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Belle The Unitarity Triangle
• Quark interactions described by the VCKM unitary matrix

• Unitarity relations represented by triangles in complex plane 

𝐵 → 𝑢 𝑢 d 

𝐵 → c 𝑢 s 𝐵 → c c s 𝐵 → q q s 

current status

Belle II goal → test the SM and search for non SM physics using precision measurements 
at the intensity frontier through measurements of the triangle parameters

The presence of CP violation in the CKM matrix 
implies non-trivial values for these angles 
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Belle

10 successful years: 
first generation of asymmetric B factories BaBar and Belle collected about 1.5 

ab-1 of data during 1999 – 2010 → significant contribution to the 
understanding of the flavour dynamics in the Standard Model

• Discovery of CP violation in B 
meson transitions and 
confirmation of the CKM 
description of flavour physics

• Precision measurement of the 
CKM matrix elements and the 
angles of the unitarity triangle

• Constraints on various new 
physics models

• Observation of several new 
hadronic states

• Strong evidence of D meson 
mixing

Achievements at B factories
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Belle Next generation B factory
SuperKEKB – major upgrade of the KEKB B factory at KEK

x

e- 7GeV

e+ 4GeV

• Doubled beam currents 

• Reduced beam spot size 
(nano beam scheme) 

Lpeak: 8x1035 cm-2s-1 (40 x KEKB) 

Lint: 50ab-1 by 2025 (50 x KEKB)

e+e- → BB mainly at √scm=10.58 GeV 
(Υ(4S) resonance)
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Belle From Belle to Belle 2

Vertex Detector

KL and muon detector

- 2 pixel layers 
- 4 layers of double-sided silicon microstrip sensors

Many upgrades to increase the performance and cope with more severe background conditions 

Central drift chamber
- Small cell size, longer lever arm

EM calorimeter
- upgrade of electronics
- CsI + CsI(Tl) crystals (high light output, short X0)
 

-some RPCs layers substituted with scintillators

→Extended region
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Belle From Belle to Belle 2

Vertex Detector

KL and muon detector

- 2 pixel layers 
- 4 layers of Si double sided strip

Many upgrades to increase the performance and cope with much more severe background conditions 

Central drift chamber
- Small cell size, longer lever arm

EM calorimeter
- upgrade of electronics
- CsI + CsI(Tl) crystals (high light output, short X0)
 

-some RPCs layers substituted with scintillators

→Extended VXD region

• gain in robustness against beam-related background

• improvement in impact parameter resolution 

• 30% increase Ks efficiency

•  improved K/π separation  with π fake rate decreases by 
~2.5 

•  improved π0 reconstruction 
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Belle Timeline

Phase 1 (Feb - June 2016): beam storage, vacuum scrubbing, optics studies, no collisions
Phase 2 (2018): first collisions, complete Belle II detector except for Vertex Detector 
Phase 3 (late 2018 - 2024): full Belle II detector 

We are here
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Belle

All plots and performance figures 
shown today are based on simulation
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Belle 𝜑1,𝜑2(β,α): general strategy 

Interference between B–B mixing and B decay amplitudes → time-dependent CP 
asymmetry 

decay time-dependent measurements

Time-dependent rate asymmetry of B meson decays into CP eigenstates

asymmetric energies produce 
boosted Y(4s), decaying into 
coherent BB pair

C = direct CPV

key aspects:

- Δt resolution→vertex fitting

- Flavour tagger

TAGGING SIDE

SIGNAL SIDE

Δz ~ 130 μm (Belle II)

Δz ~ 200 μm (Belle)

S = sin(2φieff)mixing induced CPV
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Belle Belle II performance: Vertex fit

B0 → J/ψ K0s decay mode: benchmark for 
testing the Belle II vertexing performance 

resolution: 
26 μm

An improvement in vertex-fit position resolution 
wrt Belle : compatible with the expected 

improvement in the impact parameter resolution 
due the Belle II Pixel Vertex Detector

J/ψ → μ+μ-

Belle II σ: 53μm

Belle σ: 89μm

Tag side vertex fit Δt resolution Belle II σ: 0.77ps 
Belle σ: 0.92ps

simulation-based plots

vertex fit residual

vertex fit residual Δt residual
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Belle Belle II performance: Flavour tagger

•    Determine the flavor of the accompanying B0 
meson at the time of its decay

•    Many B decay channels provide unambiguous 
flavor signatures through a flavor-specific final 
state but it is unfeasible to fully reconstruct a 
large number of flavor-specific Btag decays.

