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Measurement of cos2𝛽 ≡ cos2𝜑1 in 𝐵0 → 𝐷 ∗ 0ℎ0 with 
𝐷 → 𝐾𝑆

0𝜋+𝜋− decays by a time-dependent Dalitz 
analysis using BaBar and Belle combined data
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➢Introduction

➢Analysis of 𝐵0 → 𝐷 ∗ ℎ0, 𝐷 → 𝐾𝑆
0𝜋+𝜋− with combination 

of the complete Belle and BaBar data sets

➢Future prospects

➢Conclusions arXiv:1804.06152 [hep-ex] (submitted to PRL)

arXiv:1804.06153 [hep-ex] (submitted to PRD)



Determination of the CKM phase 𝛽

3

➢The value of sin 2𝛽 is measured precisely 
in 𝑏 → 𝑐 ҧ𝑐𝑠 (𝐵0 → 𝐽/𝜓𝐾𝑆

0, …) transitions:

sin 2𝛽 𝑏→𝑐 ҧ𝑐𝑠 = 0.691 ± 0.017

➢Trigonometric ambiguity: 2𝛽 → 𝜋 − 2𝛽

➢Time-dependent interference between 
decays w/ and w/o oscillation

➢A 𝒞𝒫-specific final state 𝑓 provides 
sensitivity only to sin 2𝛽

➢Tagging of the initial 𝐵0 flavor is 
necessary

➢Measurement of 𝐵0 decay vertex is 
needed for a time-dependent analysis

𝐵0

ത𝐵0

𝑓

𝑒−2𝑖𝛽
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68.1𝑜

21.9𝑜
𝛼

𝛾 𝛽

𝛽 ≡ arg −
𝑉𝑐𝑑𝑉𝑐𝑏

∗

𝑉𝑡𝑑𝑉𝑡𝑏
∗



Time-dependent 𝒞𝒫 violation at 
an asymmetric 𝐵-factory
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𝑔 Δ𝑡 =
1

4𝜏𝐵
𝑒
−
Δ𝑡
𝜏𝐵 1 + 𝑞 𝑆 sin Δ𝑚Δ𝑡 − 𝐶 cos Δ𝑚Δ𝑡

➢ 𝑞 = ±1 denotes the initial flavor of signal 𝐵 meson

➢ Standard model predicts 𝑆 = −𝜂𝑓 sin(2𝛽) and 𝐶 = 0 for a 

𝒞𝒫-specific final state with 𝒞𝒫 parity 𝜂𝑓

Time-dependent 𝑩 decay rate

➢Flight distance Δ𝑧 ≈ 200 μm

➢Spatial resolution 𝜎 Δ𝑧 ≈ 130 μm

➢Correct flavor tagging for ≈ 80% events

➢Boost factor:

❖𝛽𝛾 = 0.425 at Belle

❖𝛽𝛾 = 0.560 at BaBar
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PRD 79 (2016) 072009 (BaBar)

𝐵0 → 𝑐 ҧ𝑐 𝐾𝑆
0



𝑏 → 𝑐ത𝑢𝑑
ഥ𝐵0 → 𝐷0ℎ0

𝑏 → 𝑐 ҧ𝑐𝑠

(ഥ𝐵0 → 𝐽/𝜓𝐾𝑆
0)

Features of the 𝑏 → 𝑐ത𝑢𝑑 transition

5

➢Provides a complementary and 

theoretically clean approach to access 𝛽

➢Dominated by tree amplitudes and not 

sensitive to most of physics beyond 

standard model (BSM)

➢Time-dependent Dalitz analysis of the 

𝐵0 → 𝐷{ℎ0, 𝜋+𝜋−} with 𝐷 → 𝐾𝑆
0𝜋+𝜋−

decays resolves the trigonometric 

ambiguity.

