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3 Introduction 

• Amplitude (Dalitz plot) analyses provide a method to study 
the hadronic decays of . 
• Hadron spectroscopy & Structure of the resonance 
• Determine the phase of the intermediate mode 

• Understand the dynamics of 2-body decays of . 

• … (test symmetry) 
• Reduce the systematic uncertainties related to the 

substructures in branching fraction measurement 
• Analyses of      

•         [arXiv:2011.08041] 
•           [JHEP06  
•     [Phys. Rev. D 103, 092006 (2021)] 
•     [arXiv:2103.02482]  
•  η        [arXiv:2106.13536]  
•          [Phys. Rev. D 104, 012006 (2021)
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Data sets 4

Data samples  (GeV) Lum. () xCLEO-c

3.773 2.93 3.6x

4.178 3.19 5.3x

4.189-4.226 3.13 -

• pair production at threshold 
• Fully reconstructed event  
• Almost free of background

D0D̄0 /D−D+

DsD*s
DsD*s



Double tag technique 

Double tag: ℬ𝑠𝑖𝑔 =
𝑌 𝛼
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• M( )                                                             
• Background analysis 

MC simulation 
sideband  

multivariate analysis  
• Description of signal spectrum (M( ))  

MC shape  Gaussian  
MC shape or polynomial for background 

• ∆  

• : within (1.863, 1.879) GeV/  

𝐃𝐬

𝐃𝐬
⊗

𝑬𝒕𝒂𝒈

𝑴𝒕𝒂𝒈
𝑩𝑪 𝒄𝟐

6
DT method 



Formalism

Acceptance function

Bkg function 
(RooNDKeysPdf)

𝑩𝝐 = 𝑩 /𝝐
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=1𝑭𝒐𝒓𝑫+ → 𝑲𝟎
𝒔𝑲+𝝅𝟎,  𝒇𝒔

• Amplitude analysis:
• Unbinned maximum likelihood Fit:
• PDF = !"# + (& − !")) = +(,-)./(,-)[!"

12"(34,,-)
6

∫ 8(,-) 12"(34,,-)
6
./(,-)9,-

+ (& − !")
)+(,-)

∫ )(,-)./(,-)9,-
]

• ;<=→=?@ = ABCB;B, CB = DEF4GE

• Covariant tensor formalism
• ;B = HB&HB6IBJB&JB6JB

<=, HB? propagator, JB? barrier, IB angular 
distribution.

• Log-likelihood: 
• KBℒMNMOK = AP

Q93R3KB !"#(,P) + & − !" )(,P) .

• For 2"S → TSTUV: 
• KBℒMNMOK = AP

Q93R3KB #(,P) − AP
Q93R3WXY@

Y KB(I(,P))

• BF Measurement
• Update the MC samples with the results of amplitude analysis.
• Looser selection criteria, more statistics.

MC integration

RooNDKeysPdf

adding the negative weight



Amplitude analysis of 𝑫+
𝒔 → 𝑲−𝑲+𝝅+

Fit model: /ndf = 290/280𝜒2

arXiv:2011.08041
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•  is a golden 
channel which is often used as 
the normalization mode. 

• BF of  
      PRD 79, 072008 (CLEO-c) 
        PRD 83, 052001 (BABAR) 
• Do not distinguish between 

/  
• Background free

𝑫+
𝒔 → 𝑲−𝑲+𝝅+

𝐃+
𝐬 → 𝐟𝟎(𝟗𝟖𝟎)𝛑+

𝐟𝟎(𝟗𝟖𝟎) 𝒂𝟎(𝟗𝟖𝟎)

4397 DT events with a purity  
of 99.6%@ 𝑠 = 4 . 178 GeV



Amplitude analysis of 𝑫+
𝒔 → 𝑲−𝑲+𝝅+

  S-wave (  ) is extracted from model-independent partial wave analysis𝐾+ 𝐾− 𝑆(980)

/NDF = 1.17χ2
The parameterization of  S(980): 

