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𝑫𝒔𝑱 physics
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Two processes of 𝐷𝑠𝐽 generation at Belle (II) :

⚫Extract |𝑉𝑐𝑠| via (semi)leptonic decay → BESIII

⚫Amplitude analyses → BESIII

⚫ Spectroscopy → Belle and LHCb

⚫… … 



Spectrum of 𝑫𝒔𝑱
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Xian-Hui Zhong 2110.05024 
2604.21257 𝐷𝑠1 2933 +, 𝐽𝑃 = 1+QCD@Work 2022

• low-lying status are well known
• High excited states less know: mixing states?
• Possible exotic particle. 
• There is still missing Ds  



𝑫𝒔𝑱@Belle (II)
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Production: 

• 𝑩 → 𝑫𝑫𝒔𝟎
∗+ (𝟐𝟑𝟏𝟕) :  

➢measured the branching fraction
➢Search for the isospin partners of 𝐷𝑠0

∗+ (2317)

• 𝒆+𝒆− → 𝑫𝒔
+𝑫𝒔𝟏(𝟐𝟓𝟑𝟔)−/𝑫𝒔

+𝑫𝒔𝟐
∗ (𝟐𝟓𝟕𝟑)−:

Phys.Rev.D 91 (2015) 9, 092011
ℬ 𝐵+→ഥ𝐷0𝐷𝑠0

∗+

ℬ 𝐵+→ഥ𝐷0𝐷𝑠
+ = 0.081−0.021

+0.026 

ℬ 𝐵0→𝐷−𝐷𝑠0
∗+

ℬ 𝐵0→𝐷−𝐷𝑠
+ = 0.13−0.05

+0.06 

below expectations for a purely 𝑐𝑠 state

Experiment Mass (MeV) Width (MeV)

Belle, Λ𝑐
+Λ𝑐

− 4634−7 −8
+8 +5 92−24 −21

+40 +10

Belle, π+π−ψ(2S) 4652±10±8 68±11±1

BaBar, π+π−ψ(2S) 4669±21±3 104±48±10

Belle, Ds
+Ds1(2536)− 4626−7

+7 ± 1 49.8−12 
+14 ± 4

Belle, Ds
+Ds2

∗ (2573)− 4620−8
+9 ± 3 47.0−15 

+32 ± 5

PRD 101, 091101(R) PRD 100, 111103(R)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.091101
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.111103


𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + and 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 +
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⚫Mass of Ds0 2317 +and Ds1 2460 + are much lower than the quark model predictions of the lowest 𝑐 ҧ𝑠 mesons 

with the corresponding 𝐽𝑃 quantum number

➢modifying the 𝑐 ҧ𝑠 quark model
➢𝐷∗𝐾 hadronic molecule 
➢compact tetraquarks 

➢chiral partners of the ground state 𝐷𝑠
∗ meson

⚫Electromagnetic transitions can be well described by QED in the quark level

➢more comprehensively reflect the inner structure than nonperturbative strong decay
⚫Width of them can not be measured currently.

➢The width of 𝐷𝑠 2317 + is unknown: Γ 𝐷𝑠 2317 + < 3.8 MeV @95% CL.

Partial decay widths:
unique in discriminating between various models



Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + and 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 +

⚫ Precise absolute branching fraction is unknown: ℬ 𝐷𝑠 2317 + → 𝐷𝑠
+𝜋0 = (100−20

+0 )%

𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 
Decay mode

𝑱𝒑 transition Possible wave

𝑫𝒔
+𝜸 𝟎+ → 𝟎−𝟏− Forbidden

𝑫𝒔
∗+𝜸 𝟎+ → 𝟏−𝟏− 𝑳 = 𝟎, 𝟐

⚫ The radiative decay of 𝐷𝑠0 2317 + has not been founded.