➢A discrepancy between 𝒞𝒫 asymmetries 
measured with 𝑏 → 𝑐ത𝑢𝑑 and 𝑏 → 𝑐 ҧ𝑐𝑠
would indicate a BSM effect
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The DCS transition is 

suppressed by ≈ 0.02
A sizable contribution  

from loop diagrams



𝒞𝒫 violation with 𝑏 → 𝑐ത𝑢𝑑: history
➢ Bondar, Gershon and Krokovny, PLB 624 (2005) 1

✓The idea of time-dependent Dalitz plot analysis of 𝐵0 → ഥ𝐷0ℎ0, 
ഥ𝐷0 → 𝐾𝑆

0𝜋+𝜋− decays is proposed

➢ Belle (Krokovny et al.), PRL 97 (2006) 081801

➢ BaBar (Aubert et al.), PRL 99 (2007) 081801

➢ BaBar (Aubert et al.), PRL 99 (2007) 231802

➢ Belle + BaBar (Abdesselam et al.), PRL 115 (2015) 121604

sin 2𝛽 = 0.66 ± 0.10 stat ± 0.06 syst

➢ Belle (Vorobyev et al.), PRD 94 (2016) 091503

sin 2𝛽 = 0.43 ± 0.27 stat ± 0.08 syst

cos 2𝛽 = 1.06 ± 0.33 stat −0.15
+0.21 syst

𝛽 = 11.7 ± 7.8 stat ± 2.1 syst
0
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6

✓ Direct exclusion of the 2nd

solution @ 5.1𝜎
✓ First model-independent 

measurement of cos 2𝛽

✓ First observation of 𝒞𝒫 violation 

in 𝐵0 → ഥ𝐷𝒞𝒫
∗ 0
ℎ0 decays. Analysis 

by M. Rӧhrken

✓ First time-dependent Dalitz 

plot analyses of 𝐵0 → ഥ𝐷0ℎ0, 
ഥ𝐷0 → 𝐾𝑆

0𝜋+𝜋− decays

https://doi.org/10.1016/j.physletb.2005.07.053
https://doi.org/10.1103/PhysRevLett.97.081801
https://doi.org/10.1103/PhysRevLett.99.081801
https://doi.org/10.1103/PhysRevLett.99.231802
https://doi.org/10.1103/PhysRevLett.115.121604


The Belle and BaBar experiments

➢The BaBar experiment:

Operation period: 1999 – 2008

0.541 ab−1 integrated luminosity

471 × 106 𝐵 ത𝐵 pairs 7

m / KL detection
14/15 lyr. RPC+Fe

Central Drift Chamber
small cell +He/C2H6

CsI(Tl)
16X0

Aerogel Cherenkov cnt.
n=1.015~1.030

Si vtx. det.
3/4 lyr. DSSD

TOF counter

SC solenoid
1.5T

8 GeV 𝑒
−

3.5 GeV 𝑒
+

Electromagnetic

Calorimeter Instrumented

Iron Yoke
Cerenkov-

Detector

Drift Chamber

Silicon Vertex Detector

1.5 T Solenoid

➢The Belle experiment:

Operation period: 1999 – 2010

1.04 ab−1 integrated luminosity

772 × 106 𝐵 ത𝐵 pairs
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The 𝐵0 → 𝐷ℎ0, 𝐷 → 𝐾𝑆
0𝜋+𝜋− analysis 
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8

𝑔 Δ𝑡,𝑀
𝐾𝑆
0𝜋+

2 , 𝑀
𝐾𝑆
0𝜋−

2 ∝ 𝑒
−
Δ𝑡
𝜏𝐵 𝑈 − 𝑞 𝐶 cos Δ𝑚Δ𝑡 + 𝑆 sin Δ𝑚Δ𝑡

𝑈 = 𝒜ഥ𝐷0
2 2

+ 𝒜𝐷0
2 2

, 𝐶 = 𝒜ഥ𝐷0
2 2

− 𝒜𝐷0
2 2

,

𝑆 = 2𝑞𝜂ℎ0 −1 𝐿 Im 𝒜𝐷0𝒜ഥ𝐷0
∗ cos 2𝛽 − Re 𝒜𝐷0𝒜ഥ𝐷0

∗ sin 2𝛽

𝒜𝐷0 ≡ 𝒜 𝐷0 → 𝐾𝑆
0𝜋+𝜋−

𝒜ഥ𝐷0 ≡ 𝒜 ഥ𝐷0 → 𝐾𝑆
0𝜋+𝜋−

Time-dependent Dalitz plot analysis

➢Variation of the 𝐷0 → 𝐾𝑆
0𝜋+𝜋−decay amplitude phase provides a good 

sensitivity to sin 2𝛽 and cos 2𝛽

➢A 𝐷0 → 𝐾𝑆
0𝜋+𝜋−decay model is needed to obtain the phase (phase 

difference between 𝒜𝐷0 and 𝒜ഥ𝐷0 amplitudes)