•    Instead of a full reconstruction, the flavor tagger 
applies inclusive techniques ( in semileptonic 
B→Dl𝜈 decays charge of the lepton identifies the 
flavour of the B meson) 

Advanced tagging algorithm is expected to 
provide high tagging efficiency: 

𝜀EFF = 35.84% (𝜀EFF BELLE= 30.04%)  
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Belle sin(2𝜑2): isospin analysis 

The most precise way to determine 𝜑2 is based on applying the isospin [M. Gronau and 
D. London, PRL 65 3381] measurement to B → π π and  B → ρρ

𝜑2 can be extracted from mixing-induced CP violation in b → uud transitions 

= 0 at tree-level
but possible penguin pollution!

To disentangle the tree contribution and extract ∆φ2:  

with currently 𝜑2  =(94.2±5)°, (166.4±0.8)° 

(𝜑2 =α)
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Belle sin(2𝜑2): B→ π π
• Branching fractions and CP violation parameters are the input parameters of the isospin analysis
• At present no enough data to perform a time dependent CP-analysis of the decay mode B → π0π0

• Sπ0π0 is an important input for isospin analysis → Belle2 opens new possibilities

Decay modes considered in the B → π0π0:

approximately reconstruction of the 
B decay vertex for time-

dependent CP measurement 

Belle II
Belle

Expected sensitivity at the Belle II integrated 
luminosity of 50ab−1 δφ2 =3°  

(𝜑2 =α)
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Belle sin(2𝜑2): B→ ρρ

B → ρρ 
+

B → π π 

B → ρρ BELLE

BELLE II

Sρ0ρ0

S00

BELLE

BELLE II

(𝜑2 =α)

Improvement in the B→ ρρ analysis 
alone and when combined together 
with B→ ππ  

The expected uncertainty on 𝜑2 with the 
combined  B→ ππ and B→ ρρ is 0.6°
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Belle 𝜑3: B→ DK
The most powerful methods for measuring this angle are based on the 

interference between b → cus and b → ucs tree amplitudes with different weak 
and strong phases in the charged B decays to charm final state: B± → DK.  

The tree-level nature of  the amplitudes 
involved in B → DK allows the theoretically 

clean extraction of φ3 → theoretical ambiguity 
in such measurements is much less 1% 

COLOR-SUPPRESSED

There are several methods to measure φ3  that can be grouped according to the choice of the final state.
Belle II golden mode: Dalitz-plot analysis of self- conjugate D decays (GGSZ) [PRD68, 054018 (2003)]  

φ3 = (78+15-16)°   Belle measurement 

• Direct CP violation interference between B± → DK±   followed by 
D → f and B± → DK± followed by  D→ f. 

• Very challenging 

→
→ CKM and color suppression

precision on φ3 is an order worse than φ1. Can be 
improved significantly by experimental advantages alone

φ3
 = (76.8+5.1-5.7)° LHCb measurement

→

(𝜑3 =γ)
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Belle 𝜑3: GGSZ method
• The first sensitivity study of Belle II for 𝜑3 applies  the GGSZ analysis of B± → (Ks0π+π-)DK±  

large branching fraction
good Ks0 reconstruction efficiency

Dalitz binning used for model- independent analysis 

• Dalitz plane is divided into a number of diagonally-symmetric bins. 
• For each bin numbers of B± → DK± decays are measured
• D decay strong phases difference between D and D decays for each bin of Dalitz plot are essential 

inputs to interpret the measurements related to 𝜑3. (defined on charm-factories, the systematic 
uncertainty on these measurements will become more significant with future running of both Belle II 
and LHCb) 

 

expected uncertainty on φ3 versus 
luminosity (based on toy Monte 

Carlo studies)
3° precision at 

50ab-1

δφ3 = 3° at 50 ab-1

(𝜑3 =γ)
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Belle 𝜑3: projections
In Belle measurements using other D decay modes (ADS, GLW techniques) have been performed. 
Therefore, φ3 programme at Belle II must at least include all these modes and possibly others to 
realise its full potential.  

δφ3 = 1.6° at 50 ab-1

extrapolation with a 
combination of other D modes 

the extrapolation is predicated on 
there being sufficient BESIII data 
collected at the ψ(3770), 
approximately 10 fb−1, to 
 determine the strong-phase 
difference parameters required.  

