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PART 1:        What does flavour physics explore?   

PART 2:        OK… then, how to measure?
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PART 1:        What does flavour physics explore?   

PART 2:        OK… then, how to measure?

A few examples in B physics
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B Physics
• Large mass of b quark allows many interesting decays for mesons 

containing a b quark.




• With a large sample of B mesons can:


➡Measure the CKM Matrix elements.


➡Test CKM matrix unitarity.


➡Matter/anti-matter asymmetries. 


➡Search for rare decays.


➡Search for new particles in decays.

B0(db̄), B+(ub̄), Bs(sb̄), Bc(cb̄)
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B Physics Experiments

B Factories: e+e− → Υ(4S) → BB̄ LHC: pp → bb + X

• Minimal collision pile-up, well-known collision energy.


• Good at final states with neutrals and missing-energy.

• Very high production rate.


• Collision energy not well known.


Image: S. Cunliffe



Florian Bernlochner Antrittsvorlesung — Schönheit und Geschmack

Belle II is maybe (?) the only experiment that explains how it works via its logo:
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Belle Be
lle

Plenty of Puns

1) Belle collides electrons and their anti-particle positrons

2) B breaks the symmetry between el - le 


(i.e. between matter and antimatter)

3) Belle investigates beauty quarks, which are of course “belle”
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Picture: movies.disney.com

BEAST 


(Beam Exorcism for A STable 
BELLE Experiment)


The BEAST experiment: a 
background detector for the 
commissioning of the BELLE 
experiment

Plenty of Puns

1) Belle collides electrons and their anti-particle positrons

2) B breaks the symmetry between el - le 


(i.e. between matter and antimatter)

3) Belle investigates beauty quarks, which are of course “belle”
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 Cross-sectione+e− → hadrons

Figure: Particle Data Group https://pdg.lbl.gov/2014/hadronic-xsections/rpp2014-sigma_R_ee_plots.pdf

ss̄
cc̄

bb̄

  (GeV)(s)
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 Cross-sectione+e− → hadrons

Figure: D. Besson and T. Skwarnicki Annu. Rev. Nucl. Part. Sci. 1993.43:333-78 
https://www.annualreviews.org/doi/pdf/10.1146/annurev.ns.43.120193.002001
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 ResonanceΥ(4S)

•  correspond to bound .


• Maximize production by tuning  collider at   mass 
(10.58 GeV, about 2 x B meson mass).


• >96% of  decays are to B mesons!

Υ(4S) bb̄

e+e− Υ(4S)

Υ(4S)

Υ(4S)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) 

https://pdg.lbl.gov/2021/html/authors_2021.html
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B-Factories in the 2000’s
•  collision energy is turned to  resonance.


• BaBar Experiment (at SLAC in USA)  ~ over 500 million  recorded!


• BELLE Experiment (at KEK in Japan) ~ over 770 million  recorded!

e+e− Υ(4S)

BB̄

BB̄

BELLEBaBar



Belle Detector
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KEKB:
Max. instantaneous luminosity 2.1 × 1034cm−2s−1



Belle Detector
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KEKB:
Max. instantaneous luminosity 2.1 × 1034cm−2s−1



Belle Detector
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KEKB:
Max. instantaneous luminosity 2.1 × 1034cm−2s−1

Calorimeter

Particle identification

Tracking

Vertexing
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Observing Direct Charge-Parity Violation

• Requires interference between 
two diagrams.

Figure: A. J. Bevan et al. The Physics of the B Factories Eur. Phys. J. C74 (2014) 3026
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Direct Charge-Parity Violation at BELLE

B+ → K+π0

B− → K−π0

• Signal component corresponds to red peak.


• Signal yield seen by-eye to be different for matter vs. anti-matter!


• Result is an example of Direct CP Violation.

Figure: A. J. Bevan et al. The Physics of the B Factories Eur. Phys. J. C74 (2014) 3026
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 MixingB0 − B̄0

• Neutral B mesons undergo  mixing.
B0 − B̄0

d

d̄

B0B̄0

• In the decay , the B’s are in an 
entangled state.

