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CKM Quark Mixing 

• VCKM contains coupling constants of weak interaction and 
complex phase

• Unitarity*of*CKM*matrix******************************************orthogonality*rela@ons(V V † = V †V = 1) ) 6

Comple@on*Talk Eiasha*WAHEED

Unitarity*Triangle

7

R. Coutinho (UZH) 43

The Unitary Triangle

Introduction (14/20) O. SteinkampFlavour Physics FS14

“The” Unitarity Triangle

● measure the lengths of the two sides: CP conserving quantities

● measure all three angles: CP violating quantities (angles = phases !)

● many observables → overconstraint determination of triangle

consistency check of Standard Model !
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Measure the lengths of the two sides: CP conserving quantities  

Measure all three angles: CP violating quantities (angles = phases !) 

Many observables → overconstraint determination of triangle  

Consistency checks of Standard Model ! 

• Measure*the*side*length:*CP*conserving*quan@@es*

• Measure*the*angles:*CP*viola@ng*quan@@es*

• *Measurement*of*all*observables*constrains*the*triangle.

The)CKM)unitarity)triangle)

9)

B+→+Xlν!

CPV+in+B+→+ππ,+ρρ,+ρπ!

CPV+in+B+→+J/ψKs+BF/++→+D(*)K(*)F/+!
March)4,)2014)

q

jViji

W∓

q̄

jV*iji

W±

q

jViji

W∓

q̄

jV*iji

W±VCKM =
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

≈
1 − λ2/2 λ Aλ3(ρ − ιη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − ιη) −Aλ2 1

Unitarity ⇒ 6 triangle 
relations in the complex 
plane, e.g. 

V*ubVud + V*cbVcd + V*tbVtd

3



• The weak phase  … can be measured in    decays through the 

interference between two amplitudes of both  and  (tree level).

ϕ3 ≡ arg
iη
ρ

B± → D(*)K(*)±

B− → D0K− B− → D̄0K−

Eiasha WAHEED

The weak phase      is measured in
decays by the interference between two amplitudes if 
both           and           decay to a common final state         
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The weak phase      is measured in
decays by the interference between two amplitudes if 
both           and           decay to a common final state         
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Favored Suppressed 

B− → D0K− B− → D̄0K−Three techniques to measure  : use 
rare decays of the form 

ϕ3
B± → D(*)K(*)±

Measurement of φ3 (phase of |Vub| in )B → Charm

 strong CP conserving phase δB

Extraction of �3

Only CKM angle accessible at tree level.

Very precise theoretical prediction ��3/�3 ⇠ 10
�7

[J. Brod, J. Zupan, arxiv:1308.5663].

�3 is the phase between b ! u and b ! c transition:

Asuppr.(B� ! D0K�)

Afavor.(B� ! D0K�)
= rBe i(�B��3)

Measured via the interference between B� ! D0K� and B� ! D
0
K� with various D0

channels.
I GLW method: CP eigenstates: K�K+,⇡�⇡+,K 0

S⇡
0
[Phys. Lett. B 253, 483]

I ADS method: DCS modes: K+⇡�,K⇡⇡0
[Phys. Rev. Lett. 78, 3257]

I BPGGSZ method: self-conjugate multibody final states: K 0
S⇡

�⇡+, K 0
S⇡

�⇡+⇡0,K 0
SK

�K+

[Phys. Rev. D 68, 054018]

Niharika Rout Measurement of �3 and CPV at Belle II 9
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• Theory is “pristine” in these approaches  ⇒ .  [J.	Brod,	J.	Zupan,	JHEP	1401	
(2014)	051]

δϕ3/ϕ3 ∼ 10−7
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Three techniques to measure  used rare decays of the form  
• GLW method : Interference with CP eigenstates  
• Final state of D0 = CP eigenstates such as  [Phys.	Lett.	B	253,	483]  

• ADS method: Interference with flavor specific   
• Final state of D0 = doubly-Cabibbo suppressed D decays such  [Phys.	Rev.	Lett.	

