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Overview

• Particle physics and frontiers

• Some flavour history

• Flavour as a predictor

• Belle 

• Complementarity with LHCb

• Belle II

• Highlights of the instrumentation and first 
results

• Some physics highlights

• Conclusion
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arXiv:1808.10567 [hep-ex]



The standard model
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The standard model
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Problems

• Empirical

• Neutrinos are massive

• Dark matter

• Dark energy!!!!

• Matter rather than antimatter

• Gravity

• Aesthetic

• Why three of everything?

• Why eighteen parameters?

• Many with a distinct hierarchy?

• Why do we need to know them to 18 decimal places?

• Unification
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Frontiers
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Frontiers
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Frontiers
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Frontiers
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Frontiers
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Physics
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Physics



Problems

• Empirical

• Neutrinos are massive

• Dark matter

• Dark energy!!!!

• Matter rather than antimatter

• Gravity

• Aesthetic

• Why three of everything?

• Why eighteen parameters?

• Many with a distinct hierarchy?

• Why do we need to know them to 18 decimal places?

• Unification
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Flavour physics – history of discovery

• Particle zoo of mesons and 
baryons discovered in 1950s and 
early 1960s lead to the quark 
model 

• up (u) 

• down (d) 

• strange (s) 

• An allowed but rare decay such 
as 

• Predicted but not seen!
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Flavour physics – history of discovery
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Glashow

Iliopoulos

Maiani

Phys. Rev. D 2, 1285 (1970)
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+ 2  Rate  0 

mc  mK

Such rare virtual processes 
tell you about higher 
energy particles

sin C

sin C

cos C
cos C



ARGUS: B mixing  heavy top
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ARGUS: B mixing  heavy top
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https://www.nytimes.com/1984/06/25/us/physicists-may-have-tracked-last-quark-to-lair.html



CKM matrix
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• Two by two mixing matrix 
proposed Cabibbo
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CKM matrix
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• Two by two mixing matrix 
proposed Cabibbo

• Kobayashi-Maskawa proposed 
third generation to explain 
observed CP violation by 
Cronin and Fitch

• 3  3 unitary complex matrix
• 4 parameters

• 3 mixing angle and 1 phase

• Intergenerational coupling 
disfavoured
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Visualising CP violation:
the unitarity triangle
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Belle
• Operation from 1999 to 

2010 

• 𝑒+𝑒− → Υ 4𝑆 → 𝐵  𝐵 for 
CKM measurements

• Asymmetric energy to allow 
time-dependent 
measurements

• Coherent production of 𝐵0𝐵0

• Low multiplicity

• Detectors with good tracking, 
PID and calorimetry 
• plus  hermeticity for full  

event reconstruction/tagging 
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The Golden Mode
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CP violation in the ‘interference of 
mixing and decay amplitudes’
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Time-dependent CPV violation
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Tagging power
= (1-2)2

 30%



Over constraint
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To update

Tree level only

Loop-level only

NP at 
O(>TeV)?



Belle achievements
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From Abi Soffer: HEPMAD



Belle II: can never have too much 
of a good thing (x 50 Belle)
• But isn’t LHCb doing this already?
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“Moore’s” Law of Luminosity
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The path to higher luminosity
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The path to higher luminosity
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83 mrad

*







SUPERKEKB
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Schedule and status
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Super KEKB performance
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Ohnishi-san eeFACT, HKUST



Super KEKB performance
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Ohnishi-san eeFACT, HKUST



Belle II Collaboration

800 physicists from 25 countries 
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Belle II
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Belle II - TOP
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K or  of same momentum



Belle II - TOP
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K



Belle II - TOP

9
/1

0
/1

8
U

n
iv

er
si

ty
 o

f 
W

ar
w

ic
k 

Se
m

in
ar

 

43



K

Phase II data



Belle II – Silicon Vertex Dectector
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1/8 for Phase II – only one layer of pixels for Phase III



SVD performance
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45Belle  a factor two worse than Belle II

