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The precision frontier
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time

Emission and re-
absorption over an 
infinitesimal time of 

particles with masses 
possibly much larger of 

the energy at play.

Initial state

I know it because I produced it, 
or I can reconstruct it from the 

final state

O(GeV)  O(GeV)  

Final state

I know it because I observe it in 
the detector

Very high mass 
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Why we do this
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Isn’t the fun already over?
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Gotta finish the job

Explore suppressed processes approaching precision of favored ones.

CKM mechanism predicts all observations to within 10-15% uncertainties. 
Closing the gap can inform us about what happens at very high scales
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…and a whole new job just started..

Dark matter is likely to exist, and 
WIMP searches are empty 
handed.

Dark sectors solves to expt/pheno 
puzzles (e.g., strong CP)

Dark sector shares no charge with 
ordinary matter — it is inherently 
stable

Only a few options of DS-SM couplings do not violate SM symmetries, making  
systematic exploration possible

Much of the naturally interesting parameter space still unexplored

Belle II has unique reach in the MeV to few GeV range
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In a nutshell: if any nature’s surprise is there…

We wanna be these guys rather than those guys

And even if there won’t be no surprise, our exploration will guide and inform future 
research for decades (and it will be a lot of fun)
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Who we are 
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1 km

The Belle II Collaboration
1100 members, 123 institutions, 26 countries

4

The experiment

1000 scientists from 
120 institutions in 

26 countries

(250 PhD students


150 postdocs)
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Uber B (and D, and τ) factory

Most collisions are ee → ℓℓ. Discard based on particle multiplicity (but keep ττ 
and exotic/dark sector signatures!) 

Others yield 30 (now) to 600 (design) BB, DD /second along with 3x light quarks 

7 GeV electron on 4 GeV positron at, or around, the Y(4S) mass
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The instrument
It looks like the “old” Belle, but it is effectively a brand new detector 
Only structure, magnet and calorimeter crystals are re-used
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Performance

PID still 20% worse than Belle but 
improving Momentum resolution 20% better than Belle High photon efficiency, 


 

Nearly 2x better decay-time resolution 
than Belle Tagging performance similar to Belle and improving

PID similar to Belle
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Strengths
Point-like particles colliding at BBbar threshold: low background and tight 
kinematic constraints. 

Hermetic detector for reconstruction of neutrinos (semileptonic B, τ physics), 
along with invisible or inclusive final states.

Flavor-coherent B production — know neutral B flavor for 1/3 of neutral B for 
measurements involving time-evolution of oscillating neutral B mesons

Nonbiasing trigger for B and D physics: >95% efficiency and no sculpting of 
distributions (Dalitz plot analyses, smaller systematics, etc)

Good vertexing, good tracking, good PID, good photon and electron 
reconstruction, good Ks and KL reconstruction with ~uniform performance over 
any final state and kinematic regime. 

Dedicated low-multiplicity triggers offer unique sensitivity to dark-sector signals 
that could not be fully exploited at Belle/Babar
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Invariant  mass with  energy 

replaced by half of the collision energy.
B B Difference between expected and 

observed B energy

Signal

Continuum


 backgroundBB̄

B factory analysis 101 

Hadronic events (about 10 tracks/clusters) 

B produced at 50-500 per second, no background but low momenta (βγ ~0.3). 
Fly ~150 micron and decay. 

Analysis exploits specifics of on-threshold production: event “shape” and beam-
energy constrained kinematics.

SignalContinuum
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428 fb-1 after 4 years

Shortcomings in injection, collimation, 
beam stability, control of beam-
backgrounds etc made SuperKEKB 
luminosity 10x off with respect to plans

Tip: SuperKEKB is exploring uncharted 
territory.

Many getting addressed as we speak.

Still, we got a sample equivalent to 
Babar’s and to only 50% of Belle’s so far.

Is Belle II actually Belle 1/2?  And 10 years after, on top of it?
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Against common sense — the bumble-bee approach

We have a newer and better detector than our predecessors

We have a larger and stronger collaboration than our predecessors

We benefit from 20+ years of progress in analysis and tools.

« Tout d'abord poussé par ce qui se fait en aviation, j'ai appliqué aux 
insectes les lois de la résistance de l'air, et je suis arrivé avec M. 
Sainte-Laguë à cette conclusion que leur vol est impossible ».


Antoine Magnan — Le vol des insectes —  1934

…but the bumble-bee did not know that scientific truth, 
and kept flying…

“Until Belle II data set surpasses Belle’s, not much physics to do”
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What we did so far
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In the midst of physics ramping: in the past year, 40 new results and quadrupled 
paper count over previous total.  