78,	3257]  
• BPGGSZ: Self conjugate of D decays using Dalitz plot  
• Final state of D0 = three body decays such as   [Phys.	Rev.	D	68,	

054018]	

 is extracted by combining information from all measurements   

ϕ3 B± → D(*)K(*)±

K+K−, π+π−, KSπ0

Kπ, Kππ0

D → KSπ+π−, KSK+K−

ϕ3

• Belle II (will) stay competitive in all these measurements → strength in measuring 
neutral e.g. KS (present in the final states in all methods )

Measurement of φ3 (phase of |Vub| in )B → Charm
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Measurement of φ3 (phase of |Vub| in )B → Charm

6

• Belle II is very efficient in  reconstruction despite 
a smaller number of Bs available as compared to 
LHCb. 

• Rediscovery of  channel ( ): Self-
conjugate channel with  in it, mixing parameters 
could easily be disentangled from strong phase. 
Please see Guanda Gong’s Talk for more detail. 

K0
S

D0 D0 → Ksπ+π−

KS

• Belle II (will) stay competitive in all these 
measurements → strength in measuring neutral e.g. 
KS (present in the final states in all methods )

� Mixing parameters sensitivity @50 abିଵ
�

� The improved proper time resolution is not 
considered

2020/9/22 Beauty 2020 13

� The resolution of release energy, 
Q, is a factor of 2 better than 
Belle

Belle II Physics Book; PETP 2019, 123C01 (2019)

Time-dependent Measurements
ܦ :mixingܦ-ഥܦ ՜ ିߨାߨௌܭ time-dependent Dalitz analysis

� Time-dependent amplitude
� In self-conjugate channels 

like ܦ ՜  x and y ,ିߨାߨௌܭ
parameters could be easily 
disentangle from the strong 
phase.

https://indico.ipmu.jp/event/320/contributions/5115/attachments/3323/4257/Charmed-Meson_Physics_at_Belle_II_Beauty_2020_v0.8.pdf
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Current Precision of CKM Matrix 

loop-level  

World average (HFLAV)  
[hflav.web.cern.ch/]

β ≡ ϕ1 = (22.2 ± 0.7)∘

α ≡ ϕ2 = (84.9+5.1
−4.5)

∘

γ ≡ ϕ3 = (71.1+4.6
−5.3)

∘

CKM Fitter  
[ckmfitter.in2p3.fr/]

β ≡ ϕ1 = (22.51+0.55
−0.40)∘

α ≡ ϕ2 = (91.6+1.7
−1.1)∘

γ ≡ ϕ3 = (65.81+0.99
−1.66)

∘

φ3 is measured in tree decays together with |Vub| provides a SM reference 
for new physics searches !!! 

tree-level  

7
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New Physics  in φ3 

8

• φ3 is measured in tree decays together with |Vub| provides a SM reference for new 
physics searches !!! 

• The traditional way: compare φ3 from tree-level decays with the one from penguin-
dominated processes.  

• Recent studies show that new physics contributions to tree-level Wilson coefficients C1 
and C2 of 𝒪(40%) and 𝒪(20%) are not excluded.  [10.1007/JHEP06(2014)040,	10.1103/
PhysRevD.92.033002	]	

• Shifts in φ3 of the order of ±4° can not be eliminated [10.1103/PhysRevD.92.033002]. 

• Strong motivation to 1° precision. 

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP06%25282014%2529040&v=1253b2e1
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.92.033002&v=29b3b540
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.92.033002&v=29b3b540
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.92.033002&v=29b3b540


Eiasha WAHEED

SuperKEKB and Belle II 
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Super KEK B

è�-K�⌧fi©∆ ([è] kou [�-K�⌧] enerugii [fi©∆] kasokuki ) high energy accelerator

Y = � ⇥ L where L /
Beam current
Beam size

events cross-section luminosity [s�1] [cm2] [cm�2s�1]