M(Ds) GeV/𝑐2

5148 ±77 Branching Fraction: 
• ℬ(𝐷+

𝑠 → 𝐾−𝐾+𝜋+) = (5 . 47 ± 0 . 08 ± 0 . 13)%

Consistent with theoretical predictions 
Phys. Rev. D 93, 114010 (2016) 
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Best precision

arXiv:2011.08041

ρK+K− =
1

((1 − 4m(K )2)/m(K+K−)2)

AS(980) =
1

m2
0 − m2(K+K−) − im0Γ0ρK+K−

m0 = (0.919 ± 0.006stat ± 0.030sys)GeV/c2

Γ0 = (0.272 ± 0.040 ± 0.024)GeV

• ℬ(D+
s → ϕ(1020)π+) = (4.60 ± 0.17) %

• ℬ(D+
s → ¯k*(892)0K+) = (3.94 ± 0.12) %



Amplitude analysis of 𝑫+
𝒔 → 𝑲𝟎

𝒔𝝅+𝝅𝟎

Fit model:

,  are good modes to 
search for CPV and study the  
symmetry and its breaking effect.  

𝑫+
𝒔 → 𝑲∗+𝝅𝟎 𝑲∗𝟎𝝅+

SU(3)𝐹

JHEP06(2021)181
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352 DT events with purity  
of 88.9% @ 𝑠 = 4 . 178 GeV



BF measurement of 𝑫+
𝒔 → 𝑲𝟎

𝒔𝝅+𝝅𝟎

666 ± 37

M(Ds) GeV/𝑐2

•  
•  
•

ℬ(𝐷+
𝑠 → 𝐾0𝜌+) = (5 . 46 ± 0 . 84 ± 0 . 44) × 10−3

ℬ(𝐷+
𝑠 → 𝐾∗0𝜋+) = (2 . 71 ± 0 . 72 ± 0 . 30) × 10−3

ℬ(𝐷+
𝑠 → 𝐾∗+𝜋0) = (0 . 75 ± 0 . 24 ± 0 . 06) × 10−3

Test the CP conservation:

•  𝐴𝐶𝑃 =
ℬ(𝐷+

𝑠 ) − 𝐵(𝐷−
𝑠 )

ℬ(𝐷+
𝑠 ) + 𝐵(𝐷−

𝑠 )
= (2 . 7 ± 5 . 5 ± 0 . 9)%

Statistical error dominant. 
No CPV is observed.
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[4] PRD 84 (2011) 074019 
[7] EPJC 42, (2005) 391 
[8] PRD 100, (2019) 093002

• Signal shape: MC simulated shape  Gaussian 
• Background shape: MC simulated shape

⊗

Most precise measurements

JHEP06(2021)181

• ℬ(D+
s → K0

s π+π0) = (5.43 ± 0.30 ± 0.15) × 10−3

Showing  the measured BFs of  and 
theoretical predictions from various models (× ) 

Ds → VP
10−3



Amplitude analysis of 𝑫+
𝒔 → 𝑲𝟎

𝒔𝑲−𝝅+𝝅+

Fit model:

Phys. Rev. D 103, 092006 (2021)

Dominant

Argus Collaboration (1992):

Z.Phys.C 53 (1992) 361
𝐵(𝐷+

𝑠 → 𝐾∗+�̄�∗0) = (7 . 2 ± 2 . 6)%

1308 DT events with a purity  
of 94.9% @ 𝑠 = 4 . 178~4 . 226 GeV
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Much more precise

• ℬ(D+
s → K0

s K−π+π+) = (1.46 ± 0.05 ± 0.05) %

• ℬ(Ds → K*+K̄*0) = (5.34 ± 0.39 ± 0.64) %



Amplitude analysis of 𝑫+
𝒔 → 𝑲−𝑲+𝝅+𝝅𝟎

Dominated by  processes:   𝑫+
𝒔 → 𝑽 𝑽

The amplitudes of VIII, IX , X and XII are 
fixed by Clebsch Gordan coefficients 
and charge conjugation relations