➢Absence of 𝒞𝒫 violation in mixing as and direct 𝒞𝒫 violation the 𝐵 and 𝐷

decays are assumed

𝒜𝐷0 𝑀
𝐾𝑆
0𝜋+

2 , 𝑀
𝐾𝑆
0𝜋−

2 ≡ 𝒜ഥ𝐷0 𝑀
𝐾𝑆
0𝜋−

2 , 𝑀
𝐾𝑆
0𝜋+

2

[Phys. Lett. B 624 (2005) 1]

𝒜𝐷0 𝑀
𝐾𝑆
0𝜋+

2 , 𝑀
𝐾𝑆
0𝜋−

2 ≡ 𝒜ഥ𝐷0 𝑀
𝐾𝑆
0𝜋−

2 , 𝑀
𝐾𝑆
0𝜋+

2
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➢Promptly produced 𝐷∗+ in 𝑒+𝑒− → 𝑐 ҧ𝑐 events 
(924 fb−1 of Belle data at Υ 4𝑆 and Υ 5𝑆 )

➢2D fit of 𝑀𝐷0 and Δ𝑀 ≡ 𝑀𝐷∗+ −𝑀𝐷0 distributions

➢Background categories

❖Random slow pion with correct 𝐷0 → 𝐾𝑆
0𝜋+𝜋− candidate

❖Correct 𝜋𝑠
+ from 𝐷∗+ → 𝐷0𝜋𝑠

+ with wrong 𝐷0 candidate

❖𝐷0 → 4𝜋

❖Combinatorial

➢The signal region

✓Signal yield: 1.2173 ± 0.0020 × 106 events

✓Signal purity: 94%

The 𝐷∗+ → 𝐷0𝜋𝑠
+, 𝐷0 →

𝐾𝑆
0𝜋+𝜋− data set

arXiv:1804.06152 [hep-ex]

arXiv:1804.06153 [hep-ex]

https://arxiv.org/abs/1804.06152
https://arxiv.org/abs/1804.06153


The 𝐷0 → 𝐾𝑆
0𝜋+𝜋−decay model
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➢ The 𝐾-matrix and LASS formalisms for the 𝜋𝜋 and 𝐾𝜋 𝑆-waves, 
respectively

➢ The isobar ansatz for the set of resonances

𝜌 770 , 𝜔 782 , 𝑓2 1270 , 𝜌 1450 0

𝐾∗ 892 −, 𝐾2
∗ 1430 −, 𝐾∗ 1680 −, 𝐾∗ 1410 −

𝐾∗ 892 +, 𝐾2
∗ 1430 +, 𝐾∗ 1410 +

Signal model

➢ Fit in two (𝑀𝐷0 , Δ𝑀) sideband regions: 6th order polynomial and 

BWs for 𝐾∗ 892 −, 𝜌 770 and kaon states near 1410 MeV/𝑐2

Background description

✓ 49 parameters using 64 CPUs in parallel

✓ 2D 𝜒2/𝑛. 𝑑. 𝑓. = 1.05

Unbinned ML fit

arXiv:1804.06152 [hep-ex]

arXiv:1804.06153 [hep-ex]

https://arxiv.org/abs/1804.06152
https://arxiv.org/abs/1804.06153


The 𝐵0 → 𝐷ℎ0, 𝐷0 → 𝐾𝑆
0𝜋+𝜋− data set
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Signal modes

