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Belle II Physics Book
• Published in Dec 2019

– https://arxiv.org/abs/1808.10567
– https://doi.org/10.1093/ptep/ptz106
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Joint effort of theorists and experimentalists.
Some of you contributed to the book. Thank you!

https://arxiv.org/abs/1808.10567
https://doi.org/10.1093/ptep/ptz106


Belle II @ SuperKEKB
• Highest luminosity collider experiment

– L=6.5x1035 cm-2s-1

– ECM=10.58GeV on Y(4S)
• Just above the BB threshold to produce B meson pairs 

efficiently 
• Can go higher, Y(5S) and above

– Energy-asymmetric collisions
• 7.0GeV x 4.0GeV
• To boost B mesons to measure time dependent CPV

– 50ab-1 will be accumulated around 2031
• Containing 1x1011 B mesons, 1.5x1011 charm hadrons, 

and 0.9x1011 τ
• Processes with cross sections of O(1)ab are reachable

• Physics
– Flavor physics : B, D and τ

• Including HVP with radiative return for muon g-2

– Light dark matter search
– And more
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Luminosity Projection
LS1 LS2



electrons (7 GeV)

positrons (4 GeV)

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

Particle Identification 
TOP 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 
• Significant detector improvements

– Better and Larger VXD  Time dependent CPV, especially with long lived Ks.
– Trigger improvement  single photon final state etc.

4



Belle II Cons and Pros (VS LHCb)
• Cons.

– Statistics of b hadrons!! (1nb VS 144µb)
• We will only have 1011 B mesons with 50ab-1 on Y(4S) and 5x108 Bs with 5ab-1 on Y(5S) 

– No large samples of b baryon and Bc
• Production of these hadrons are not yet established around Y(nS).

– Proper time resolution is worse and B meson is not so boosted.
• Background suppression with B vertex is not so easy
• Bs mixing (∆ms) can not be measured (while ∆Γs can be measured).
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Belle II Cons and Pros (VS LHCb)
• Pros.

– Smaller background cross section (O(1)nb VS O(10)mb)
• ~3.4nb for eeqq,  ~1nb for eeY(4S)BB

– Almost 100% trigger efficiency for BB events.
• Main trigger : 3-track-trigger || ECL energy sum trigger >1GeV || ECL nCluster >=4
• Absolute BF measurement possible.

– High hermeticity 4π x 94%
• High reconstruction efficiency of O(1)~O(10)%.
• Full reconstruction possible (Reconstruction of the other B meson)
• More than one missing neutrino modes  BD(*)τν, Bτν, BK(*)νν, BKττ, Bνν

– Detection of electron
• Detection efficiency of electron is almost the same as that of muon  test of LFU 
• Easy to recover bremsstrahlung photon

– Detection of neutrals
• γ, π0 and Ks can be reconstructed efficiently  sum-of-exclusive approach BXsl+l-, Bπ0π0, B(s)γγ
• Better energy resolution of hard γ Bργ with good PID devise to suppress BK*γ
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The First Collisions observed by Belle II
• 26th Apr 2018 People excited by the first collisions

Belle II control room

SuperKEKB control room

Event Display : e+e-qq

BBevent

Event Display : e+e-BB
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Belle II 2021
• Physics run since 2019
• World records 

– L = 3.12 x 1034 cm-2 s-1 (31.2 nb-1/s)
– Lint = 1.96 fb-1/day
– Lint = 12.1 fb-1/week

• 213fb-1 has been accumulated so far (Belle 1040fb-1).

8



Contents
• ∆B=2 loop process : B0-B0 mixing
• ∆B=1 loop processes : Penguin B decays

– 3rd paper on BKνν
• Lepton Flavor Universality violation in B decays

• Lepton Flavor Violating τ decays

• HVP in radiative return events for muon g-2

• Light new particle searches
– 1st and 2nd papers on Z’ in Lµ-Lτ and ALPs

Sorry if I miss your favorites 9



B0-B0 Mixing
• B0-B0 mixing is proceed via loop diagrams in the SM.