/ndf = 288.6/273𝜒2

arXiv:2103.02482
13

3088 DT events with purity of 97.5% @ 
𝑠 = 4 . 178~4 . 226 GeV



BF measurement of 𝑫+
𝒔 → 𝑲−𝑲+𝝅+𝝅𝟎

M(Ds) GeV/𝑐2

4365 ± 83
Consistent with theoretical prediction 
PRD 49, 269(1994)
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 𝑅𝐾1(1270)
≡

ℬ(𝐾0
1 → 𝐾∗𝜋  )

ℬ(𝐾0
1 → 𝐾𝜌)

= (0 . 99 ± 0 . 15 ± 0 . 18)%

[19] PRD85, 122002 (2012) 
[20] PRD95, 072010 (2017) 
[21] EPJC78, 443 (2018) 
[22] PRD83, 032005 (2011) 
[23] NPB187, 1 (1981) 
[24] JHEP05, 143 (2017)

arXiv:2103.02482

• ℬ(D+
s → K−K+π+π0) = (5.42 ± 0.10 ± 0.17) %

• ℬ(D+
s → ϕρ+) = (6.22 ± 0.17 ± 0.24) %

• ℬ(D+
s → K*+K̄*0) = (5.46 ± 0.23 ± 0.18) %

Our result is consistent with the results measured by LHCb 
[JHEP02(2019)126] and CLEO [PRD 85, 122002]



Amplitude analysis of 𝑫+
𝒔 → 𝜼𝝅+𝝅+𝝅−

15
arXiv:2106.13536

Observe W-annihilation for D+
s → a0(980)+ρ(770)0

1306 DT candidates with larger than 85% purity 
@ 𝑠 = 4 . 178~4 . 226 GeV

First measurement: 
•  
Dominant process: 
•  

 
W-annihilation contribution: 
•  

 
Larger than the fractions of most other 
measured pure W-annihilation  
decays

ℬ(D+
s → ηπ+π+π−) = (3.12 ± 0.13 ± 0.09) %

ℬ(D+
s → a1(1260)+η, a1(1260)+ → ρ0π+)

= (1.73 ± 0.14 ± 0.08) %

ℬ(D+
s → a0(980)+ρ+, a0(980)+ → ηπ+)

= (0.21 ± 0.08 ± ±0.05) %



Amplitude analysis of 𝑫+ → 𝑲𝟎
𝒔𝑲+𝝅𝟎
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Topological diagrams for  𝑫+ → 𝑲∗(𝟖𝟗𝟐)+𝑲𝟎
𝒔

Data Fit model

• First amplitude analysis 
• 692 DT candidates with 97.4% @ 

𝑠 = 3 . 773 GeV

Phys. Rev. D 104, 012006 (2021)



Amplitude analysis of 𝑫+ → 𝑲𝟎
𝒔𝑲+𝝅𝟎
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Before release of this analysis:                          After this release: accord well 
4.0σ variation                                        Latest calculated: arXiv: 2014.13548

A factor of 4.6 improvement for  𝔅𝑲∗(𝟖𝟗𝟐)+𝑲𝟎
𝒔

Our understanding of the charmed dynamics improved 

  5.92+-0.18 
16.28+-0.61

𝔅𝒕𝒉𝒆𝒐𝒓𝒚
3.71+-0.16 
17.6+-1.8

𝔅𝒆𝒙𝒑      Mod  
 

e
𝐷+ → 𝐾+𝐾∗0

 𝐷+ → 𝐾0𝐾∗+

Phys. Rev. D 104, 012006 (2021)



Amplitude analyses of  other DecaysD+/D0/D+
s

Amplitude analysis of  PRD 100, 072008(2019) 

Amplitude analysis of   PRD 99, 092008(2019)   

Amplitude analysis of η         PRL 123, 112001 (2019) 

Amplitude analysis of  PRD 95, 072010(2017) 

Amplitude analysis of       BESIII Preliminary 

......