➢𝐷0ℎ0, with ℎ0 in

𝜋0 → 𝛾𝛾
𝜂 → 𝛾𝛾, 𝜋+𝜋−𝜋0

𝜔 → 𝜋+𝜋−𝜋0

➢𝐷∗0ℎ0 with
𝐷∗0 → 𝐷0𝜋0

ℎ0 ∈ 𝜋0, 𝜂

Data set

Combination of full Belle 

and BaBar data at Υ 4𝑆 , 

more than 1 ab−1

The main variables

➢Energy difference

Δ𝐸 ≡ 𝐸𝐵
∗ − 𝐸beam

∗

➢ (Modified) beam-energy-constrained mass

𝑀bc
′ ≡ 𝐸beam

∗2 − Ԧ𝑝
𝐷 ∗
∗ +

Ԧ𝑝ℎ0
∗

Ԧ𝑝ℎ0
∗ 𝐸beam

∗ − 𝐸
𝐷 ∗
∗ 2

−𝑀ℎ0
2

2

➢Modified output of the neural network classifier 𝐶NNout
′

✓The parameters Δ𝐸, 𝑀bc
′ and 𝐶NNout

′ are (almost) not correlated

asterisk denotes the 

center-of-mass system

arXiv:1804.06152 [hep-ex]

arXiv:1804.06153 [hep-ex]

https://arxiv.org/abs/1804.06152
https://arxiv.org/abs/1804.06153


The 𝐵0 → 𝐷ℎ0, 𝐷0 → 𝐾𝑆
0𝜋+𝜋− data set
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12

Signal yield

➢3D unbinned ML fit

➢1129 ± 48 events for BaBar

➢1567 ± 56 events for Belle

arXiv:1804.06152 [hep-ex]

arXiv:1804.06153 [hep-ex]

➢ Partially reconstructed 𝐵+ →
ഥ𝐷0 ∗ 𝜌+ (only for 𝐵0 → ഥ𝐷0 ∗ 𝜋0)

➢Combinatorial background 
from 𝐵 ത𝐵

➢Combinatorial background 
from continuum 𝑒+𝑒− → 𝑞ത𝑞, 
𝑞 ∈ 𝑢, 𝑑, 𝑠, 𝑐

Background components

https://arxiv.org/abs/1804.06152
https://arxiv.org/abs/1804.06153


Time-dependent Dalitz plot fit

➢Experiment-specific (Babar and 
Belle) techniques for

❖description of proper time resolution

❖flavor tagging

➢ Independent Dalitz plot 
reconstruction efficiency maps for 
𝐷∗ → 𝐷𝜋 and 𝐵0 → 𝐷ℎ0 events

➢The background Δ𝑡 parameters 
are determined from 𝑀bc

′ sideband
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➢The log-likelihood function

ln ℒ =෍

𝑖

ln𝒫𝑖
BaBar +෍

𝑗

ln𝒫𝑗
Belle

𝒫 Δ𝑡,𝑀
𝐾𝑆
0𝜋+

2 , 𝑀
𝐾𝑆
0𝜋−

2 =෍

𝑘

𝑓𝑘∫ 𝑃𝑘 Δ𝑡′ 𝑅𝑘 Δ𝑡 − Δ𝑡′ 𝑑 Δ𝑡′

➢𝑘 runs over signal and background components

➢The fractions 𝑓𝑘 are evaluated on an event-by-event 
basis from the 𝑀bc

′ , ΔE, 𝐶NNout
′ distributions

➢The only free parameters are sin 2𝛽 and cos 2𝛽

➢An alternative fit with the single free parameter 𝛽

time resolution functiontime and Dalitz plot PDF



Proper time interval distributions

IC
H

E
P

2
0

1
8

, 
J

u
ly

 6
th

  
2

0
1

8
, 
S

e
o
u

l

14

Dalitz plot region 
predominantly populated 

by 𝒞𝒫 eigenstates

𝐵0 → 𝐾𝑆
0𝜌 770 0

𝐷

∗
ℎ0

Asymmetry ≈ proportional 
to sin Δ𝑚𝑑Δ𝑡

Dalitz plot region 
predominantly populated 

by flavor-specific decays

𝐵0 → 𝐾∗ 892 ±𝜋∓
𝐷

∗
ℎ0

Asymmetry ≈ proportional 
to cos Δ𝑚𝑑Δ𝑡

➢ Candidates with high quality flavor tags

➢ Background subtracted



𝐵0 → 𝐷ℎ0, 𝐷0 → 𝐾𝑆
0𝜋+𝜋−: 

results

15

✓ First evidence for 

cos 2𝛽 > 0@ 3.7𝜎

✓ Direct exclusion of the 

2nd solution @ 7.3𝜎

✓ Observation of 𝒞𝒫
violation @ 5.1𝜎

sin 2𝛽 = 0.80 ± 0.14 stat. ± 0.06 syst. ± 0.03 (model)

cos 2𝛽 = 0.91 ± 0.22 stat. ± 0.09 syst. ± 0.07 (model)