Υ(4S) → B0B̄0

Υ(4S) B0

B̄0 B0
B̄0 B0

B̄0
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Semi-leptonic and Hadronic Decays

B0 → e+νeD− B0 → J/ψK0
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Time Dependent CP-Violation Measurement

Υ(4S)
B0

B̄0

B0 → e+ νeD
− e+

B̄0 → J/ψK̄0Δt
B̄0



20Time Dependent CP-Violation Measurement

Υ(4S)
B0

B̄0
B0 → e+ νeD

− e+

B̄0 → J/ψK̄0Δt
B̄0

Figure: BaBar Collaboration https://www-public.slac.stanford.edu/babar/Nobel2008.aspx 



212008 Nobel Prize in Physics
Experimental confirmation of large matter/anti-matter asymmetries in B mesons provided by Belle 
and BaBar lead to 2008 Nobel Prize in Physics:


• Yoichiro Nambu (1/2) - “for the discovery of the mechanism of spontaneous broken symmetry in 
subatomic physics”


• Makoto Kobayashi and Toshihide Masukawa (1/2) - "for the discovery of the origin of the 
broken symmetry which predicts the existence of at least three families of quarks in nature.”

Figures: BaBar Collaboration https://www-public.slac.stanford.edu/babar/Nobel2008.aspx 
Bellle  Collaboration https://belle.kek.jp/belle/km_nobel/index.html
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Global CKM Fit

http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html

This is a very famous triangle. There aren’t many famous triangles in the history of humankind,
but this is one of them, In the diagram above we gave the angles names, ↵, �, �. Note that there is
physical significance to the direction with which we measure the angles; for example, if (⇢, ⌘) had
been in the lower quadrant the signs would di↵er. According to popular legend, these were assigned
by Yossi Nir while he was at slac. There’s another parameterization that was also invented at
slac by B.J. Bjorken,

�1 = � �2 = ↵ �3 = �. (3.31)

These appear to have been popularized in Japan by Sanda so that now the flavor physicists at
Belle use di↵erent conventions from those at BaBar and lhcb.

In terms of the ckm matrix parameters, the angles are given by

↵ = arg

✓
�

VtdV ⇤

tb

VudV ⇤

ub

◆
� = arg

✓
VcdV ⇤

cb

VtdV ⇤

tb

◆
� = arg

✓
VudV ⇤

ub

VcdV ⇤

cb

◆
. (3.32)

For completeness, we can also write out the length of the sides of the unitarity triangle in terms
of these parameters,

Ru =

����
VudV ⇤

ub

VcdV ⇤

cb

���� =
p
⇢2 + ⌘2 Rt =

����
VtdV ⇤

tb

VcdV ⇤

cb

���� =
p
(1� ⇢)2 + ⌘2 . (3.33)

The remaining side is, by normalization, set to unit length.

3.6 Flavor Symmetries

The lightest quarks are the up and the down. We have already identified the approximate SU(2)
symmetry between these two states as isospin. The splitting in the up and down quark masses
are a measure of isospin violation. One may also include the strange quark to promote this to
an approximate SU(3) flavor symmetry, though this is even more approximate because of the
larger mass splitting between the strange and the lighter two quarks.

For modern students of particle physics, this classification seems very strange: we’re taking
three quarks—two with electric charge �1/3 and one with electric charge +2/3—and saying that
they’re somehow symmetric. In fact, as theorists we know that we’re really talking about six
di↵erent quarks because the Standard Model is chiral: the left-chiral up uL and the right-chiral
up uR have very di↵erent quantum numbers, one is in an SU(2)L doublet and the other is not. In
what sense do we have a right to talk about SU(3) flavor symmetry? It’s almost as if this entire
classification scheme were developed in a time before we even know quarks existed!

That, of course, is the point. The history of SU(3) flavor symmetry is rich and may hold
lessons for contemporary seekers of new physics. Long before we knew that quarks are real, we
had phenomenologically identified the flavor structure of what is now the Standard Model. For a
history, follow the development of the eightfold way [41]. The lesson here is that these approximate
symmetries, even if they’re hidden behind strong dynamics, leave an imprint on the composite
states that we can measure. And indeed, in these lectures we will make ample use of SU(2) isospin
and SU(3) flavor symmetry.

