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➢CKM Angle 𝜸/𝝋𝟑

• Measurement of 𝛾/𝜑3
• Measurement of strong phase parameters 

➢BESIII Experiment

• BEPCII & BESIII

• Quantum correlated 𝐷0ഥ𝐷0 sample at BESIII

➢Strong Phase Measurement

• 𝐷0 → 𝐾𝑆
0𝜋+𝜋−

• 𝐷0 → 𝐾𝑆
0𝐾+𝐾−

• 𝐷0 → 𝐾−𝜋+𝜋+𝜋− &  𝐾−𝜋+𝜋0

➢Summary

2021/11/25 CKM2021

Outline
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Measurement of 𝛾/𝜑3

➢ CKM Matrix
• Only source of CPV in SM

• 𝛾 can be determined in tree level 
process with small NP effects and 
theoretical uncertainty

𝛾 ≡ 𝜑3 ≡ arg −
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ = 66.2−3.6

+3.4 °

➢ Measurement of 𝜸/𝝋𝟑

• Measured in the tree level decay 𝐵 → 𝐷𝐾

• Inputs from 𝐷0 → 𝑓 and ഥ𝐷0 → 𝑓 decays are needed

➢ Extract 𝜸 in different D decays :

• ADS: CF and DCS decays (eg. 𝐾𝜋, 𝐾𝜋𝜋0) ← 𝑅𝑓, 𝛿𝐷
𝑓

• GLW: (Quasi-)CP eigenstates (eg. 𝐾𝐾, 𝜋+𝜋−𝜋0) ← 𝐹+

• GGSZ: Multi-body Self-conjugate decay (eg. 𝐾𝑆
0𝜋+𝜋−) ← 𝑐𝑖 , 𝑠𝑖

[PRL 78 (1997) 3257; PRD 63 (2001) 036005] 

[PRD 68 (2003) 054018; PRD 67 (2003) 071301] 

[PLB 265 (1991) 172; PLB 253 (1991) 483]

𝐴 𝐵− → ഥ𝐷0𝐾−

𝐴 𝐵− → 𝐷0𝐾−
= 𝑟𝐵𝑒

𝑖(𝛿𝐵−𝛾)

𝐴 𝐷0 → 𝑓

𝐴 ഥ𝐷0 → 𝑓
= 𝑟𝐷

𝑓
𝑒𝑖𝛿𝐷

𝑓

[HFLAV & PDG2021]
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Measurement of Strong Phase Parameters

➢ Quantum correlated (QC) 𝑫𝟎ഥ𝑫𝟎 decay at 𝝍 𝟑𝟕𝟕𝟎

𝑒+𝑒− → 𝜓 3770 → 𝐷0ഥ𝐷0 → 𝑓𝑔

𝑒+

𝑒−
𝜓(3770)

D

D

𝑔: tag mode

𝑓: signal mode

𝐶𝜓(3770) = −1

| ۧ𝜓 3770 →
1

2
(| ۧ𝐷0 | ۧഥ𝐷0 − ۧ|ഥ𝐷0 | ۧ𝐷0 )

Γ(𝑓|𝑔) ∝ [ 𝑟𝐷
𝑓 2

+ 𝑟𝐷
𝑔 2

− 2𝑟𝐷
𝑓
𝑟𝐷
𝑔
𝑅𝑓𝑅𝑔cos(𝛿𝐷

𝑓
− 𝛿𝐷

𝑔
)]

ignore 𝐷0- ഥ𝐷0 mixing

➢ Strong phase parameters of 𝑫𝟎 → 𝒇 decay can be measured in quantum correlated 𝑫𝟎ഥ𝑫𝟎 data  

∝ Number of events coherence factor      strong phase difference
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MDC: small cell & Gas:
He/C3H8(60/40), 43 layers

σp/p = 0.5%@1GeV,

σdE/dx = 6%

TOF: Barrel: σT = 100ps
endcap: σT = 110ps
(60ps for endcap after 

upgraded to MRPC in 2015)

[Nucl. Instr. Meth. A614, 345(2010)]