– The loop is dominated by top quark and W
• New particles, such as SUSY particles or charged Higgs, can enter in the 

loop
• Two approaches to search for NP in B0-B0 mixing (assuming no NP in tree 

level processes)
– Unitarity Triangle
– NP amplitude and phase (h and σ)

T. Goto et al, Phys.Rev. D53 (1996) 6662-6665
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Unitarity Triangle
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Unitarity Triangles : Tree VS Loop
• We can measure six observables; three angles and three sides.

– Can make two triangles from the measurements

• If UT drawn with tree measurements is not consistent with the one with mixing 
measurements, it is clear NP signal

Mixing + BJ/ψKs

Mixing + Bππ, ρπ , ρρ

BDK

bulν

bclν

Bd
0 mixing frequency

anglesideTree Loop
phase 12



Consistency btw Two Triangles
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NP contribution in B0 mixing can be measured (assuming no NP in tree).
Both real and imaginary parts (h and σ) can be determined 

|Vub|

λ|Vcb|

φ3
Tree

φ2

φ1

|Vtd|

Loop



Precisions of the Angles and Sides

• Precision will be limited by theory or lattice QCD except for φ3
– Uncertainties of the sides ~1%
– Uncertainties of the angles ~1deg
– We experimentalists should reduce QCD uncertainties together with theorists

14Theory uncertainties not included for φ1 and φ2



UT Before/After Belle II
• Still uncertainties are large to 

conclude 

• With current (in 2013) WA values, we 
see clear deviation of some 
observables

Before Belle II

After Belle II
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Current Situation

• See deviation?
• Hint for NP in mixing?

M. Blanke and A. J. Buras, Eur. Phys. J. C 79 (2019) 159
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NP Interpretations
• 200TeV NP scale can be accessible with 

EFT analysis

• 10(?) TeV in SUSY
– Can see the deviations in loop (φ1 and ∆md)

2013 2031
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arXiv:1309.2293

Tanimoto and Yamamoto 2014, 2015
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∆B=1 loop processes : Penguin Decays

• EW penguin
• 3rd paper on BK ν ν
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BF(BXsγ)

• Exp and theory are in good agreement
– Exp ~5% (systematic dominant)
– Thoery ~5%

• Constraints
– H+ in 2HDM type-II : MH >600GeV
– Stop in Natural SUSY 

191919
19

M. Misiak et al, 2002.01548

Misiak and Steinhauser (2018)

Baer, Bager and Nagata (2017)



BF(BXsγ) in 2031
• Exp : Already systematic dominant

– But large Belle II data can reduce the uncertainty to ~3%
• Theory

– Part of Non-perturbative can be reduced by data driven way
– Other uncertainties also reducible
– 3.5% in 2025
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202020

2018 2031
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Belle II Physics book 1808.10567

Private communication with M.Misiak

Ishikawa’s private estimation



∆ACP(BXsγ)
• ACP(BXsγ) is sensitive to CPV in NP but theory uncertainty 

already dominant

• New observable ∆ACP is null in SM and sensitive to NP

– Ex. SUSY with flavor violating trilinear couplings

• Belle measured the observable in 2018
– Found dominant syst error can be reducible  Belle II further improve 

the measurement

M. Benzke, S. J. Lee, M. Neubert, G. Paz, JHEP 08 (2010) 099 

Watanuki, Ishikawa et al, PRD 99, 032012 (2019)

2.7%
Belle II Physics book 1808.10567

M. Endo, T. Goto, T. Kitahara, S. Mishima, D. Ueda 
and K. Yamamoto, JHEP 04 (2018) 019. 
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∆ACP(BXsγ) and Constraint on SUSY

• Set a limit on parameter space in SUSY 
– Gluino mediated EWP which explains ε’/ε from CPV trilinear couplings

Lines overlaid onto the figure taken from 
M. Endo, T. Goto, T. Kitahara, S. Mishima, D. Ueda and K. Yamamoto, JHEP 04 (2018) 019. 