Why stop there, then? Why not do flavor physics with SU(4) symmetry including the charm,
or SU(6) symmetry including the bottom and top quarks? The reason is that these symmetries are
too approximate. Recall that a parameter is only small if it is dimensionless, and the dimensionless
parameter that quantifies the approximation is �mq/⇤QCD. For quarks heavier than the strange,
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Recap:
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Global CKM Fit

2014 2021
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 Precision is getting better and better


 But…the green circle stays similar as 
15 years ago 



Vxb Puzzle
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arXiv:2206.07501 [hep-ex]

Long-standing discrepancy of inclusive & exclusive determinations

|Vcb|

|Vub|

Combined average on |Vub| and |Vcb| 

|Vub|/|Vcb| ratio (LHCb)

|Vub |incl. = (4.19 ± 0.17) × 10−3

|Vcb |incl. = (42.19 ± 0.78) × 10−3

https://arxiv.org/abs/2206.07501


How do we measure |Vxb|?
25

b

d̄

B−

Prof. M.A. Thomson Michaelmas 2009 296

In the ultra-relativistic limit only left-handed 
particles and right-handed antiparticles

participate in charged current weak interactions 

e+ !e
e– !e

e–

!e

e.g. In the relativistic limit, the only possible electron – neutrino interactions are:

RH anti-particle LH particle RH particle LH anti-particle

! The helicity dependence of the weak interaction              parity violation  
e.g.

Valid weak interaction Does not occur

Helicity in Pion Decay

Prof. M.A. Thomson Michaelmas 2009 297

!The decays of charged pions provide a good demonstration of the role of
helicity in the weak interaction 

EXPERIMENTALLY:

•Might expect the decay to electrons to dominate – due to increased phase
space…. The opposite happens, the electron decay is helicity suppressed

!Consider decay in pion rest frame.  
• Pion is spin zero: so the spins of the ! and " are opposite
• Weak interaction only couples to RH chiral anti-particle states. Since

neutrinos are almost massless, must be in RH Helicity state 
• Therefore, to conserve angular mom. muon is emitted in a RH HELICITY state

• But only left-handed CHIRAL particle states participate in weak interaction

ℓ−

ν̄ℓ

1) Hadronic decays

2) Leptonic decays

→ theory very hard, experimentally easy 

→ theory “easy” experimentally very hard 

ℬ(B → μν̄μ) ∼ 10−7

ℬ(B → τν̄τ) ∼ 10−4

3) Semileptonic decays → theory doable, experimentally doable



How do we measure |Vxb| in semileptonic decays ?
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Vqb
W −

−

ν̄
b

qu

u

Inclusive |Vub | 

Exclusive |Vub | 

Inclusive |Vcb | 

Exclusive |Vcb | ‘Leptonic’ |Vub | 

pB ¼ pX þ pl þ pν;

p2
B ¼ m2

B; p2
X ¼ m2

X; p2
l ¼ m2

l; p2
ν ¼ 0; ð10Þ

where mX is the mass of the final-state hadronic system.
Semileptonic decays for a fixed mass mX are described by

two kinematic quantities, which can be chosen to be the four-
momentum transfer squared q2 and the energy of the charged
lepton El:

q2 ¼ ðpl þpνÞ2 ¼ ðpB −pXÞ2; m2
l ≤ q2 ≤ ðmB −mXÞ2;

El ¼
pBpl

mB
; ml ≤ El ≤

1

2mB
ðm2

B −m2
X þm2

lÞ: ð11Þ

The two variables are not independent; Fig. 2 shows the
boundaries of the allowed region in the q2-El plane for the
specific case of a B → D%lν̄ decay.
The various semileptonic B decay modes have spectra with

different end points. Figure 3 shows the lepton momentum
spectra for the different B → Xclν and B → Xulν decays,
where Xc and Xu denote hadronic final states containing a
charm quark and an up quark, respectively.