Assymetric B-factory with e� at 7 GeV and e+ at 4 GeV

Beam current ⇥2

Beam size ÷20

L
peak
KEKB = 2.1⇥1034/cm2s

L
design
SKEKB = 80⇥1034/cm2s

Super KEKB and Belle II Belle II Status and Prospects 3/12

Eiasha WAHEED

SuperKEKB Accelerator 

Asymmetric B-factory with e− at 7 GeV and e+ at 4 GeV 
Super KEK B

è�-K�⌧fi©∆ ([è] kou [�-K�⌧] enerugii [fi©∆] kasokuki ) high energy accelerator
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Beam size

events cross-section luminosity [s�1] [cm2] [cm�2s�1]

Assymetric B-factory with e� at 7 GeV and e+ at 4 GeV

Beam current ⇥2

Beam size ÷20

L
peak
KEKB = 2.1⇥1034/cm2s

L
design
SKEKB = 80⇥1034/cm2s

Super KEKB and Belle II Belle II Status and Prospects 3/12
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Super KEK B

è�-K�⌧fi©∆ ([è] kou [�-K�⌧] enerugii [fi©∆] kasokuki ) high energy accelerator

Y = � ⇥ L where L /
Beam current
Beam size

events cross-section luminosity [s�1] [cm2] [cm�2s�1]

Assymetric B-factory with e� at 7 GeV and e+ at 4 GeV

Beam current ⇥2

Beam size ÷20

L
peak
KEKB = 2.1⇥1034/cm2s

L
design
SKEKB = 80⇥1034/cm2s

Super KEKB and Belle II Belle II Status and Prospects 3/12

•  

•  

ℒpeak
KEKB = 2.1 × 1034/cm2s

ℒpeak
SuperKEKB = 6.5 × 1035/cm2s

10

Beam size  20 times 
Beam current  2 times

↓
↑
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Belle II Detector and Status (1)

Improvement 
• Improved tracking and vertexing 

[see Thibaud Humair’s Talk]    
• Better particle identification  
• Better calorimeter resolution 

Challenges  
• Larger trigger rate 500 Hz  

30KHz  
• Larger background, beam 

background 
• Performance improvement

→

11

CHAPTER 1. MOTIVATION AND OVERVIEW

1.3 The Belle II overview

Figure 1.9: Upgraded Belle II spectrometer (top half) as compared to the present Belle detector
(bottom half).

The design of the Belle II detector follows to a large extent the scheme discussed in the Letter
of Intent [5] and its 2008 supplement, Design Study Report [6], with one notable exception: a
pixel detector now appears in the innermost part of the vertex detector. Other modifications are
due to the change in the accelerator design from the high current version to the “nano-beam”
collider, and are associated with the larger crossing angle, the need to have the final quadrupoles
as close as possible to the interaction point, and the smaller beam energy asymmetry (7 GeV/c
on 4 GeV/c instead of 8 GeV/c on 3.5 GeV/c).
For the Belle II detector, our main concern is to maintain the current performance of Belle
in an environment with considerably higher background levels. As discussed in detail in the
2008 Design Report [6], we evaluate the possible degradation of the performance in a high-
background environment by extrapolating from the present operating conditions of KEKB and
Belle by accounting for the scaling of each component of background with the higher currents,
smaller beam sizes and modified interaction region. From these studies, we assume a conservative
factor of twenty increase in the background hit rate. The physics event rate will be about 50
times higher.
The following changes to Belle will maintain a comparable or better performance in Belle II:

• just outside the beam pipe, the silicon strip detector is replaced by a two-layer silicon pixel
detector based on the DEPFET technology;

• the silicon strip detector extends from just outside the pixel detector to a larger radius

14

Upgraded Belle II spectrometer (top half) as compared 
to the present Belle detector (bottom half). 

http://www.apple.com
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Projection towards 50 ab-1

• Belle II data-taking is ongoing, many 
sub-detectors at design performance 
already, other improving steadily 

• B physics traditional channels such as B 
→ J/ψKS result presented on 
ICHEP2020. 

• B → π+π− B.F measurement shown at 
ICHEP2020

Plan to collect 50 ab–1 of collisions at 
and near  successor to Belle at 

KEKB (1.05 ab–1)
Υ(4S)

12

Belle II detector and status

Improved tracking, vertexing.
Better particle identification. More details in K.Matsuoka’s talk.
Better calorimeter resolution.