Excluded at 2σ by Belle

Belle II with current WA
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∆ACP(BXsγ) and EW Baryogensis
• Additional Yukawa coupling ρ appears in general 

2HDM (no Z2 symmetry) 

• If ρ has complex phase, this could generate CPV 
and thus EW Baryogensis is possible

• ∆ACP is sensitive to phase in ρ
• Combining Hbb coupling measurements at 

HL-LHC/ILC, additional bottom Yukawa and 
phase can be searched

– If found it Higgs self coupling measurments at ILC500

Modak and Senaha Phys. Rev. D 99, 115022 (2019), 1811.08088

∆ACP

BF
ACME Electron EDM
HL-LHC Hbb coupling
ILC Hbb coupling

20190316H-/

CPV phase
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LFU violation in B decays
• Recently, two hints of LFUV are found in bcτν and bsl+l-

– Anomaly in bcτν driven by LHCb, Babar and Belle.
– Anomaly in bsl+l- Driven by LHCb

Tree
BF~O(10-2)

Loop
BF~O(10-6)

bcτν bsl+l-
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LFUV in B decays
• Recently, two hints of LFUV are found in bcτν and bsl+l-

– Anomaly in bcτν driven by LHCb, Babar and Belle.
– Anomaly in bsl+l- Driven by LHCb

• Leptoquark and flavorful W’/Z’ models can explain the deviation

l=e,µ

~4σ
Naïve combination of RK and RK* ~4σ

~15% deviation!
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Future Prospects on R(D(*)) at Belle II
• Tagging effciency improved about factor 2
• We could observe 5σ deviation of R(D) VS 

R(D*) in 2025 with 10ab-1 or so if central 
value unchanged

– Sensitivity of R(D*) is 0.006 in 2027. 

• Then, model discrimination (Lorentz 
structure) with Polarization measurements

– Pτ(D*), Pτ(D), PD*

2year delay, Blue one is nominal scenario

R(
D*

) 

theory uncertainty

E. Kou et al. 1808.10567

Old average
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Prospects on RK, RK* and RXs at Belle II

• Ideal place to measure RH
– bremsstrahlung photon can be recovered easily, is problematic at LHCb
– Both high and low q2 accessible
– Dominant systematics due to lepton ID ~0.4% is smaller than stat one even with 50ab-1

• We can observe NP using RK and RK* with ~20ab-1 data in 2028
– if central values unchanged

• About 3% uncertainty for both high and low q2 with 50/ab
– Assuming SM predictions for RX

LHCb 3/fb for low LHCb 3/fb for low

Low 1<q2<6GeV2

High q2>14.4GeV2
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Q
• Angular observable P5’ in BK*µµ is also deviated from theoretical 

prediction but this is dirty observable in terms of QCD uncertainty. 
• Q5=P5

’e-P5
’µ is also LFU observable and thus clean.

– first measured by Belle.
– 5.3% for q2=[1,6]GeV2 with 50/ab

• This will be important discriminator for NP in P5’ at Belle II

28

SM : gray
NP : red

Capdevila, Descotes-Genon, Matias and Virto 1605.03156
Overlaid Belle II sensitivity

Belle II 50ab-1

https://arxiv.org/abs/1612.05014



Result on B+Kνν with 63fb-1

• Theoretically cleaner than BK*l+l-
• Related to 

– LFU anomaly 
– DM if ν is replaced with χ
– DM if νν are replaced with φ

• Efficiency of the other B meson tagging is low.
• We tried to inclusive tagging.

– O(0.1)%  4%
• The background is huge. 

– Use BDT with 51 variables
• Almost the same sensitivity as Hadronic tagging

• This technique can be used for other analysis
29

https://arxiv.org/abs/2104.12624

https://arxiv.org/abs/2104.12624


Measurements of BK(*)νν
• We can observe the BK(*)νν at early 

stage (several ab-1) of Belle II, and the 
sensitivity of the BF is 10% level with 50ab-1.