𝐷+ → 𝐾0
𝑠 𝜋+𝜋+𝜋−

𝐷0 → 𝐾−𝜋+𝜋0𝜋0

𝐷+
𝑠 → 𝜋+𝜋0

𝐷0 → 𝐾−𝜋+𝜋+𝜋−

D+
s → π+π+π−
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Summary
• Amplitude analyses and BF measurements of: 

•          
•             (No evidence of CPV) 
•       
•       
•  η         
•           

• Precise measurements of two-body decays: 
•                                             

•  

•  
•     
•  
•  

•  

•  

•      

•  

𝐷+
𝑠 → 𝐾−𝐾+𝜋+  ℬ = (5 . 47 ± 0 . 08 ± 0 . 13)%

𝐷+
𝑠 → 𝐾0

𝑠 𝜋+𝜋0  ℬ = (5 . 43 ± 0 . 30 ± 0 . 15) × 10−3

𝐷+
𝑠 → 𝐾0

𝑆𝐾−𝜋+𝜋+ ℬ = (1 . 46 ± 0 . 05 ± 0 . 05)
𝐷+

𝑠 → 𝐾−𝐾+𝜋+𝜋0 ℬ = (5 . 42 ± 0 . 10 ± 0 . 17)%
𝐷+

𝑠 →  𝜋+𝜋+𝜋− ℬ = (3 . 12 ± 0 . 13 ± 0 . 09)%
𝐷+ → 𝐾0

𝑠 𝐾+𝜋0

ℬ(𝐷+
𝑠 → 𝜙𝜋+) = (4 . 60 ± 0 . 17)%

ℬ(𝐷+
𝑠 → �̄�∗(892)0𝐾+) = (3 . 94 ± 0 . 12)%

ℬ(𝐷+
𝑠 → 𝜙𝜌) = (6 . 22 ± 0 . 17 ± 0 . 24)%

ℬ(𝐷+
𝑠 → 𝐾0

𝑠 𝜌+) = (5 . 46 ± 0 . 84 ± 0 . 44) × 10−3

ℬ(𝐷+
𝑠 → 𝐾∗0𝜋+) = (2 . 71 ± 0 . 72 ± 0 . 30) × 10−3

ℬ(𝐷+
𝑠 → 𝐾∗+𝜋0) = (0 . 75 ± 0 . 24 ± 0 . 06) × 10−3

ℬ(𝐷+
𝑠 → 𝐾∗+�̄�∗0) = (5 . 46 ± 0 . 23 ± 0 . 18)%

ℬ(𝐷+ → 𝐾∗0𝐾+) = (2 . 71 ± 0 . 72 ± 0 . 30) × 10−3

ℬ(𝐷+
𝑠 → 𝑎0(980)+𝜌(770)0) = (0 . 21 ± 0 . 08 ± 0 . 05) × 10−3

ℬ(𝐷+ → 𝐾∗+𝐾0
𝑠 ) = (8 . 69 ± 0 . 64 ± 0 . 51) × 10−3

Confirm theoretical predictions

Thank you!
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Anomaly



back up



Amplitude analysis of 𝑫+
𝒔 → 𝝅+𝝅𝟎𝜼

Significance > 5𝜎
/ndf = 82.8/77𝜒2

PRL 123, 112001 (2019)
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1239 DT events with purity  
of 97.7% @ 𝑠 = 4 . 178 GeV

The BFs of  are 
significantly larger than BFs of pure 
annihilation processes by 2 orders of 
magnitude.

𝐷+
𝑠 → 𝑎0(980)+(0)𝜋0(+)

M(π+π0) > 1 . 0GeV/c2 • ℬ(a0(980)+(0)π0(+)) = (2.20 ± 0.22 ± 0.34) %

• ℬ(D+
s → π+π0η) = (9.50 ± 0.28 ± 0.41) %

• ℬ(D+
s → π+ρ0) < (1.9 ± 1.2) × 10−4

• ℬ(D+
s → π+π0) = 3.4 × 10−4