In the context of the heavy-quark expansion (see Sec. II.D)
it is convenient to introduce velocities instead of momenta.
For the case of heavy mesons like B and Dð%Þ mesons we
define

vB ¼ pB

mB
; vDð%Þ ¼

pDð%Þ

mDð%Þ
; w ¼ vBvDð%Þ ; ð12Þ

and the scalar product w of the two velocities is used instead of
the momentum transfer q2 ¼ m2

B þm2
Dð%Þ − 2mBmDð%Þw. The

point w ¼ 1 corresponds to the maximum momentum transfer
to the leptons q2max ¼ ðmB −mDð%Þ Þ2, while q2 ¼ 0 yields the
maximum value of w, thus

1 ≤ w ≤
m2

B þm2
Dð%Þ

2mBmDð%Þ
: ð13Þ

Finally, for heavy-to-light transitions it is useful to define
light-cone components of the momenta. For a decay with the
kinematics given in Eq. (10), it is convenient to define

FIG. 2. Allowed kinematic region in the q2-El plane for B →
D%lν̄ decays. From Korner and Schuler, 1990.

(a)

(b)

FIG. 1. (a) A leptonic B decay (B → lν), and (b) a semileptonic
B decay (B → Xlν).

(a)

(b)

FIG. 3. Lepton momentum distributions for semileptonic B
decays: (a) B → Xclν and (b) B → Xulν. From Aubert et al.,
2006c.

Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

Rev. Mod. Phys., Vol. 88, No. 3, July–September 2016 035008-4

B-Meson decay constant

Form Factors

Operator Product Expansion+ Fermi Motion / Shape Function

hB|Hµ|P i = (p+ p
0)µ f+
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B-Meson decay constant

Form Factors

Operator Product Expansion+ Fermi Motion / Shape Function

hB|Hµ|P i = (p+ p
0)µ f+

Measured
Branching Fraction

Prediction from
Theory but often also constrained 

from measured differential distributions

|Vqb| =

s
B(B̄ ! Xq ` ⌫̄`)

⌧ �(B̄ ! Xq ` ⌫̄`)

Theory from non-perturbative Methods:
* Lattice QCD (high q2)
* QCD Sum rules (low q2)



Event Reconstruction with Tagging Techniques

• Untagged / inclusive tag

• Loose constraints on signal

• Very large statistics, but also very large background


• Efficiency 


• Semileptonic tag

• Mid-range reconstruction efficiency 

• Due to multiple neutrinos, less information about Btag


• Hadronic tag

• Cleaner sample

• Knowledge of p(Bsig) 


• Low tag-side efficiency 

ϵ ≈ 𝒪(100%)

ϵ ≈ 𝒪(1%)

ϵ ≈ 𝒪(0.1%)

π 

π 

π 

effi
ci

en
cy

pu
rit

y
28



Inclusive |Vub| Measured on Belle

• Using full Belle dataset of 711 fb-1


• Hadronic tagging with Neural Networks ( 0.2-0.3% efficiency)


• Use machine learning (BDT) to suppress backgrounds with 11 
training features, e.g. MM2,#K±, #Ks, etc.

29

π 

Can fully assign each final 
state particle to either the tag 
or signal side 

→ Allows to reconstruct Xu

BDT > 0.85

Signal Signal

PRD 104 , 012008 (2021), arXiv:2102.00020



Inclusive |Vub| Measured on Belle
PRD 104 , 012008 (2021), arXiv:2102.00020
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• Extract signal using binned likelihood in 3 phase space (PS) regions:

• EℓB > 1 GeV (covers 86% of available signal PS)

• EℓB > 1 GeV, MX < 1.7 GeV ( 56%)

• EℓB > 1 GeV, MX < 1.7 GeV, q2 > 8 GeV2 ( 31%)


• Signal yields further corrected for efficiency & acceptance in 3 PS regions

• Convert partial BF in EℓB > 1 GeV of 2D fit result to |Vub|

• Based on four calculations of the decay rate

Δ!(EℓB > 1 GeV ) =

 (1.59 ± 0.07stat ± 0.16sys) x 10-3

Our average:

|Vub| = (4.10 ± 0.09stat ± 0.22sys ± 0.15theo) x 10-3 

arXiv:2206.07501 [hep-ex]

compatible with excl. and CKM expectation 
within 1.3σ and 1.6σ respectively


https://arxiv.org/abs/2206.07501
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Belle II: A Super B-Factory

• Belle II is the next generation B Factory at KEK in Japan. 

• Goal is to collect 50 billion  pairs!BB̄
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The SuperKEKB Collider

40x increase in luminosity by squeezing beams and 
increasing currents!

Current holds the world record for 
instantaneous luminosity!