Today small sampler aimed at underlying relevant “common themes”
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Searching for BSM in b → sqq̅

Hadronic B decays normally are poor probes of BSM as soft gluon exchanges 
make predictions intractable.

B → Kπ decays are an exception: dynamical symmetries (isospin, heavy-quark, 
and SU(3) flavor) relate CP asymmetries and BF into a reliable SM relation

Holds to 1% precision in the SM. 

Current experimental precision is 11%, fully limited by B⁰ → K⁰π⁰

Unique to Belle II but hard: it’s rare, it involves π⁰ and K0  (worse resolutions, 
worse vertex information) and know if B⁰ or B⁰̅ was produced.

Tell signal (kinematics, vtx, event shape) from background from light-quarks
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Isospin sum rule - analysis

Looks SM with 14% uncertainty. Competitive with world-average -0.13 ± 0.11 
based on much larger samples by Belle and Babar

Difference btw expected and observd B energy main signal extraction variable Fit to decision-tree combination of discriminating variables separates bck

https://indico.in2p3.fr/event/29681/contributions/122496/attachments/76474/110993/03-HSagar-v1.pdf
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Isospin sum rule - analysis

Looks SM with 14% uncertainty. Competitive with world-average -0.13 ± 0.11 
based on much larger samples by Belle and Babar

Difference btw expected and observd B energy main signal extraction variable Fit to decision-tree combination of discriminating variables separates bck

https://indico.in2p3.fr/event/29681/contributions/122496/attachments/76474/110993/03-HSagar-v1.pdf

Belle II is not just Belle, II. 


Sensitivity and reach per unit data significantly superior to 
predecessors makes Belle II impactful. Now
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Isospin sum rule — Belle II impact

Similar considerations apply to B⁰→ π⁰π⁰, B⁰→ K⁰K⁰K⁰, B⁰→ η'K⁰

arxiv:2207.06307
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Isospin sum rule — Belle II impact

Similar considerations apply to B⁰→ π⁰π⁰, B⁰→ K⁰K⁰K⁰, B⁰→ η'K⁰

arxiv:2207.06307

World-leading in most final states with π⁰ and or K⁰. Now. 

 And will be so for the foreseeable future
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Anomalies…R(D) and R(D*)

Many experiments see 3σ 
tau excess in b→c 

A = A0 ( cSM

m2
W

+
cNP

Λ2 )
cSM ≈ Vcb ⇒

Λ2

cNP
∼ (3 TeV)2

Multiple neutrinos, no narrow peak to fit in any distribution, multiple harsh 
backgrounds. Strong advantages for Y(4S) environment 
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Going inclusive — R(X)

inclusive
R(D*)

R(D)

arxiv:2207.06307
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Going inclusive - R(X)

Essential to constrain mismodeling in abundances and shapes of all sample 
components
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First step - muon-electron universality
Sample composition fit to lepton spectrum in signal and control regions

Control (Same-flavor B) Signal (Different flavor B)

R(Xeμ) = 1.033 ± 0.010 (stat) ± 0.019 (syst - mostly lepton ID) 

First inclusive and most precise test of LFU in light leptons using SL decays.
arxiv:2301.08266
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First step - muon-electron universality
Sample composition fit to lepton spectrum in signal and control regions

Control (Same-flavor B) Signal (Different flavor B)

R(Xeμ) = 1.033 ± 0.010 (stat) ± 0.019 (syst - mostly lepton ID) 

First inclusive and most precise test of LFU in light leptons using SL decays.
arxiv:2301.08266

Belle II is more than Belle, II

World-leading in all things semileptonic. Now
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Further light-lepton universality

Seek lepton-flavor universality violation btw B⁰ → D*⁻μ⁺ ν and B⁰ → D*⁻e⁺ ν 

Multibody: dynamics depends on ℓν mass q 

Spin-1 D* channels the V - A properties of 
interaction and virtual W spin in a rich angular 
structure. Rate depends on 4 quantities

Sensitive to 
LFUV

Insensitive 
to LFUV

(null test)

propensity for ℓ±  to travel in 
same direction of virtual W

propensity for alignment btw ℓ±  and D*

propensity for alignment btw ℓ±  and D*

coupled propensity for alignment btw ℓ±  
and D wrt D*

coupled propensity for alignment btw ℓ±  
and D wrt D*

Differences of these asymmetries between e and μ offer 
sensitivity to lepton-flavor universality violation
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AFB++ results