Niharika Rout Measurement of �3 and CPV at Belle II 7
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Belle II Detector and Status (3)

Integrated luminosity

9 Less DAQ errors and more prompt 
recovery from the errors by 
e[SeUWVb cRQVLVWeQW effRUW

9 Error analysis and monitor by 
ELK (Elasticsearch Logstash Kibana)

9 More experienced shifters
9 Controlled injection veto dead 

time (avg. 4.9%) as a result of 
injection background studies

6 fb–1 10 fb–1

74 fb–1

1.3 fb–1/day

Belle II data taking efficiency has been improved to 84%.

ICHEP2020 dataset
34.6(3.2) fb–1 on-(off-)resonance

Physics 
run
56.7%

Accelerator 
tuning

Accelerator 
trouble

Belle II trouble

Scheduled 
maintenance

Run time fraction of 
SuperKEKB operation in 2020

7

Integrated  Luminosity 
• Belle II data taking efficiency has been 

improved.

World Record by SuperKEKB  
on June 15th 2020: 

ℒ = 2.4 × 1034cm−2s−1

Data available till date : 34.6(3.2) fb–1 
on-(off-)resonance 

~1 ab–1 before long shutdown in 2022 to 
surpass BaBar and Belle → Belle II will join 
in with the hunting for New Physics in earnest. 

13
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Measurement of  ϕ3

14



•Model dependent BPGGSZ method  
•  and  is determined via amplitude model 

•Large systematic uncertainty (i.e. ) due 
to large amplitude  

•Model independent BPGGSZ method  
•Use quantum coherence in 

 (CLEO-c, BESIII) to 
measure amplitude-averaged strong phase 
differences ci, si. 

                      

rD δD

8.9∘

e+e− → γ* → DD̄

ci = < cos ΔδD > , si = < sin ΔδD >

Belle
Measurement of γ/ϕ3 @ Belle II

10

• Determination of γ/ϕ3 ⇒ dominated by Dalitz-plot (GGSZ) analysis at Belle.

• B± → D ( → Ks0 π+ π-) K±  ⇾ the most sensitive single analysis.

19/02/15 LPNHE seminar 16

Dalitz plot analysis for γ

B+ D0K+

D0K+

(K
S
π+π−)K+

Multibody final state of D0 results in the interference pattern 

that is directly sensitive to the phase difference between D0 and D0

r
B
eiδe±iγ=x

±
+iy

±
m2(K

S
π+) (GeV2/c4)

m
2
(K

S
π

−
) 

(G
e

V
2
/c

4
)

Giri, Grossman, Soffer, Zupan, Phys.Rev. D68 (2003) 054018

Bondar (2002), unpublished

First prelim. result using this technique reported by Belle in 2003: arXiv:hep-ex/0308043

followed by 3 papers with increasing dataset. 

-
-

-

-

rBe
i(δB−γ )

rDe
i(δD )

Each point on the Dalitz plot has different 
rD and δD.

δD : strong phase difference

rD = A(D0 → f )
A(D0 → f )

• Model-dependent GGSZ method 

• rD and δD determined via amplitude model.  

• large systematic uncertainty (i.e. 8.9°) due to 

amplitude model.  

•  Model-independent GGSZ method                 
☞ used by Belle II 

• use quantum coherence in e+e− →γ* →DD 

(CLEO-c, BESIII) to measure amplitude-

averaged strong phase differences, ci, si. 

ci=<cos ΔδD >, si=<sin ΔδD >

Eiasha WAHEED

Measurement of φ3 at Belle II 

•Determination of φ3 ⇒ dominated by Dalitz-plot (BPGGSZ) analysis at Belle/Belle II.  