• We can measure the FL(K*), which is less 
sensitive to form factor uncertainty than BF, 
with 20% precision

20190719 akimasa.ishikawa@kek.jp 30



Bτν,µν in SM and 2HDM
• BF(Bτν) in SM

– Helicity suppression : Amp ∝ mτ

• BF(Bτν) in 2HDM type-II
– No helicity suppression with Higgs exchange
– Higgs coupling  ∝ mτ

– BF only dependent on rH (function of tanβ/mH)

• The same can be applied to Bµν
– LFU (or 2HDM type-II) can be tested with a ratio of BFs
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BF(Bτν) and Rpl

• Precision of BF(Bτν) at Belle II 
– 2x better tagging efficiency (the other B recon)

– charged Higgs search in next page

• The ratio Rpl
– 35% with 5ab-1

– 13% with 50ab-1

• Interval on rNP
τ
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A Scenario of Evidence for Charged Higgs

• BXsγ : tanβ independent
• Bτν : tanβ/mH = const. 
• With 50/ab, MH+=800GeV and tanβ=40 can be found.

Belle II Physics book 1808.10567
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Lepton Flavor Violating τ Decays
• Forbidden in the SM

– Even with neutrino oscillation, the BF is tiny <O(10-54)
– If we find the decays at Belle II, these are clear NP signals

• Unique at Belle II. 
– LHC can only search for τ3µ and τpµµ but worse than Belle II.
– Muon case, three experiments search for µeγ, µ3e, and µ-e conv. while Belle II can 

do the three for τ case, τµγ, τµl+l-, and τµhh. 

• Upper limits of O(10-9) or less are possible
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Single Photon Trigger

• At Belle, single photon trigger was not implemented
– Large trigger rate due to large background events
– So e+e-π+π-γ and e+e-γA’, A’invisible could not be studied 

• At Belle II, trigger and DAQ system has been upgraded and the
trigger was implemented
– Radiative return measurement and Dark Sector search are possible!
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Radiative Return : σ(e+e-π+π-γ)
• If current muon g-2 anomaly is true, this 

suggests NP in EW scale.
– Need to improve both exp and theory

• Radiative return is important for SM 
calculation for muon g-2

• There is a tension between KLOE and Babar
around ρ peak

• We can measure σ(e+e-π+π-γ) at least 
with a similar sensitivity as Babar (which is 
already systematic dominant).

– Larger data set might allow to reduce the 
systematic uncertainties

– Dominant ones
• Luminosity 0.34%
• Pion-ID 0.24%

– It takes a few years to reach such small 
systematics

A. Keshavarzi, D. Nomura, T. Teubner 1802.02995
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Dark Sector Searches
• Very Rich program

– Unique ECM ~ 10GeV 
– Highest Luminosity  low cross section

• Trigger is the key
– We implemented single photon trigger!

• Many NP models
– Lµ-Lτ gauged Z’ in eeµµµµ, µµνν
– ALPs in eeaγ (aγγ)
– Extra U(1) Model

• Dark photon A’
– kinetic mixing with SM photon ε2=α/αEM

• Dark Higgs h’
• Inelastic dark matter χ1 χ2

– dark scalar in Y(nS)γφ and BKφ
• Long lived also possible

– And your models

Dark Sector 
χ, h’

SM sector

Mediators
A’, Z’, φ, ALPs



The First Physics Paper

• Dark Z’ search paper
– e+e-µµZ’ or eµZ’, Z’invisible

• Z’ in Lµ-Lτ model 
• LFV Z’
• Both are the first searches

– With 276 pb-1
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Phys. Rev. Lett. 124, 141801 (2020)
arXiv:1912.11276

χ
χ

,e+

https://arxiv.org/abs/1912.11276


With 50fb-1

• e+e-µµZ’, Z’invisible
– g’ < 10-2 for mZ’ < 2mµ

39

We already have 213fb-1

Invisible mode is accessible to mZ’ < 2mµ region 
to which is not possible with Z’µµ



