28, https://www.sciencenews.org/article/dark-matter-mia-strange-galaxy 



Different Portals to Dark Sector Will Be Explored at Belle II

Aspen 2018 - The Particle Frontier - March 25-31 Vladimir Savinov (University of Pittsburgh) on behalf of the Belle II Collaboration

ε ε



/

ISR (and two-photon processes) 
will also allow to search for ALPs

20

Multilepton signatures of a hidden sector in rare B decays, Batell, Pospelov, Ritz, PRD 83, 054005 (2011)

Another interesting portal to invisibles is provided 
by dipion transitions of Y(nS) to nothing (visible) h’  is a Higgs and A’  is an intermediate vector boson of an additional U(1)  gauge groupS



Different Portals to Dark Sector Will Be Explored at Belle II
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Batell, Pospelov, Ritz, PRD 79, 115008 (2009)

Probing a secluded U(1) at B factories via Higgsstrahlung in the secluded sector

ε ε



V



Different Portals to Dark Sector Will Be Explored at Belle II
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Recoil photon

ALP 2 photonsRecoil photon

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, JHEP 1712 (2017) 094

   Searches for ALPs
(axion-like particles)

, 500/fb

, 50/ab

Phys. Rev. Lett. 118, 111802 (2017) by Izaguirre, Lin, Shuve

(a different, non-Belle-II analysis)



Different Portals to Dark Sector Will Be Explored at Belle II
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<

Essig, R., Mardon, J., Papucci, M. et al. J. High Energ. Phys. (2013): 167

Thanks to Rouven for repeatedly emphasizing the importance of low-multiplicity trigger

“Standard” Belle II search:  single-photon events,  statistics assumed:  50 / ab



Leptons Provide a Unique Laboratory to Search for LFV
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B2TiP report / to be submitted to PTEP (2018)

Upper limits for LFV τ decays with the full 50 ab   data sample at Belle II−1



Belle II  L1 and High Level Trigger (HLT)
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L1 and HLT trigger menus are being developed to allow for triggering on low-multiplicity events



Belle II  L1 and High Level Trigger (HLT)
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An ability to trigger on low-multiplicity final states is an important conceptual development at Belle II

Bit Phase 2 description
Prescale
Phase 2

Changes for 2020
Prescale

2020

0 3 or more 3D tracks

1 2 3D tracks, 1 within 25 cm, not a trkBhabha 2 3D tracks, 1 within 10 cm, not a trkBhabha

2 2 3D tracks, not a trkBhabha 20 20

3 2 3D tracks, trkBhabha 2

4 1 track, <25cm, clust same hemi, no 2 GeV clust 1 track, <10cm, clust same hemi, no 2 GeV clust

5 1 track, <25cm, clust opp hemi, no 2 GeV clust 1 track, <10cm, clust opp hemi, no 2 GeV clust

6 3 clusters inc. 1 300 MeV, not an eclBhabha 3 clusters inc. 2 300 MeV, not an eclBhabha

7 2 GeV E* in [4,14], not a trkBhabha

8 2 GeV E* in [4,14], trkBhabha 2

9 2 GeV E* in 2,3,15,16, not eclBhabha

10 2 GeV E* in 2,3,15 or 16, eclBhabha

11 2 GeV E* in 1 or 17, not eclBhabha 10 20

12 2 GeV E* in 1 or 17, eclBhabha 10 20

13 exactly 1 E*>1 GeV and 1 E>300 MeV, in [4,15]

14
exactly 1 E*>1 GeV and 1 E>300 MeV, in 2,3 or 
16

5

15
clusters back-to-back in phi, both >250 MeV, 
no 2 GeV

16
clusters back-to-back in phi, 1 <250 MeV, no 2 
GeV

clust back-to-back in phi, <250 MeV, no 2 GeV, 
no trk>25cm

3

17 clusters back-to-back in 3D, no 2 GeV 5

0 3 or more 3D tracks

1 2 3D tracks, 1 within 25 cm, not a trkBhabha 2 3D tracks, 1 within 10 cm, not a trkBhabha

2 2 3D tracks, not a trkBhabha 20

3 2 3D tracks, trkBhabha

020

Tracks only

6 3 clusters inc. 1 300 MeV, not an eclBhabhaVV 3 clusters inc. 2 300 MeV, not an eclBhabhaVV

7 2 GeV E* in [4,14], not a trkBhabha

8 2 GeV E* in [4,14], trkBhabha

9 2 GeV E* in 2,3,15,16, not eclBhabha

10 2 GeV E* in 2,3,15 or 16, eclBhabha

11 2 GeV E* in 1 or 17, not eclBhabha 10 2

12 2 GeV E* in 1 or 17, eclBhabha 10 2

13 exactly 1 E*>1 GeV and 1 E>300 MeV, in [4,15]VV

14
exactly 1 E*>1 GeV and 1 E>300 MeV, in 2,3 orVV
16

5

15
clusters back-to-back in phi, both >250 MeV, VV
no 2 GeV

16
clusters back-to-back in phi, 1 <250 MeV, no 2VV
GeV

clust back-to-back in phi, <250 MeV, no 2 GeVV V, VV
no trk>25cm

3

17 clusters back-to-back in 3D, no 2 GeV 5

20

20

5

Clusters

4 1 track, <25cm, clust same hemi, no 2 GeV clust 1 track, <10cm, clust same hemi, no 2 GeV clust

5 1 track, <25cm, clust opp hemi, no 2 GeV clust 1 track, <10cm, clust opp hemi, no 2 GeV clust

220

2

TrTT acks only

2

Tracks and
clusters

A Invisible

(3S) (1S) Invisible

ISR, ALPs

ALPs from  fusion

Endcap muons

 