➢ ℛ < 0.059 @ 90% CL from CLEO, N Ds 2317 + → Ds
∗+γ = −6.5 ± 5.2

CLEO, 13.5 fb−1

PRD 68 032002 (2003)

Babar, 236 fb−1

PRD 74 032007 (2006)
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𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 + 
Decay mode

𝑱𝑷 transition Transition

𝑫𝒔
+𝜸 𝟏+ → 𝟎−𝟏−

E1
𝑫𝒔

∗+𝜸 𝟏+ → 𝟏−𝟏−

𝑫𝒔𝟎
∗ 𝟐𝟑𝟏𝟕 +𝜸 𝟏+ → 𝟎+𝟏− M1

⚫ 𝐷𝑠1 2460 + → 𝐷𝑠
+𝛾 is observed but 𝐷𝑠

∗+𝛾 not

𝐷𝑠1 2460 + state has the components with both S = 0 

( 1𝑃1 state) and S = 1 ( 3P1 state) 

𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 + = 𝒔𝒊𝒏𝜽 ൿ| 𝟏𝑷𝟏 + 𝐜𝐨𝐬 𝜽 ൿ| 𝟑𝑷𝟏

 For E1 transition, Δ𝑆 = 0, So, it is useful to measure 

𝐃𝐬
+𝛄 and 𝐃𝐬

∗+𝛄 decay ratio 

Eg.
Γ 𝐷𝑠1 2460 +→𝐷𝑠

∗+𝛾

Γ 𝐷𝑠1 2460 +→𝐷𝑠
+𝛾

=
4.2

7.3
tan2 𝜃

PRD72, 094004 (2005)

Radiative decay:
1. 𝚫𝐉 = 𝟎, ±𝟏(But not 𝟎 → 𝟎 )
 
2. sign of 𝐏 ቊ

 𝐜𝐡𝐚𝐧𝐠𝐞: E1 transition

𝐮𝐧𝐜𝐡𝐚𝐧𝐠𝐞: M1 transition
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Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + and 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 +

The branching fraction ratio of ℛ =
ℬ 𝐷𝑠 2317 +→𝐷𝑠

∗+𝛾

ℬ 𝐷𝑠 2317 +→𝐷𝑠
+𝜋0  and ℛ =

ℬ 𝐷𝑠(2460)+→𝐷𝑠
∗+𝛾

ℬ 𝐷𝑠 2460 +→𝐷𝑠
+𝛾

are the probe of the 𝐷𝑠0 2317 + and 

𝐷𝑠1 2460 + internal structure 



Decay chain:  𝑒+𝑒− → 𝑐 ҧ𝑐  → 𝐷𝑠0 2317 + + anythings
                                                         𝐷𝑠0 2317 + → 𝐷𝑠

+ 𝜙𝜋, 𝐾∗𝐾  𝜋0 
                                                                              → 𝐷𝑠

∗+ 𝐷𝑠
+𝛾 𝛾

Datasets:

• All Belle data:     980 fb-1 

• All Belle II data:  428 fb-1

Pre-selection:
Photon:

• 𝜋0 veto: the invariant mass  of any combination of one signal 𝛾𝑠𝑖𝑔 with one 𝛾𝑟𝑜𝑒 in rest of 

event should not in the region of 𝑀 𝛾𝑠𝑖𝑔𝛾𝑟𝑜𝑒 − 𝑚 𝜋0 < 15 MeV/𝑐2

Signal MC:
• 𝑒+𝑒− → 𝑐 ҧ𝑐 :                             Pythia

•𝐷𝑠 2317 + → 𝐷𝑠
+𝜋0, 𝐷𝑠

∗+𝛾:      PHSP (S-Wave)

•𝐷𝑠
∗+ → 𝐷𝑠

+𝛾:                              VSP

•𝐷𝑠
+ → 𝐾𝐾𝜋:                               Dalitz

Reference channel
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Signal Mode

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + and 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 + PRL 136, 241901
FEATURED IN PHYSICS



The correction of 𝑥𝑝 distribution: get the correct efficiency  
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Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

𝒙𝒑 =
𝒑𝑫𝒔

∗𝜸
∗

𝑬𝒃𝒆𝒂𝒎
𝟐 − 𝑴𝑫𝒔

∗𝜸
𝟐Dots:

Efficiency-corrected from

combined Belle and Belle II data

Histograms:
Simulated distributions from

◆ Original Belle MC samples

◆ Original Belle II MC samples

◆ Reweighted MC samples

Only background from 𝑒+𝑒− → 𝑞 ത𝑞 

Apply cut: 𝑥𝑝 > 0.7



𝜸 selection:
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𝐷𝑠 2317 + → [𝐷𝑠
∗+→ 𝐷𝑠