EMC: CsI crystal. 28cm
Δ𝐸/𝐸 = 2.5%@1𝐺𝑒𝑉,

𝜎𝑧 = 0.6𝑐𝑚/√𝐸

MUC: 9layers RPC
(8 layers in Endcap)
σRϕ = 1.4~1.7cm

Magnet: 1T Super conducting

BEPCII & BESIII

(2.47 GeV)
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Quantum Correlated 𝐷0ഥ𝐷0 Data at BESIII

➢ Quantum correlated 𝑫𝟎ഥ𝑫𝟎 produced at BESIII

• 2.93fb−1@Ecm = 3.773 GeV (~3.6x CLEO’s)

• ~10.5M 𝐷0ഥ𝐷0 pairs produced

𝑒+𝑒− → 𝜓 3770 → 𝐷0ഥ𝐷0

𝑒+

𝑒−
𝜓(3770)

D

D

𝑔: tag mode

𝑓: signal mode

➢ Analysis method (pair production):

• Single Tag(ST): reconstruct one of 𝐷ഥ𝐷

• Double Tag(DT): reconstruct both of 𝐷ഥ𝐷

➢ Typical Tag modes:

Flavor 𝐾±𝜋∓, 𝐾±𝜋∓𝜋0, 𝐾±𝜋∓𝜋±𝜋∓, 𝐾±𝑒∓𝜈𝑒

CP even 𝐾+𝐾−, 𝜋+𝜋−, 𝐾𝑆
0𝜋0𝜋0, 𝐾𝐿

0𝜋0, 𝜋+𝜋−𝜋0

CP odd 𝐾𝑆
0𝜋0, 𝐾𝑆

0𝜂(′), 𝐾𝑆
0𝜔,𝐾𝐿

0𝜋0𝜋0

Mixed CP 𝐾𝑆
0𝜋+𝜋−, 𝐾𝐿

0𝜋+𝜋−

➢ Advantages:

• Absolute branching fraction

• Quantum correlated 𝐷0ഥ𝐷0

• Clean background

• Full kinematic constraint reconstruct missing particle (𝜈, 𝐾𝐿
0)
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𝐷0 → 𝐾𝑆
0𝜋+𝜋−

➢ Measurement of 𝜸 (GGSZ) ← binned parameters 𝒄𝒊, 𝒔𝒊

➢ Divide phase space (DP) into symmetrical bins

➢ Observables (DT yields)

• Flavor tag: ∝ 𝐾𝑖/𝑓𝑖 (𝑓𝑖: correct factor for hadronic flavor tag modes)

• CP tag: ∝ [𝐾𝑖 + 𝐾−𝑖 − 2𝐹+ − 1 2𝒄𝒊 𝐾𝑖𝐾−𝑖]

• 𝐾𝑆
0𝜋+𝜋− tag (binned): ∝ [𝐾𝑖𝐾−𝑗 + 𝐾−𝑖𝐾𝑗 − 2 𝐾𝑖𝐾−𝑖𝐾𝑗𝐾−𝑗(𝒄𝒊𝒄𝒋 + 𝒔𝒊𝒔𝒋)]

• 𝐾𝐿
0𝜋+𝜋− tag (binned): ∝ [𝐾𝑖𝐾

′
−𝑗 + 𝐾−𝑖𝐾

′
𝑗 + 2 𝐾𝑖𝐾−𝑖𝐾′𝑗𝐾′−𝑗(𝒄𝒊𝒄′𝒋 + 𝒔𝒊𝒔′𝒋)]

➢ Extraction of DT yields:

• Full reconstruction: Fit to 𝑀𝑏𝑐
𝑠𝑖𝑔

• Partial reconstruction: Fit to 𝑈𝑚𝑖𝑠𝑠 for 𝜈 and 𝑀𝑚𝑖𝑠𝑠
2 for other

𝒄𝒊 =
1

𝐾𝑖𝐾−𝑖
න
𝑖

𝐴𝑓 ҧ𝐴𝑓 cos 𝚫𝜹𝑫 d𝑚+
2d𝑚−

2
𝐜𝐨𝐬→𝐬𝐢𝐧

𝒔𝒊𝐾𝑖 = න
𝑖

𝐴𝑓
2
d𝑚+

2d𝑚−
2

[PRL 124, 241802 (2020); PRD 101, 112002 (2020)] 