      Further improvements are possible 
as several B → DK modes have 
not been exploited in Belle 

Belle II and LHCb will be in competition in 𝜙3 sensitivity: 

• LHCb will clearly have more precise 

results in fully- charged final states 

• Belle II sensitivity to neutrals will 

allows to include more D modes

expected sensitivity for LHCb and Belle II experiments 

(𝜑3 =γ)
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Belle sin(2𝜑1) from b → ccs: status 

The “golden mode” is B→J/ψ K0s. Advantages of this decay channel for  sin2𝜙1 measurement:

• clean signature

• relatively large branching fraction, so a large signal yield is expected

• contribution of penguin diagrams expected to be less than 1%

penguin pollution

The angle 𝜙1 can be measured in processes with a tree dominant interaction (B→J/ψ K0s)  or 
with penguin quark transitions (B→𝜙 K0s, B→η’ K0s)

Belle [PRL 108 171802]

Sccs = 0.667 ± 0.023(stat) ± 0.012(syst)

Cccs = 0.006 ± 0.016(stat) ± 0.012(syst)

SJ/ψ K0s = 0.670 ± 0.029(stat) ± 0.013(syst)

CJ/ψ K0s = -0.015 ± 0.021(stat) + 0.045
- 0.045 (syst)

2 irreducible systematic errors:
- tag side interference

- vertex reconstruction⎨
currently 𝜑1  =(21.4±0.8)°

(𝜑1 =β)

Belle II the measurement will be dominated by systematics 

Expected an experimental precision better than 1% on 𝜑1
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Belle sin(2𝜑1) from b → qqs  

BaBar [arXiv:0809.1174] and Belle [arXiv:1408.5991] 
collaborations performed the CP-violation 
analyses for this channel :

B→η’ K0s
• more complex η’ decay channel
• larger branching fraction (x10)

• no competition with LHCb expected due to neutrals in the final state   

Complementary determination of 𝜑1 through  b→qqs (q = u, d, s) are 
dominated by penguin transitions. More sensitive to non SM physics effects.

BaBar [arXiv:1201.5897] and Belle [arXiv:1007.3848] extracted 
the Bd → φK0 CP asymmetry parameters from time-dependent 
analysis of the K+K−K0 final state: 

average

-ηS 0.74 +0.11
-0.13
±0.14-0.01A

current value

φK0

B→𝜙 K0s

(𝜑1 =β)
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Belle Other CKM measurement: Vub

The |Vub| parameter can be measured through exclusive and inclusive semileptonic B decays

|Vubexcl| = (3.67±0.09(exp)±0.12(theo))×10−3 

|Vubincl| = (4.52±0.15(exp)+0.11(theo))×10−3
3 standard deviation discrepancy 

The most promising channel for exclusive |Vub| measurements at Belle II is B → πlν 

Form factor through QCD based calculation. 
 its uncertainty limits the precision on Vub but a factor 5 

improvement is expected

proportional to |Vub| and to the B → π 
form factor 

• B → Xulν rate measurement complicated by B → Xclν background 

• |Vub| is extracted from the differential B → Xulν rate in various 
phase space regions 

• |Vub| value extracted from the fit to the differential B → Xulν rates 
with a fit model defined from simulation. 

• predictions of shapes of these functions depend on the dynamic of 
the decaying b quark → limiting factor for the inclusive |Vub| 
determination 

CURRENT VALUES:
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Belle Vub: exclusive measurement
The most promising channel for exclusive |Vub| measurements at Belle II is B → πlν 

“Hadronic Tagged” measurement “Untagged” measurement

• Exact momentum of companion B gives good q2 
resolution

• ε = 0.55% (0.3%@Belle)
• Improvement w.r.t. Belle is due to the better tagging 

algorithms

• Indirect determination of companion B 
momentum spoils q2 resolution.

• ε = 20% (11%@Belle)
• Improvement w.r.t. Belle is due to the better 

ROE handling

Forecast of |Vub| 
sensitivity in B→𝜋𝑙𝜈 

Expected precision from B→𝜋𝑙𝜈 
(untagged) = 1.7%  

Expected precision from B→𝜋𝑙𝜈 
(tagged) = 1.3%  
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Belle Vub: inclusive measurement

Events with one fully reconstructed tag-side 
B meson candidate and at least one lepton 
track for signal candidate are selected 

To improve |Vub| precision Belle II will exploit model- 
independent parametrisation of shape function. 
[arXiv:0807.1926] 

Such parametrisation includes B→Xs𝛾 data (as the 
dynamic of the b quark in such process coincides with 
that for the B → Xulν at leading order)