The Second Paper
• ALPs : e+e-γa, aγγ

– With 445pb-1

• No proximity ECL
• Two technique used in terms of mass resolution

– Invariant mass for mA<16GeV
– Recoil mass for mA>16GeV

• Best limits around 500MeV
• This region is only accessible with Belle II.
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Phys. Rev. Lett. 125, 161806 (2020) 
https://arxiv.org/abs/2007.13071 Invariant mass

Recoil mass

Invariant mass Recoil mass 

https://arxiv.org/abs/2007.13071


With 135fb-1

• ALPs : e+e-γa, aγγ
– gaγγ~10-4
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We already have 213fb-1

This region is only accessible with Belle II.



Dark Photon A’

• Extra U(1) model
– Kinetic mixing with SM photon
– Both visible and invisible decays

42

invisible

invisible

Visible decays with 50ab-1 Invisible decays 20fb-1



Inelastic Dark Matter
• Dark photon and two dark matter χ1 and  

χ2 with small mass splitting  can be 
long lived

• The event tagged with photon but we
are developing the dedicated trigger for 
displaced tracks.

43
JHEP 02 (2020) 039 



Summary
• Belle II started physics run in 2019 with almost full detector
• We have accumulated 213fb-1 so far
• Wide physics coverage

– B physics
– Charm physics
– Tau physics
– Radiative return
– Dark sector searches

• The 1st and 2nd paper on dark sector published. 
• The 3rd paper on BKνν submitted to PRL.

• We are resuming the operation from Oct 2021 aiming to accumulate 
~700fb-1 by next summer.

• Stay tuned.
44

https://confluence.desy.de/display/BI/Public+Belle+II+Publications

https://confluence.desy.de/display/BI/Public+Belle+II+Publications


Flavor Physics Workshop 2021
• 今年も FPWS を開催します。

• 学生の発表には Best Talk Awards の表彰もありますので、よろしければ
参加して下さい。テーマは Flavor じゃなくても、皆が楽しければOKです。

45https://agenda.hepl.phys.nagoya-u.ac.jp/indico/conferenceDisplay.py?ovw=True&confId=1771

https://agenda.hepl.phys.nagoya-u.ac.jp/indico/conferenceDisplay.py?ovw=True&confId=1771


Thank you for your attention
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backup
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B Decays with Multiple ν
• We need to tag the other B meson which is not so easy at LHCb.

– Can go to rest frame of the other B meson thanks to 4-momentum conservation
– BDτν, Bτν, bsνν , bsττ

• Three tagging methods
– Inclusive tag
– Hadronic B tag
– Semileptonic B tag
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Improvement of Tagging
• Full Event Interpretation (FEI)

– Tagging method using multivariate technique 
• Hierarchical reconstruction

– More tagging modes than Belle 1
– Both hadronic decays and semileptonic decays can 

be used 

• About 2 times better tagging efficiency than 
Belle 1 (FR).

Improvement of Algorithm
Improvement of Detector and
Increase of Background effects

49



FEI with real data
• FEI successfully reconstructed 

hadronic B decays

• Missing mass distributions for 
BXe+ν with the tagged B meson

– Can be used for |Vcb| measurement 
and extraction of HQE parameters
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Time dependent CPV in bsqq decays
• bs QCD penguin

– In the SM, the CPV parameter sin2φ1
eff should 

be consistent with sin2φ1 with BJ/ψK0

– New particles with new source of CPV phases 
can enter in the loop

– If deviated from sin2φ1, observation of NP 

• Goldedn modes
– BφKs
– Bη’Ks
– BKsKsKs
– ~2% theoretical error

• Current measurements are consistent with 
BJ/ψK0 with large errors
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TDCPV in bsqq
• The error is comparable to theoretical uncertainty 

of 0.02

• Constraints on NP models
– SU(5) SUSY GUT + degenerate νR with inverted hierarchy

Goto, Okada, Shindo, Tanaka
PRD 77 095010 (2008)
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