Signal events determined with fits of the missing 
mass distribution (squared difference between 4-
momentum of colliding particles and 4-
momentum of all particles in the event) - peaks 
at zero (neutrino mass) for signal

All SM within 5-10% uncertainties

Preliminary
https://indico.in2p3.fr/event/29681/contributions/122501/attachments/76478/110997/YSF01-KKazuki-v1.pdf
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AFB++ results

Signal events determined with fits of the missing 
mass distribution (squared difference between 4-
momentum of colliding particles and 4-
momentum of all particles in the event) - peaks 
at zero (neutrino mass) for signal

All SM within 5-10% uncertainties

Preliminary
https://indico.in2p3.fr/event/29681/contributions/122501/attachments/76478/110997/YSF01-KKazuki-v1.pdf

Belle II is more than Belle, II

World-leading in all things semileptonic. Now. 
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Beyond common sense - τ-lepton mass

SuperKEKB is a τ factory too: sizable cross 
section and constrained kinematics

τ⁻ → π⁺π⁻π⁻ν (signal) and τ⁻ → π⁺π⁰ν

Four tracks. No additional high-energy 
photons

Empirical fit to distribution of pseudomass, 
Minimum value of the reconstructed τ mass 
where τ-energy is assumed to be 1/2 of 
collision energy


Benchmark for precision capabilities
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Beyond common sense - tau mass

Boils down to control of systematic 
uncertainties 
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Beyond common sense - tau mass

Most precise result to date

https://indico.in2p3.fr/event/29681/contributions/122507/attachments/76503/111032/04-SDreyer-v2.pdf
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Beyond common sense - tau mass

Belle II is (much) more than Belle, II

And will be leading tau physics for the next decade

Most precise result to date
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Beyond common sense - charm flavor tagger

Time evolution of D⁰ and D̅⁰  in common final states 
(KSπ⁺π⁻, K+K-, π⁺π⁻) probes BSM in D mixing and CPV 

Final state says nothing on whether a D⁰ or D̅⁰ was 
produced. Need to “tag” the flavor. 

Since 1977: restrict to strong decay D*⁺→ D⁰π⁺ where 
flavor and charge conservation allow associating the π⁺ 
with D⁰ and π⁻ with D̅⁰

Industry standard at Belle, Babar, CDF II, LHCb etc..

D*-tag reduces 5x-20x the samples available for measurements.

Belle II set on exploring an “holistic approach” that looks at many event features 
to reduce this reduction factor.

Mark I, 1977
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Beyond common sense - charm flavor tagger

Look at particles collinear with signal D


Correlate kinematic features (recoil 
mass, distance) and PID using decision 
tree


Develop on MC, calibrate on data

Double sample size with respect to D*-tag.
arxiv:2304.02042
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Beyond common sense - charm flavor tagger
Look at particles collinear with signal D


Correlate kinematic features (recoil 
mass, distance) and PID using decision 
tree


Develop on MC, calibrate on data

Double sample size with respect to D*-tag.
arxiv:2304.02042

Belle II is (much) more than Belle, II
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Directly searching for dark-sector particles

First search for long-lived particle at Belle II: 
spin-0 “S” particle from b → s transitions

8 channels: B⁺ → K⁺S and B⁰ → K*⁰ S

S → ee, μμ, ππ, KK with 0.001< ct < 400 cm

Look for fully reconstructed B meson

Suppress continuum usingevent topology

Veto Ks and use it as calibration control/
sample

Suppress other peaking backgrounds by going 
displaced
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Direct searches result

First limits for exclusive hadronic final 
states and most constraining direct 
search for K(*)ee
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Direct searches result

First limits for exclusive hadronic final 
states and most constraining direct 
search for K(*)ee

Unique reach for MeV-GeV dark sector
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Epilogue



44

Conclusion

Quite special circumstances for flavor: 

no BSM in high-pT , anomalies in indirect 
searches 

Two state-of-art experiments, at the Y(4S) and 
in pp, running together over the next decade


Complementarity is real. 

Belle II: accesses suite of compelling 
measurements that are unique and world leading, 
now.


saturate SL, τ, and low-mass DS programs

unique access to high-profile B/D 
measurements involving π⁰/γ/ν/


…might be the last opportunity to do them
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Epilogue

remount it. This stripping and remounting caused
greater distortion.