•  the most sensitive single analysis. B± → D( → K0
Sπ+π−)K± →

• Each point on the Dalitz plot has 
different  and .rD δD

15

;  =  strong phase difference rD =
A(D0 → f )
A(D̄0 → f )

δD



Belle II prospects for �3

Golden mode in Belle II: B± ! D0(K0
S⇡

�⇡+)K±

I Model-independent binned Dalitz plot approach.
I Number of events in i th bin is a function of x±/y±:

N±
i = hB[K±i + r2BK⌥i +

p
KiK�i(x±ci ± y±si)]

(x±, y±) = rB(cos(±�3 + �B), sin(±�3 + �B))

Precise strong phase measurement needed to match Belle II stat. precision: expected from 20 fb�1 BESIII

data set.

Niharika Rout Measurement of �3 and CPV at Belle II 10
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Belle II prospects for  φ3 (1)

• Measurement of φ3 → a dream of B factories → 
difficult due to color suppression.

Golden mode in Belle II:  

• Model - independent binned Dalitz plot approach. 
• Number of events in  bin is a function of 

B± → D0(K0
Sπ−π+)K±

ith x±, y±

N±
i = hB[K±i + r2

BK∓i + KiK−i(x± + ci ± y±si)]

(x±, y±) = rB(cos(±ϕ3 + δB), sin(±ϕ3 + δB)

• Precise strong phase measurement ( ) need to match Belle II statistical precision, 
expected to be measured from BESIII data set → 20 fb−1 

ci, si

16

Dalitz binnings used for model 
independent analysis  

10.1093/ptep/ptz106)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1093%2Fptep%2Fptz106&v=00dc7e7c


• Exploits multivariate techniques to suppress continuum background and good particle 
identification performances of Belle  II.

Eiasha WAHEED

Rediscovery of  at Belle II B → DK

• More sensitive to φ3 than B → Dπ because of its higher  value. 

• Rediscovery of  with more than 5σ evidence.
rB

B → DK

17

Without PID Cut With PID Cut

B ! DK @Belle II

More sensitive to �3 than B ! D⇡ because of its higher rB value.

Rediscovery of B ! DK with more than 5� evidence using the continuum
suppression tool and particle identification technique of Belle II.

Total 53± 9 signal candidates are obtained with a 1D maximum likelihood fit to the �E .

Niharika Rout Measurement of �3 and CPV at Belle II 11

B ! DK @Belle II

More sensitive to �3 than B ! D⇡ because of its higher rB value.

Rediscovery of B ! DK with more than 5� evidence using the continuum
suppression tool and particle identification technique of Belle II.

Total 53± 9 signal candidates are obtained with a 1D maximum likelihood fit to the �E .

Niharika Rout Measurement of �3 and CPV at Belle II 11

 peak DK

 peak DK

ΔE = E*B − E*beam



Belle II prospects for �3

Golden mode in Belle II: B± ! D0(K0
S⇡

�⇡+)K±

I Model-independent binned Dalitz plot approach.
I Number of events in i th bin is a function of x±/y±:

N±
i = hB[K±i + r2BK⌥i +

p
KiK�i(x±ci ± y±si)]

(x±, y±) = rB(cos(±�3 + �B), sin(±�3 + �B))

Precise strong phase measurement needed to match Belle II stat. precision: expected from 20 fb�1 BESIII

data set.
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Belle II prospects for �3

Golden mode in Belle II: B± ! D0(K0
S⇡

�⇡+)K±

I Model-independent binned Dalitz plot approach.
I Number of events in i th bin is a function of x±/y±:

N±
i = hB[K±i + r2BK⌥i +

p
KiK�i(x±ci ± y±si)]

(x±, y±) = rB(cos(±�3 + �B), sin(±�3 + �B))

Precise strong phase measurement needed to match Belle II stat. precision: expected from 20 fb�1 BESIII

data set.