𝑀𝑏𝑐 = Τ𝑠 2 2 − Ԧ𝑝𝐷
2

𝑀𝑚𝑖𝑠𝑠
2 = 𝐸𝑚𝑖𝑠𝑠

2 − Ԧ𝑝𝑚𝑖𝑠𝑠
2

𝑈𝑚𝑖𝑠𝑠 = 𝐸𝑚𝑖𝑠𝑠 − Ԧ𝑝𝑚𝑖𝑠𝑠

*Binning scheme (N=8) 
[Phys. Rev. D 82, 112006 (2010)]
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𝐷0 → 𝐾𝑆
0𝜋+𝜋−

[PRL 124, 241802 (2020); PRD 101, 112002 (2020)] 

➢ Quantum correlated effects in Dalitz Plot (DP)
𝐾𝑆
0𝜌 770 0 exist symmetrically in DP with CP-even tag mode and disappear with CP-odd tag mode

𝐾𝑆
0𝜌 770 0
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𝐷0 → 𝐾𝑆
0𝜋+𝜋−

BESIII CLEO-c [PRD 82, 112006 (2010)]  Model [PRD 98, no.11, 112012 (2018)]  

Equal 𝚫𝜹 Optimal Modified optimal

➢ Strong phase parameters are 
obtained by MLH fit with 
expected and observed DT yields 

➢ The strong phase parameters are 
limited by statistical errors

➢ On average a factor of ~2.5 (2.0) 
more precise for 𝑐𝑖(𝑠𝑖) than 
CLEO-c measurements 

➢ The associated uncertainties on 
𝛾 are expected to be 0.7°, 1.2°
and 0.8° for equal Δ𝛿 , optimal 
and modified optimal binning 
schemes.

[PRL 124, 241802 (2020); PRD 101, 112002 (2020)] 
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𝐷0 → 𝐾𝑆
0𝐾+𝐾−

[PRD 102, 052008 (2020)] 

N=2 N=3 N=4

BESIII  CLEO-c [PRD 82, 112006 (2010)]  Model [PRD 78, 034023 (2008)]  

➢ Measurement of 𝛾 (GGSZ) ← 𝑐𝑖 , 𝑠𝑖

➢ The strong phase parameters are 
limited by statistical errors

➢ Compatible with CLEO-c 
measurement with improved 
precision

➢ The associated uncertainty on 𝛾 is 
expected to be ~1.3° (N=3,4)

➢ The results of 𝐾𝑆
0ℎ+ℎ− have been 

used on 𝛾 measurement by LHCb
and BelleII. The uncertainty from 
charm inputs is 1°.

LHCb: [JHEP 02 (2021) 169]
BelleII: [arXiv:2110.12125]

Equal Δ𝛿𝐷 binning scheme [PRD 78, 034023 (2008)]
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𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−

➢ Measurement of 𝜸 (ADS) ← 𝑹𝒇, 𝜹𝑫
𝒇

➢ Global analysis and binned analysis for 𝑫𝟎 → 𝑲−𝝅+𝝅+𝝅−

➢ Observables

• 𝜌 =
𝐷𝑇 𝑌𝑖𝑒𝑙𝑑 𝑤𝑖𝑡ℎ 𝑄𝐶

𝐷𝑇 𝑌𝑖𝑒𝑙𝑑 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑄𝐶

✓ CP tag: 𝜌CP±
f = 1 ∓

2𝑟𝐷
𝑓
𝑹𝒇

1+ 𝑟𝐷
𝑓 2 cos 𝜹𝑫

𝒇
, Δ𝐶𝑃

𝑓
= ±(𝜌CP±

f − 1) (e.g. 𝑓 vs 𝐶𝑃 + ҧ𝑓 vs 𝐶𝑃 )

✓ Like-sign tag (same charge of Kaon in tag side and signal side): 

𝜌LS
f = 1 − 𝑹𝒇

𝟐 𝜌T,LS
f = 1 −

2𝑟𝐷
𝑓
𝑟𝐷
𝑇

rD
f 2

+ 𝑟𝐷
𝑇 2𝐑𝐟RTcos(𝛿𝐷

𝑇 − 𝜹𝑫
𝒇
)

(e.g. 𝑓 vs 𝑓 + ҧ𝑓 vs ҧ𝑓 ) (e.g. 𝐾−𝜋+ vs 𝑓 + 𝐾+𝜋− vs ҧ𝑓 )