Stand alone SVD track finding efficiency 
good for KS finding (30% over Belle) and 
slow  from D*



Particle reconstruction
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K+K

No TOP

One K IDed
by TOP

Both K IDed
by TOP

0



Particle reconstruction
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K+K

No TOP

One K IDed
by TOP

Both K IDed
by TOP

0

K0
S+

σ 5% larger 

than MC 



Charm meson reconstruction
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Many charm decays seen including CP eigenstates used in 
CP violation measurements – reasonable agreement with expectations



Beauty measurements
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B meson reconstruction
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p

BD(*)h (h=,ρ) and BJ/K(*)

Reconstructed > 200 B events 



A FEW PHYSICS PROSPECTS
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B→K*(892)l+l−

• This is a rare flavour changing 
neutral current process

• The four-body final state allows 
differential distributions to be 
probed

• Large new physics 
contributions possible as they 
appear via interference c.f. 
forward-backward asymmetries 
in e+e−

• Also variation with the 
invariant mass of the l+l−

system - q2
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B→K*(892)l+l− nomenclature
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• Goal is to measure this 4D differential distribution and extract 
the coefficients from data to compare to the SM predictions

• Much work on defining observables with minimal theoretical 
uncertainties

• Let us focus on S5 which get normalized as 

to minimize form factor uncertainties
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LHCb
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Exp.: R. Aaij et al., JHEP 02 (2016) 104
Theory: S. Descotes-Genon et al., JHEP 12 (2014) 125

3.7 σ disagreement with Standard Model

Other analyses of the data also show inconsistency i.e. RH currents at large q2

A. Karan et al. arXiv:1603.04355 [hep-ph]

Angular Asymmetries based on 2398±57 B→K*μμ events



Belle
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Smaller sample 
than LHCb, but e 
and μ

Tests of LUV more 
in a moment

PRL118, 111801 (2017) 



9
/1

0
/1

8
U

n
iv

er
si

ty
 o

f 
W

ar
w

ic
k 

Se
m

in
ar

 

56

2-3 standard deviations 
for H = K and K*

Lepton Universality Violation 
(LUV)



Belle II predictions
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Semi-tauonic decays

• Tree level in the SM but allows lepton universality tests

• Measure ratios to reduce theoretical and experimental 
uncertainties

• Babar reported an anomalous result PRL 109, 101802 (2012) 
much activity since
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Belle results
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• Tag signal by fully reconstructing 
or identifying a semileptonic (SL) 
decay of the other B

• Then use residual energy in ECL, 
missing mass, multivariates
and/or lepton momentum to 
separate signal

• Example: Phys. Rev. D 94, 072007 
(2016) – SL tag



• LHCb also in the game using their vertexing prowess

9
/1

0
/1

8
U

n
iv

er
si

ty
 o

f 
W

ar
w

ic
k 

Se
m

in
ar

 

60

Signal
Norm

Phys. Rev. Lett. 115, 111803 (2015)

• Average 3.9σ from SM

• Several NP ideas but it 
is hard to get all the 
anomalies in a single 
framework



Belle II predictions
• More modes for tagging Full Event Interpretation
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>5000 modes!



Belle II predictions
• More modes for tagging Full Event Interpretation
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>5000 modes!



Many other measurements

• CKM metrology

• 3/ - 1.5 degrees

• Same from LHCb

• Vub – 1.2%

• Other rare decays

• B - 1.5-2.0% 

• Bμ - 5%

• BXsl
+l - RX 3-5% 

• bs, bs and LFV versions

• CPV – gluonic penguins

• BK0
S sin21  to 0.02

• LFV μ 10-9 limit at 90% C.L

• + charm, XYZ spectroscopy, dark photon
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Conclusion

• Particle physics is tackling its problems on three 
complementary frontiers
1. Energy

2. Cosmic

3. Intensity

• Flavour physics has played a significant role in the 
development of the Standard Model

• Belle II is a project that will continue flavour 
physics at the intensity frontier until the middle 
of the next decade along with LHCb
• First collisions this year much more to come..
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