Phase 2 and 2019 Changes for 2020

low mass ALPs

HLT trigger logic is being developed with focus on low multiplicity 

final states and orthogonal trigger lines (similar philosophy as for L1)
nTrkBhabha Bhabhas selected using ECL and CDC

nSameHem1Trk Clusters in the same hemisphere as the track, 1 track event

nOppHem1Trk Clusters in the opposite hemisphere as the track, 1 track event

ECL+CDC trigger objects

k event

rack event

Tracks matched to clusters.

nTrk2D Tracks (2D)

nTrk3D Tracks (3D)

nTrkZ25 Tracks with |Z0| < 25 cm

nTrkZ10 Tracks with |Z0| < 10 cmnTrkZ10TT

nTrkZ25TT Tracks with |Z0| < 25 cmTT

nTrk3DTT Tracks (3D)TT

nTrk2DTT Tracks (2D)TT

Tracks with |Z0| < 10 cmTT

Number of tracks

nClust ECL clusters

n300MeV Clusters with E > 300 MeV

n2GeV Clusters with E*>2 GeV 

n2GeV414 Clusters with E*>2 GeV and ThetaID in [4,14]

n2GeV231516 Clusters with E*>2 GeV and ThetaID = 2, 3, 15 or 16

n2GeV117 Clusters with E*>2 GeV and ThetaID = 1 or 17

n1GeV415 Clusters with E*>1 GeV and ThetaID in [4,15]

n1GeV2316 Clusters with E*>1 GeV and ThetaID = 2, 3, or 16

n1GeV117 Clusters with E*>1 GeV and ThetaID = 1 or 17

nPhiPairHigh Pairs of clusters back-to-back in *, both clusters >250 MeV  

nPhiPairLow Pairs of clusters back-to-back in *, at least 1 cluster <250 MeV  

n3DPair Pairs of clusters back-to-back in * and * 

nECLBhabha Bhabhas or  selected using ECL only

iBhabha1 Index of 1st cluster in ELCBhabha

iBhabha2 Index of 2nd cluster in ELCBhabha

n1GeV117 Clusters with E*>1 GeV and ThetaID = 1 or 17

n1GeV2316 Clusters with E*>1 GeV and ThetaID = 2, 3, or 16

n1GeV415 Clusters with E*>1 GeV and ThetaID in [4,15]

n2GeV117 Clusters with E*>2 GeV and ThetaID = 1 or 17

n2GeV231516 Clusters with E*>2 GeV and ThetaID = 2, 3, 15 or 16

n2GeV414 Clusters with E*>2 GeV and ThetaID in [4,14]

n2GeV Clusters with E*>2 GeV 

n300MeV Clusters with E > 300 MeV

nClust ECL clusters

n3DPair Pairs of clusters back-to-back in * and *

nPhiPairLow Pairs of clusters back-to-back in *, at least 1 cluster 

nPhiPairHigh Pairs of clusters back-to-back in *, both clusters >2

nECLBhabha Bhabhas or  selected using ECL only

iBhabha1 Index of 1st cluster in ELCBhabha

iBhabha2 Index of 2nd cluster in ELCBhabha

2

Number of clusters with different energy thresholds.

<250 MeV  250 M V

50 MeV  

Back-to-back clusters

ECL trigger objects

CDC trigger objects



Expected Performance of Belle II (full MC)
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Energy resolution
with and without background

B0 vs. K*0
w/o PID w/ PID

K/ PID IP resolution

Tracking efficiency vs. pt

We expect Belle II to perform similarly or better than Belle despite of ~20 times higher beam background

Preliminary
miiimmmiinmmieffic en y v pt

 PID



Expected Uncertainties on Select Observables
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P. Urquijo / Nuclear and Particle Physics Proceedings 263-264 (2015) 15-23

Improved estimates have been obtained by recently in the framework of 
Belle II Theory Interface Platform:  https://confluence.desy.de/display/BI/B2TiP+WebHome
B2TiP report (Belle II Physics Program) will soon be submitted to PTEP  



Expected Uncertainties on Select Observables
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P. Urquijo / Nuclear and Particle Physics Proceedings 263-264 (2015) 15-23



Expected Uncertainties on Select Observables
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P. Urquijo / Nuclear and Particle Physics Proceedings 263-264 (2015) 15-23



Flavor Anomaly in R(D) and R(D*)
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If the current 4.1deviation is real, Belle II should be able to make a discovery with 5/ab (i.e. around 2021)

[helicity provides a handle to investigate the new (virtual) particle (if confirmed)]



Lepton Universality in B Decays, R(K), R(K*), R(X  )S
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2.6deviation from the SM (PRL 113, 151601 (2014) / LHCb)

If 2.6deviation is real, Belle II should be able to make a discovery by ~2024



Conclusions, References and Acknowledgements
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SuperKEKB+Belle II commissioning continues

BEAST II is roaring

Belle II will soon be ready to take data

VXD is coming (starting on July 17, 2018)

Physics results will start coming soon

The next decade will be very exciting!

E-KLM module 
installation, 2014

B-KLM module 
installation, 2013

Group photo Feb. 2017

Group photo Apr. 2017

A large number of very capable and talented physicists, engineers and technicians made it possible

I would like to thank them all: SuperKEKB, Belle II, theoretical community involved in B2TiP, everyone

References (besides http://belle2.jp/ and https://www.belle2.org):

Belle II Theory Interface Platform (B2TIP)
(https://confluence.desy.de/display/BI/B2TiP+WebHome)
                 6th Belle II Theory Interface Platform (B2TiP) Workshop, KEK
                                       https://kds.kek.jp/indico/event/27330/

Physics prospects at the Belle II experiment,  P. Urquijo, 
Nuclear and Particle Physics Proceedings, 263-264 (2015) 15-23
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