• 𝑌𝑖 (DT yield for 𝐾𝑆
0𝜋+𝜋− tag): ∝ [𝐾𝑖 + 𝑟𝐷

𝑓 2
𝐾−𝑖 − 2𝑟𝐷

𝑓
𝑹𝒇 𝐾𝑖𝐾−𝑖(𝑐𝑖 cos 𝜹𝑫

𝒇
− 𝑠𝑖 sin(𝜹𝑫

𝒇
))]

➢ Extraction of DT yields

• Full reconstruction: Fit to 𝑀𝑏𝑐
𝑠𝑖𝑔

• Partial reconstruction: Fit to 𝑀𝑚𝑖𝑠𝑠
2

𝑹𝒇𝒆
−𝒊𝜹𝑫

𝒇

=
∫ 𝐴𝑓

∗ ҧ𝐴𝑓dΦ

∫ 𝐴𝑓
2
dΦ∫ ҧ𝐴𝑓

2
dΦ

𝑟𝐷
𝑓 2

= ∫ ҧ𝐴𝑓
2
dΦ/ ∫ 𝐴𝑓

2
dΦ

[JHEP 05, 164 (2021)]

(*𝐷0- ഥ𝐷0 mixing is ignored for simplicity,   but considered in the analysis)

*Binning scheme (N=4) 
[PLB 802, 135188 (2020)]
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𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−
[JHEP 05, 164 (2021)]

➢ Observed values of 𝜌𝐶𝑃±

➢ Deviation from uncorrelated prediction 1 indicates that significant quantum correlated effects are 
observed in data
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𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋− (Global)
[JHEP 05, 164 (2021)]

➢ Global strong phase parameters are obtained by min 𝜒2 fit with expected and observed 𝜌 & 𝑌𝑖

➢ The strong phase parameters are limited by statistical errors

➢ The results have significant improvement compared to CLEO-c results [PLB 757, 520 (2016)] 

13



2021/11/25 CKM2021

𝐷0 → 𝐾−𝜋+𝜋+𝜋− (Binned)
[JHEP 05, 164 (2021)]

[PLB 802, 135188 (2020)]

➢ Sensitivity on 𝛾 can be improved with binned 
measurement in 𝐷0 → 𝐾−𝜋+𝜋+𝜋− [PLB 802, 135188 (2020)]

➢ Binned strong phase parameters has been measured 
with improved precision compared to CLEO-c’s results

➢ The associated uncertainty on 𝛾 measurement in 𝐾3𝜋
for 600 B decays (~run1 & run2 @ LHCb) is expected to 
be ~6° (Total uncertainty ~8°)

[JHEP 05, 164 (2021)]

Global
4 bins

[PLB 802, 135188 (2020)]
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➢ BESIII provides unique quantum correlated 𝐷0ഥ𝐷0 data to measure the strong-phase 
parameters in D decays as inputs to LHCb and Belle II for CKM angle 𝛾 measurement in the b 
sector

➢ Using 2.93 fb−1 𝑒+𝑒− collision data taken @ 3.773 GeV with BESIII detector, strong phase 
parameters of four 𝐷0 decays are reported
• 𝐾𝑆

0𝜋+𝜋−, 𝐾𝑆
0𝐾+𝐾−, 𝐾−𝜋+𝜋0, 𝐾−𝜋+𝜋+𝜋−

➢ 20 fb−1 𝜓(3770) data will be collected in the near future @ BESIII 
• More decays  (e.g. 𝐾𝑆

0𝜋+𝜋−𝜋0, 𝜋+𝜋−𝜋+𝜋−, 𝐾+𝐾−𝜋+𝜋− …)
• Higher precision (e.g. uncertainty on 𝛾 ~1° → ~0.4° for 𝐾𝑆

0ℎ+ℎ−)

Thank you!