33Belle II Detector

CsI(Tl) crystal calorimeter

 DetectorK0
L /μ

Time-of-Flight and Cherenkov 
system for charged particle ID



34Belle II Detector

Vertexing: 

- 2-layer DEPFET pixel detector  

- 4-layer double sided silicon strips 

Drift Chamber

CsI(Tl) crystal calorimeter

 DetectorK0
L /μ

Time-of-Flight and Cherenkov 
system for charged particle ID



35Belle II Detector

Vertexing: 

- 2-layer DEPFET pixel detector  

- 4-layer double sided silicon strips 

Drift Chamber

CsI(Tl) crystal calorimeter

 DetectorK0
L /μ

Time-of-Flight and Cherenkov 
system for charged particle ID

most inner subdetector
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Belle II Collisions

e+

e−

26 April 2018



π 

Untagged  and Exclusive |Vub|B → πℓν
Preliminary result shown in ICHEP 2022
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Credit: Peter Lewis

• Using early Belle II dataset of 189 fb-1


• Signal lepton with high momenta

• Pion with good tracking quality

• No reconstruction of tag-side B meson (untagged)

• Fit differential spectra of q2 with LQCD 
constraints on the decay form factor

Consistent with HFLAV world average; 
uncertainty about 60% higher 


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.014024
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml


 with Inclusive TaggingB+ → K+νν

•  , flavour-changing neutral current involved


• Rare decay offers a complementary probe for BSM


• Single highest-pT K+ is selected as signal candidate


• All the rest particles of the event are used to reconstruct the tag-side B meson 
(inclusive tagging)


• Two sequential BDTs are trained that combine event topology, signal kaon and 
rest-of-event properties, etc. to remove backgrounds

b → s

PRL 127 , 181802 (2021), arXiv:2104.12624
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The lowest-order in SM:

Predicted BF: 
 ~ 5 x 10-6



 with Hadronic TaggingB → Xsγ
Preliminary result shown in ICHEP 2022
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• Radiative penguins 


• Photon energy spectra involves the Fermi motion of b-quark in B

• Hadronic decays of tag-side B are reconstructed (hadronic tagging)

• Challenged by large photon background from other processes


• High energy threshold of signal photon

• Suppress background of light-quark continuum and other B decays

b → sγ



 with Hadronic TaggingB → Xsγ
Preliminary result shown in ICHEP 2022
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• Radiative penguins 


• Photon energy spectra involves the Fermi motion of b-quark in B 
meson (non-perturbative shape functions)


• Hadronic decays of tag-side B are reconstructed (hadronic tagging)

• Challenged by large photon background from other processes


• High energy threshold of signal photon

• Suppress background of light-quark continuum and other B decays

b → sγ

Theo+Exp: direct extract coefficients of shape 
functions in a global fit and obtain |Vub| !!



Golden Channels @ Belle II
Flavour Milestone (5-10 ab-1)
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The Belle II Physics Book, Progress of Theoretical and Experimental Physics, 
Volume 2019, Issue 12, December 2019, 123C01,  
https://doi.org/10.1093/ptep/ptz106   
arXiv: 1808.10567 [hep-ex]

Belle II Luminosity Projection

Now: 420 fb-1

Flavour 
Milestone

Ultimate Goal

https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
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Summary
• Many new opportunities in flavour physics and Belle II!


➡Precision measurements of CKM matrix elements!

➡Precision measurements with rare B decays!

➡Searches for new sources of CP violation!

➡Searches for rare decays!

➡Searches for new particles in decays!

➡Dark Matter searches!

➡ also possible in Charm sector…


• Detailed references for physics at Belle II:


➡Belle II Physics Book (arXiv: 1808.10567)

➡Snowmass White Paper: Belle II physics reach and plans 

for the next decade and beyond (arXiv:2207.06307)

https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.06307
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Belle II Collaboration

>1100 physicists and engineers from 126 institutions in 26 countries

You are warmly welcome to join us! 

see Belle II positions (developing) and inspire-HEP

https://confluence.desy.de/display/BI/Job+vacancies+at+Belle+II
https://inspirehep.net/jobs?sort=mostrecent&size=25&page=1&q=KEK-BF-BELLE-II
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