𝛽 = 22.5 ± 4.4 stat. ± 1.2 syst. ± 0.6 model
0

Unbinned ML fit of time-dependent DP distribution

➢ Possible fit bias

➢ Vertex reconstruction

➢ Δ𝑡 resolution function

➢ Signal purity

➢ Background Δ𝑡 PDFs

Main systematics sources

arXiv:1804.06152 [hep-ex]

arXiv:1804.06153 [hep-ex]
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https://arxiv.org/abs/1804.06152
https://arxiv.org/abs/1804.06153


Future prospects
❖ New approaches

❖ New data
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Future challenges and new ideas
➢ Dalitz plot analysis of 𝐷0 → 𝐾𝑆

0𝜋+𝜋− decay is a powerful tool in 
flavor physics

✓ The UT angle 𝛾 measurement with 𝐵± → 𝐷𝐾±, 𝐷 → 𝐾𝑆
0𝜋+𝜋−

✓ The UT angle 𝛽 measurement with 𝐵0 → 𝐷ℎ0, 𝐷 → 𝐾𝑆
0𝜋+𝜋−

✓ Charm mixing parameters with 𝐷∗± → 𝐷𝜋𝑠
±, 𝐷 → 𝐾𝑆

0𝜋+𝜋−

➢ Model uncertainty can limit measurements precision with large 
future data sets from Belle II and LHCb
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➢The binned Dalitz plot technique
✓ The ground idea by Giri et al. [PRD 68, 054018 (2003)]

✓ The “equal-phase” and “optimal” partitioning 
techniques by Bondar and Poluektov [Eur. Phys. J. 
C47 (2006) 347; C55 (2008) 51]

✓ New ideas

✓ Double binned DP [JHEP 03 (2018) 195, PRD 97 
(2018) 056002]

✓Unbinned model-independent approach [A. Poluektov,
Eur. Phys. J. C78, 121 (2018)]

➢ Results with binned DP

✓ PRD 85, 112014 (2012) (Belle)

✓ JHEP 1410 (2014) 097 (LHCb)

✓ JHEP 1606 (2016) 131 (LHCb)

✓ JHEP 1604 (2016) 033 (LHCb)

✓ PRD 94, 052004 (2016) (Belle)

✓ arXiv:1806.01202 [hep-ex] (LHCb)

See the A. Poluektov’s 

talk this afternoon



𝒞𝒫 violation with 𝑏 → 𝑐ത𝑢𝑑 at Belle II 
and LHCb

➢𝐵0 → 𝐷𝜋+𝜋−, 𝐷 → 𝐾𝑆
0𝜋+𝜋−

➢Time-dependent analysis of double binned Dalitz plot

➢Only charged final-state particles (LHCb friendly)
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Decay
Belle II

(𝟓𝟎 𝐚𝐛−𝟏)

LHCb

(𝟓𝟎 𝐟𝐛−𝟏)

𝐵0 → 𝐷𝜋+𝜋− 𝛿𝛽 = 1.5∘ 𝛿𝛽 = 1.5∘

𝐵0 → 𝐷ℎ0 𝛿𝛽 = 0.7∘ –

Expected angle 𝛽
uncertainty in 

combined analysis of 𝐷
decays in 𝐾𝑆

0𝜋+𝜋− and 

𝒞𝒫 eigenstates

𝐵0 → ഥ𝐷0𝜋+𝜋− Dalitz plot (toy MC)
JHEP 03 (2018) 195

Decay
Belle

(𝟏 𝐚𝐛−𝟏)

Belle II

(𝟓𝟎 𝐚𝐛−𝟏)

LHCb

(𝟓𝟎 𝐟𝐛−𝟏)