+𝛾2]𝛾1 

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

Veto events in the region:

0. 100 < 𝑀 𝛾1𝛾2 <  0. 160 GeV/𝑐2

To suppress the contributions from the 𝐃𝐬 𝟐𝟑𝟏𝟕 +  →
𝐃𝐬

+𝛑𝟎 decay

Apply: 

𝐸∗ 𝛾1 > 0.22 GeV
𝐸∗ 𝛾2 > 0.10 GeV



𝜙 selection:
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ഥ𝑲∗𝟎selection:

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

𝐷𝑠
+ selection:

Apply: 

|M 𝐾𝜋 − 𝑚( ഥ𝐾∗)| <  50 MeV/𝑐2 
Apply: 

𝑀(K+K−)  − 𝑚(𝜙) < 10 MeV/𝑐2 

Mass window：
𝑀(𝐾+𝐾−𝜋+)  − 𝑚(𝐷𝑠

+) < 10 MeV/𝑐2 

PRL 136, 241901
FEATURED IN PHYSICS
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•  

𝐷𝑠
∗+ selection:

To reduce the resolution of 𝒎 𝑫𝒔
+ : 

𝑀 𝐷𝑠
+𝛾 = 𝑀𝑟𝑒𝑐 𝐷𝑠

+𝛾 − 𝑀 𝐾+𝐾−𝜋+ + 𝑚(𝐷𝑠
+)

𝐷𝑠 2317 + → [𝐷𝑠
∗+→ 𝐷𝑠

+𝛾2]𝛾1 

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

Signal window: 
𝑀 𝐷𝑠

+𝛾 − 𝑚(𝐷𝑠
∗+) < 0.015 GeV/𝑐2

Sideband:
𝑀 𝐷𝑠

+𝛾 − 𝑚 𝐷𝑠
∗+ ± 0.05 < 0.015 GeV/𝑐2

PRL 136, 241901
FEATURED IN PHYSICS



• Clear 𝐷𝑠
 (2317) signal peaks 

• Flat background: from both 𝐷𝑠
∗ sideband and generic MC

• Peaks around 2.26 GeV/𝑐2 are from 𝐷𝑠
∗ + 𝛾free 

   (same as CLEO)
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To reduce the resolution of M(𝑫𝒔
∗+):

𝑀 𝐷𝑠
∗+𝛾 = 𝑀𝑟𝑒𝑐 𝐷𝑠

∗+𝛾1 − 𝑀𝑟𝑒𝑐 𝐷𝑠
+𝛾2 + 𝑚(𝐷𝑠

∗+)

𝐷𝑠
 (2317) distributions: 

𝐷𝑠 2317 + → [𝐷𝑠
∗+→ 𝐷𝑠

+𝛾2]𝛾1 

CLEO, 13.5 fb−1
PRD 68 032002 (2003)

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 



1
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• Signal: Crystal Ball convoluted with triple-

Gaussian 

• Broken Signal: asymmetry Gaussian

• Smooth Background: 2nd order polynomial

• cross feed: 𝐷𝑠 2460 + → 𝐷𝑠
∗+𝜋0, ( i.e. 

missing one photon)

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

⚫ 𝑁exp 𝐷𝑠
∗+𝛾 = ℛ

𝑁exp
fit 𝐷𝑠

+𝜋0 𝜀exp 𝐷𝑠
∗+𝛾

𝜀exp(𝐷𝑠
+𝜋0)

,

      exp represents Belle or Belle II.

⚫ ℛ = [7.13 ± 0.70 𝑠𝑡𝑎𝑡. ± 0.23(𝑠𝑦𝑠𝑡. )]%
⚫ Significance: 10.1𝜎, with syst. Uncertainty 

included. 

Separate fit to extract  𝑫𝒔 𝟐𝟒𝟔𝟎 + → 𝑫𝒔𝝅𝟎 yields

Simultaneous  fit to extract 𝓡
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Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 

Systematic uncertainty 

𝜃∗: polar angle of the 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + in center-of-mass 
system

Reweight MC as:
𝐼(cos 𝜃)  ∝  1 +  cos 𝜃𝛾𝛾, where 𝜃𝛾𝛾 is the angle between 

the two photons in the 𝐷𝑠
∗+ rest frame.