Niharika Rout Measurement of �3 and CPV at Belle II 10Eiasha WAHEED

Belle II prospects for  φ3 (2)

18

 NDπ = 137 ± 13

• Limited data set (5.15 fb–1) not enough to measure  
•  can be measured → Control sample for  
• Signal extraction from 2D unbinned maximum likelihood fit of  and 

B± → D0(K0
Sπ−π+)K±

B± → D0(K0
Sπ−π+)π± B± → D0(K0

Sπ−π+)K±

Mbc ΔE

 peak Dπ

 peak DK
 peak DK

 peak Dπ

Mbc = E*2
beam − p*2

B

ΔE = E*B − E*beam

Golden mode in Belle II:  B± → D0(K0
Sπ−π+)K±



)* angle
• f3 is accessible at tree level: theoretically very clean, df3/f3 ~ 10-7 *

• Measured via the interference between %U → ,S-Uand %U → V,S-U

WK!XXY.
W[\]^Y. = 8F_J(`aUbc)

dB strong CP conserving phase

Uncertainty on f3
from 3-body D0 decay

Three approaches depending on D0 decay
channels:
• CP eigenstates: ()(*, +)+*, etc.
• Doubly Cabibbo suppr.: ()+*
• Multi-body (Dalitz analysis): (,+)+* ,

(,+)+*+-. Improving precision: model
independent approach and strong phase
measurements from BESIII.

suppressed

favored |Vub|

|Vcb|

* J. Brod, J. Zupan, JHEP 01 (2014) 05112

Belle II Physics Book
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Summary

• Within the next years Belle II will be able to address the inclusive/exclusive
|Vcb|/|Vub| tension by measuring semileptonic B decays with missing energy.

• The use of advanced tagging techniques, i.e. FEI, together with untagged analyses
will allow to reach a precision of ~1% on |Vub| and ~1.5% on |Vcb|.

• Belle II will also deliver a high precision measurement of the f3 angle, exploiting
the Dalitz analysis of multi-body D0 decays in the B→ DK process.

Belle II: 50 ab-1
LHCb: 23 fb-1

UT in a decade
SM scenario

Assumptions:

Eiasha WAHEED

Belle II prospects for  φ3 (3)

Improving precision: Model independent approach 
and strong phase measurements from charm factory 

• Belle II will deliver a high precision measurement 
of the angle, exploiting the Dalitz analysis

UT (CKM Fitter) in a decade  
Assumptions:  
Belle II: 50 ab-1  

LHCb: 23 fb-1 

Foreseen φ3 precision of ~1.5o
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Amount of Data 
[ab-1]

<
σ ϕ

3
>
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Conclusion 
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Future prospects

Expect Belle II and LHCb upgrade to match each other’s performance!

�(�3) < 1.6� with 50 ab�1 data set.

Modes that are good for Belle II:
I D⇤ ! D0⇡0,D0�
I D0 ! K 0

S⇡
0, K 0

S⇡⇡⇡
0...

[P. K Resmi, J. High Energy Phys. 10, 178 (2019)]

Belle II strength:
I Increasing statistics
I Good neutral reconstruction
I Better K/⇡ separation
I Better continuum suppression

Figure: Fit extrapolated to 50 ab�1 for a
SM-like scenario

Belle II Physics book: arXiv:1808.10567

LHCb will clearly have more precise results in fully-charged final states.

Niharika Rout Measurement of �3 and CPV at Belle II 12Eiasha WAHEED

Future Prospects: Belle II and Beyond 

• Expect Belle II and LHCb upgrade to match each other’s performance!  
• δ(φ3) < 1.6◦ with 50 ab−1 data set. 

• Modes that are good to measure at 
Belle II  

•  

•  

• with Belle II strength  

• high statistics  

• better neutral reconstruction  

• better continuum suppression 

D*0 → D0π0, D0γ
D0 → K0

Sπ+π−, K0
Sπ+π−π0

Fit extrapolated to 50 ab−1 for a SM-like scenario 
from Belle II physics book (10.1093/ptep/ptz106)

• LHCb will clearly have more precise results in fully-charged final states. 
21

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1093%2Fptep%2Fptz106&v=00dc7e7c
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Summary 

More interesting results are coming.
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• Belle II aims to provide 50 ab-1 at  within its runtime (Belle: ~1 ab-1).  

• Measurements of the Belle II will test CKM unitarity with 1% precision. 

• Significant improvement of |Vub| and φ3 at Belle II . 

• φ3 precision better than φ3  <1.6° (combined all approaches). 

• Most relevant contribution using CKM physics is to probe new physics. 

Υ(4S)
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Thank you 
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