Factor 2 improvement: expected precision of 
inclusive |Vub| at 5(50) ab-1 is 3.4(3)%.
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Belle Summary

CKM mechanism will be tested at 1% level 

• Major upgrade at KEK for the next generation B-factory 

• Large dataset and improved detector

• sin(2𝜑1): precision better than 1% on  𝜑1 using ccs 
modes


• sin(2𝜑2): new inputs for the isospin analysis.       
Expected sensitivity δφ2 = 3° at 50 ab-1


Most likely, the most relevant contribution using CKM physics 

to probe NP offered by Belle II will be a significant improvement 

in the determination of 𝜙3 and |Vub|: 

• 𝜑3: from B→DK decays δφ3 = 1.6° at 50 ab-1 


• |Vub|: from exclusive (inclusive) semileptonic 

measurements expected precision of 1.3%(3%)



BelleBelleBelle

24Cracow, 10 Jan 2017 Belle II prospects for CP-violation measurements

Belle

Backup
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Belle Detector components
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Belle Prospects
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Belle SuperKEKB upgrade
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Belle Belle 2  detector
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Belle sin(2𝜑1) from b → qqs: B→𝜙 K0s  
Complementary determination of 𝜑1 through  b→qqs (q = u, d, s) are 
dominated by penguin transitions. More sensitive to non SM physics effects.

BaBar [arXiv:1201.5897] and Belle [arXiv:1007.3848] extracted 
the Bd → φK0 CP asymmetry parameters from time-dependent 
analysis of the K+K−K0 final state: 

average

Sensitivity estimates for SφK0 and AφK0 
parameters for 1 ab−1 and 5 ab−1 

-ηS 0.74 +0.11
-0.13
±0.14-0.01A

current value

φK0
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Belle sin(2𝜑1) from b → qqs:  B→η’ K0s  

BaBar [arXiv:0809.1174] and Belle [arXiv:1408.5991] 
collaborations performed the CP-violation 
analyses for this channel :

estimated resolution

Differences with respect 
Bd → φK0:

• more complex η’ decay channel
• larger branching fraction (x10)

• no competition with LHCb expected due to neutrals in the final state   
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Belle sin(2𝜑2): B→ ρρ
Branching fractions, fractions of 
longitudinally polarised events and CP 
asymmetry parameters entering in the 
isospin analysis of the B → ρρ system

B → ρρ BELLE
BELLE II

BELLE BELLE II

B → ρρ 
+

B → π π 

Sρ0ρ0

Sπ0π0

BELLE

BELLE II

(𝜑2 =α)
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Belle sin(2𝜑1) from b → ccs: projections 
Belle II the measurement will be dominated by systematics 

B→J/ψ K0s b→ccs

Three different scenarios:
• “Belle” : Belle irreducible systematic uncertainties are assumed to not improve in Belle II (not realistic)

• “Belle II” : improvement of 50% is assumed for the systematic due to the vertex positions 

• “Leptonic categories” : analysis is performed using only the leptonic categories for flavour tagging 

Expected an experimental precision better than 1% on 𝜑1

(𝜑1 =β)
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Belle sin(2𝜑2): B→ π π

Belle II
Belle

(𝜑2 =α)
• A scan of the confidence for 𝜑2 from a χ2 distribution which is obtained by minimising 2 log(L) is 

performed. The likelihood L has the form of a multivariate normal distribution:

where xdata and xtheo are vectors containing respectively the measured values and the theoretical 
prediction of parameters B+ , B00 , B+0 , C+ , S+ , C00 and S00
The covariance matrix Σ contains the uncertainties in the diagonal and the correlations between the 

measured parameters in the non-diagonal part.  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Belle 𝜑3: LHCb and Belle 2 projections

For Belle II, we base the projections on a combination 
of B → DK measurements (already performed at 
Belle), where the D meson decays to:

expected sensitivity for LHCb and Belle II experiments 

• D→KK,D→ππ,D→Kπ 
• D→Kπππ

• D→KSππ 

where the combined precision on φ3 for Belle is 
taken from CKMFitter

The LHCb value is based on an extrapolation of the 2015 Run-1 results in LHCb-PAPER- 2014-041 and 
also analysed by CKMFitter. The results are based on a combination of measurements from B+ → Dh+ and 
B0 → DK∗0 decays, where h+ corresponds to either K+ or π+ and the D meson decays into: 

• D→KK,D→ππ,D→Kπ

• D→Kπππ

• D→KSππ 
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Belle sin(2𝜑1) sensitivity  
(𝜑1 =β)