Summary

[CPC 44, 040001 (2020) ]
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Measurement of 𝛾/𝜑3

➢ Measurement of 𝜸/𝝋𝟑➢ CKM Matrix

𝛼 ≡ 𝜑1 ≡ arg −
𝑉𝑡𝑑𝑉𝑡𝑏

∗

𝑉𝑢𝑑𝑉𝑢𝑏
∗ = 85.2−4.3

+4.8 °

𝛽 ≡ 𝜑2 ≡ arg −
𝑉𝑐𝑑𝑉𝑐𝑏

∗

𝑉𝑡𝑑𝑉𝑡𝑏
∗ = 22.7 ± 0.7 °

𝛾 ≡ 𝜑3 ≡ arg −
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ = 66.2−3.6

+3.4 °
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Measurement of 𝛾/𝜑3

➢ Expected 𝛾/𝜑3 precision of LHCb[1] and Belle II[2] experiment 

[1]. arXiv: 1808.08865
[2]. E. Kou et al. (Belle II Collaboration), PTEP 2019, 123C01 (2019)

➢ 𝛾/𝜑3 uncertainty from strong phase inputs

2.93fb−1@ Ecm = 3.773 GeV @ BESIII
𝐷0 → 𝐾𝑆

0𝜋+𝜋−~ 1° [3]
20fb−1@Ecm = 3.773 GeV @ BESIII

𝐷0 → 𝐾𝑆
0𝜋+𝜋−~ 0.4° [4]

[BESIII White Paper, Chinese Phys. C 44, 040001 (2020) ][JHEP 02 (2021) 169] 
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𝐷0 → 𝐾𝑆/𝐿
0 𝜋+𝜋−

[PRL 124, 241802 (2020)] [PRD 101, 112002 (2020)] 
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𝐷0 → 𝐾𝑆
0𝜋+𝜋−

[PRL 124, 241802 (2020); PRD 101, 112002 (2020)] 

➢ Dalitz Plot 
𝐾𝑆
0𝜌 770 0

➢ Fit Plot 

Full reconstruction Partial reconstruction Partial reconstruction
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𝐷0 → 𝐾𝑆/𝐿
0 𝜋+𝜋−

[PRL 124, 241802 (2020)] [PRD 101, 112002 (2020)] 

Equal Δ𝛿

Optimal Modified optimal

➢ 𝑐𝑖
′ and 𝑠𝑖

′ for 𝐷0 → 𝐾𝐿
0𝜋+𝜋−

➢ A factor of 2.8 (2.2) more 
precise for 𝑐𝑖

′ and 𝑠𝑖
′ than 

previous measurements

Likelihood function in fit:

[Phys. Rev. D 81, 112002 (2010); Phys. Rev. Lett. 95, 121802 (2005)]
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𝐷0 → 𝐾𝑆/𝐿
0 𝜋+𝜋−

[PRL 124, 241802 (2020)] [PRD 101, 112002 (2020)] 

➢ Systematic uncertainty for equal Δ𝛿 binning scheme

2021/11/25 CKM2021 22
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𝐷0 → 𝐾𝑆/𝐿
0 𝐾+𝐾−

[PRD 102, 052008 (2020)] 

CP-even vs. 𝐾𝑆
0𝐾+𝐾− CP-odd vs. 𝐾𝑆

0𝐾+𝐾−

CP-even vs. 𝐾𝐿
0𝐾+𝐾− CP-odd vs. 𝐾𝐿

0𝐾+𝐾−
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𝐷0 → 𝐾𝑆/𝐿
0 𝐾+𝐾−

[PRD 102, 052008 (2020)] 

➢ 𝑐𝑖
′ and 𝑠𝑖

′ for 𝐷0 → 𝐾𝐿
0𝐾+𝐾−

Likelihood function in fit:

24



2021/11/25 CKM2021

𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−
[JHEP 05, 164 (2021)]

𝑌𝑖
𝐾3𝜋

𝑌𝑖
𝐾𝜋𝜋0

➢ Observed values of 𝜌 & 𝑌𝑖
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𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−
[JHEP 05, 164 (2021)]

26



2021/11/25 CKM2021

𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−
[JHEP 05, 164 (2021)]

Combination of global 𝑅 & 𝛿𝐷 of BESIII, CLEO-c and LHCb
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𝐷0 → 𝐾−𝜋+𝜋0 and 𝐾−𝜋+𝜋+𝜋−
[JHEP 05, 164 (2021)]

Combination of binned 𝑅𝐾3𝜋 & 𝛿𝐷
𝐾3𝜋 of BESIII and CLEO-c
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