𝐵0 → 𝐷𝒞𝒫𝜋
+𝜋− 1.0 ⋅ 103 50 ⋅ 103 140 ⋅ 103

𝐵0 → 𝐾𝑆
0𝜋+𝜋−

𝐷
𝜋+𝜋− 1.3 ⋅ 103 65 ⋅ 103 84 ⋅ 103

𝐵0 → 𝐷𝒞𝒫ℎ
0 0.8 ⋅ 103 40 ⋅ 103 –

𝐵0 → 𝐾𝑆
0𝜋+𝜋−

𝐷
ℎ0 1.0 ⋅ 103 50 ⋅ 103 –

Expected signal yields



✓ The 𝐵-factories potential to measure 𝒞𝒫 violation in the 𝑏 → 𝑐ത𝑢𝑑
transition is now revealed completely

❖ The 2𝛽 → 𝜋 − 2𝛽 ambiguity is resolved at the confidence level of 7.3𝜎

❖ The 𝒞𝒫 violation is observed in 𝐵0 → ഥ𝐷0ℎ0 with ഥ𝐷0 decaying into 
𝐾𝑆
0𝜋+𝜋− and 𝒞𝒫 eigenstates (see PRL 115 (2015) 121604 )

✓ With the future Belle II and LHCb data, the angle 𝛽 can be 
measured in 𝑏 → 𝑐ത𝑢𝑑 transitions with precision below one degree

✓ Model-independent techniques for measurements with the 𝐷0 →
𝐾𝑆
0𝜋+𝜋− decay will become more in demand with large data sets

Conclusions
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Thank you!
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The 𝐷0 → 𝐾𝑆
0𝜋+𝜋− decay 

model parameters
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Signal yields

Decay mode BaBar yield Belle yield

𝐵0 → 𝐷𝜋0 469 ± 31 768 ± 37

𝐵0 → 𝐷𝜂 220 ± 31 238 ± 23

𝐵0 → 𝐷𝜔 219 ± 21 285 ±26

𝐵0 → 𝐷∗𝜋0 147 ± 18 182 ± 19

𝐵0 → 𝐷∗𝜂 74 ±11 94 ± 13

Total 1129 ±48 1567 ±56
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Systematic uncertainty
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Model uncertainty
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𝒞𝒫 transformation for 𝐵0 → ഥ𝐷 ∗ 0ℎ0

Mode 𝒞𝒫 parity

𝐵0 → ഥ𝐷0𝜋0 −1 𝑙𝜉𝜋0𝒞𝒫 𝐷 = −𝒞𝒫 𝐷

𝐵0 → ഥ𝐷0𝜂 ′ 0 −1 𝑙𝜉𝜂 ′ 0𝒞𝒫 𝐷 = −𝒞𝒫 𝐷

𝐵0 → ഥ𝐷0𝜔 −1 𝑙𝜉𝜔𝒞𝒫 𝐷 = −𝒞𝒫 𝐷

𝐵0 → ഥ𝐷∗0𝜋0, ഥ𝐷∗0 → ഥ𝐷0𝜋0 −1 𝑙 −1 𝑙′𝜉𝜋0𝜉𝜋0𝒞𝒫 𝐷 = 𝒞𝒫 𝐷
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Combined BaBar + Belle analysis of 
ത𝐵0 → 𝐷𝐶𝑃

∗
ℎ0

26

PRL 115, 121604 (2015)

➢ Peaking background (0.049)

➢ Δ𝑡 resolution functions (0.020)

➢ Vertex resolution (0.015)

Main systematics sources

𝑔 Δ𝑡 ∝ 1 + 𝑞 𝐴 sin Δ𝑚Δ𝑡 + 𝐵 cos(Δ𝑚Δ𝑡)

𝐴 = −𝜂𝑓 sin(2𝜑1) and 𝐵 = 0 for a 𝐶𝑃-specific final state

Time-dependent 𝑩 decay rate

✓ Observation of 𝑪𝑷
violation at 𝟓. 𝟒𝝈
confidence level

sin 2𝜑1 = 0.66 ± 0.10 stat. ± 0.06 (syst. )

➢ No significant direct 𝐶𝑃 violation found:

𝐵 = −0.02 ± 0.07 stat. ± 0.03 (syst. )