The second way was to use a new type of
detector, called the Emulsion Cloud Chamber
(ECC). The first design of the ECC was a sandwich
of a brass plate and thin emulsion plates. By using
the ECC, an emulsion plate was placed perpendic-
ular to incoming particles as a track detector. When
using the emulsion plate as a track detector, it was
possible to have a spatial resolution of up to 1 mm.
This type of detector was first developed by M.F.
Kaplon et al., and was used very effectively to study
heavy primaries.8) The ECC was also very cost-
effective because most of the chamber’s volume
consisted of metal plates and backing glass, which
were far cheaper than nuclear emulsion material.
Moreover, J. Nishimura predicted the potential in
the ECC to regulate the development of electron
showers from !0 decays by choosing plates made
from the most appropriate material.9) Our group,
led by J. Nishimura, felt that this potential was the

most important advantage of the ECC, which could
not be realized with conventional homogenous
pellicle stacks.

Our improved design of the ECC combined
low- and high-z materials in order to observe two "
rays from a !0 decay as laterally separated electron
showers initiated by these " rays in the detector.
A nuclear emulsion chamber consisting of a layer
for producing cosmic-ray interactions and a layer
for observing secondary electron showers was
constructed. The former was a sandwich of low-z
material (carbon) plates and emulsion plates, while
the latter was a sandwich of high z-material (lead)
plates and emulsion plates. Since that time, our
group has called this type of detector an Emulsion
Chamber. Our group specialized in placing the
emulsion plate perpendicular to incoming particles
as a track detector to take advantage of the 1 mm
spatial resolution of emulsion plates. This resolving
power is still unsurpassed by any other type of track
detector. In 1956, seventeen emulsion chambers

Fig. 3. Pair production and decay of naked charm particles discovered in 1971 in a cosmic-ray interaction. Particle B decayed at B
into B0 and a !0. Two " rays, daughters of the !0, initiated electron showers at plate no. 12 and no. 10, respectively. Particle C
decayed at C into C0 and unseen neutral hadron(s). Niu, Mikumo, Maeda (1971) Prog. Theor. Phys. 46, 1644.

No. 1] Discovery of naked charm particles 3

1971 — Evidence of kinks from decays of long-lived 
heavy particles in cosmic rays recorded with emulsions.

50 years ago, flavor processes in Japan exposed striking evidence for “new” 
physics …but this went unnoticed in the Western world….
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Epilogue

remount it. This stripping and remounting caused
greater distortion.

The second way was to use a new type of
detector, called the Emulsion Cloud Chamber
(ECC). The first design of the ECC was a sandwich
of a brass plate and thin emulsion plates. By using
the ECC, an emulsion plate was placed perpendic-
ular to incoming particles as a track detector. When
using the emulsion plate as a track detector, it was
possible to have a spatial resolution of up to 1 mm.
This type of detector was first developed by M.F.
Kaplon et al., and was used very effectively to study
heavy primaries.8) The ECC was also very cost-
effective because most of the chamber’s volume
consisted of metal plates and backing glass, which
were far cheaper than nuclear emulsion material.
Moreover, J. Nishimura predicted the potential in
the ECC to regulate the development of electron
showers from !0 decays by choosing plates made
from the most appropriate material.9) Our group,
led by J. Nishimura, felt that this potential was the

most important advantage of the ECC, which could
not be realized with conventional homogenous
pellicle stacks.

Our improved design of the ECC combined
low- and high-z materials in order to observe two "
rays from a !0 decay as laterally separated electron
showers initiated by these " rays in the detector.
A nuclear emulsion chamber consisting of a layer
for producing cosmic-ray interactions and a layer
for observing secondary electron showers was
constructed. The former was a sandwich of low-z
material (carbon) plates and emulsion plates, while
the latter was a sandwich of high z-material (lead)
plates and emulsion plates. Since that time, our
group has called this type of detector an Emulsion
Chamber. Our group specialized in placing the
emulsion plate perpendicular to incoming particles
as a track detector to take advantage of the 1 mm
spatial resolution of emulsion plates. This resolving
power is still unsurpassed by any other type of track
detector. In 1956, seventeen emulsion chambers

Fig. 3. Pair production and decay of naked charm particles discovered in 1971 in a cosmic-ray interaction. Particle B decayed at B
into B0 and a !0. Two " rays, daughters of the !0, initiated electron showers at plate no. 12 and no. 10, respectively. Particle C
decayed at C into C0 and unseen neutral hadron(s). Niu, Mikumo, Maeda (1971) Prog. Theor. Phys. 46, 1644.

No. 1] Discovery of naked charm particles 3

1971 — Evidence of kinks from decays of long-lived 
heavy particles in cosmic rays recorded with emulsions.

May Belle II give us a second opportunity? 

50 years ago, flavor processes in Japan exposed striking evidence for “new” 
physics …but it went unnoticed in the Western world….
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(Hopefully not) the end
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Future