Maximum likelihood fit of the 𝚫𝐭 distributions
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sin 2𝛽 = 0.43 ± 0.27 stat ± 0.08 syst

cos 2𝛽 = 1.06 ± 0.33 stat −0.15
+0.21 syst

𝛽 = 11.7 ± 7.8 stat ± 2.1 syst
0

Maximum likelihood fit of the 𝚫𝐭 distributions

✓ Direct exclusion of the 2nd

solution @𝟓. 𝟏𝝈
✓ The first model-independent 

measurement of 𝐜𝐨𝐬 𝟐𝜷

➢ Uncertainties of 𝐶𝑖 and 𝑆𝑖: 1.1
∘

(dominant)

➢ Δ𝑡 resolution function

➢ Signal purity

➢ Background Δ𝑡 PDFs

➢ Uncertainties of 𝐾𝑖

Main systematics sources

PRD 94, 052004 (2016)

𝐵0 → 𝐷ℎ0 with 𝐷 → 𝐾𝑆
0𝜋+𝜋−

(model-independent)
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The solutions 

corresponding to 

sin 2𝛽 = 0.69



The CKM mechanism of 𝒞𝒫 violation

28

➢ The unitary matrix of quark mixing for 
weak charged currents (Cabibbo, 
Kobayashi and Maskawa, CKM)

𝑑′
𝑠′
𝑏′

=

𝑉𝑢𝑑
𝑉𝑐𝑑
𝑉𝑡𝑑

𝑉𝑢𝑠
𝑉𝑐𝑠
𝑉𝑡𝑠

𝑉𝑢𝑏
𝑉𝑐𝑏
𝑉𝑡𝑏

𝑑
𝑠
𝑏

➢ Four independent parameters

➢ Can be parametrized with three Euler 
angles and single phase.

The CKM matrix

𝑉𝑢𝑑𝑉𝑢𝑏
∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ +

𝑉𝑡𝑑𝑉𝑡𝑏
∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ + 1 = 0

The Unitarity Triangle

ℒ ∝ −
𝑔

2
ത𝑢𝐿, ҧ𝑐𝐿, ҧ𝑡𝐿 𝛾𝜇𝑊𝜇

+𝑉𝐶𝐾𝑀 𝑑𝐿, 𝑠𝐿, 𝑏𝐿
𝑇 + ℎ. 𝑐.
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The binned Dalitz plot approach

IC
H

E
P

2
0

1
8

, 
J

u
ly

 6
th

  
2

0
1

8
, 
S

e
o
u

l

29

➢ The phase difference Δ𝛿𝐷 between the 𝐷0 →

𝐾𝑆
0𝜋+𝜋− and ഥ𝐷0 → 𝐾𝑆

0𝜋+𝜋− decay amplitudes is 

needed to measure the CKM angle 𝛾 in 𝐵± →

𝐷𝐾± with 𝐷 → 𝐾𝑆
0𝜋+𝜋− decays

➢ Δ𝛿𝐷 cannot be measured in each point of the 

phase space. Phenomenological models are 

used to predict Δ𝛿𝐷.

➢ A model cannot provide reliable information 

about the phase. Even the uncertainty scale is 

not evident

➢ The model uncertainty can limit future precise 

measurements

Motivation

➢ The phase space is divided into 2𝒩 regions

➢ The parameters 𝐾𝑖, 𝐶𝑖 and 𝑆𝑖 are defined for the 𝑖th region:

❖ 𝐾𝑖 – probability of 𝐷0 meson decay into the 𝑖th region

❖ 𝐶𝑖 and 𝑆𝑖 – cos and sin of the decay amplitude phase difference 

between ഥ𝐷0 and 𝐷0 averaged over the 𝑖th region

➢ A decay probability (density) is expressed through 𝐶𝑖 and 𝑆𝑖
instead of Δ𝛿𝐷

➢ The parameters 𝐶𝑖 and 𝑆𝑖 can be measured in coherent decays 
of 𝐷0ഥ𝐷0 pairs

Binned 𝑫𝟎 → 𝑲𝑺
𝟎𝝅+𝝅− DP in a nutshell*

* The 𝐷0 → 𝐾𝑆
0𝜋+𝜋− decay is considered here, but the 

binned approach can be applied to any multibody decay