PRL 136, 241901
FEATURED IN PHYSICS



Summary 
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⚫Using all Belle data (983 fb-1 ) and Belle II data (427 fb-1 +xxx) 

⚫Observed 𝐃𝐬𝟎 𝟐𝟑𝟏𝟕 + → 𝐃𝐬
∗+𝛄  decay for the first time  with 10.1𝛔

⚫ℛ =
ℬ 𝐷𝑠 2317 +→𝐷𝑠

∗+𝛾

ℬ 𝐷𝑠 2317 +→𝐷𝑠
+𝜋0 = [7.14 ± 0.70 𝑠𝑡𝑎𝑡. ± 0.23(𝑠𝑦𝑠𝑡. )]%

➢uncertainty dominated  by Statistical error of 𝑫𝒔 𝟐𝟑𝟏𝟕 + → 𝑫𝒔
∗+𝜸

➢higher than the molecular assumption for 𝐷𝑠0 2317 + 

➢possible interpretation: Ds0 2317 + could be the mixture state of pure 𝑐 ҧ𝑠 and molecular state

⚫Analysis of 𝑫𝒔𝟏 𝟐𝟐𝟒𝟔𝟎 + → 𝑫𝒔
∗+𝜸 is ongoing.

⚫More analysis can be done:

➢XYZ → 𝑫𝒔𝑱𝑿𝑿𝑿

➢Higher excited states

Babar 427 fb-1 

PRD 80, 092003 (2009)
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• Signal: Crystal Ball convoluted with triple-

Gaussian 

• Broken Signal: asymmetry Gaussian

• Smooth Background: 2nd order polynomial

• All parameters free to float in the fits 

𝐷𝑠
 (2317) MC distributions

The IO checks are OK for 

the signal MC samples

Experiment
s 

Belle Belle II

𝑵𝐟𝐢𝐭 𝟔. 𝟒𝟒 ± 𝟎. 𝟎𝟐 × 𝟏𝟎𝟒 𝟖. 𝟎𝟎 ± 𝟎. 𝟎𝟑 × 𝟏𝟎𝟒

Truth yields 𝟔𝟒, 𝟓𝟎𝟖 𝟖𝟎, 𝟏𝟓𝟒

Radiative decay of 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 + 



• The systematic uncertainties due to 𝑫𝒔 and photon selection, and cut on 𝒙𝒑 are cancelled 

• 𝒙𝒑 reweighting:

➢Change the order of the polynomial used to fit 𝑥𝑝 distribution

➢Redo the reweighting to get the new detection efficiency 𝜀exp

➢Fit ℛ again

Systematic Uncertainty Study
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𝑁exp 𝐷𝑠
∗+𝛾 = ℛ

𝑁exp
fit 𝐷𝑠

+𝜋0 𝜀exp 𝐷𝑠
∗+𝛾

𝜀exp(𝐷𝑠
+𝜋0)

Uncertainties on ℛ :
Difference in Fit ℛ 

• 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 → 𝑫𝒔𝝅𝟎 mode:

     In the fits to 𝑴(𝑫𝒔
+𝝅𝟎) spectra, By 

1. Changing the fit region, order of background polynomial

2. Enlarging the widths of Gaussians by 1𝜎 (gotten from fits to signal MC)

3. Using the shapes of 𝑀(𝐷𝑠𝜋) from 𝐷𝑠 2460 + → 𝐷𝑠
∗+𝜋0 MC directly

➢ Differences in the fitted signal yields: Uncertainties (Δexp
𝑁 Ds

+π0

 ) of Nexp
fit Ds

+π0

Then, in the simultaneous fit to 𝑴(𝑫𝒔
∗+𝜸) spectra, 

By varying the 𝑁exp
fit 𝐷𝑠

+𝜋0  based on Gaussian(𝑁exp
fit 𝐷𝑠

+𝜋0 , Δexp
𝑁 𝐷𝑠

+𝜋0

)  in the fits 

Widths of the distributions of fitted values of ℛ:
Uncertainties on ℛ : 



• 𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 → 𝑫𝒔
∗𝜸 mode:

    In the simultaneous fit to 𝑴(𝑫𝒔
∗+𝜸) spectra, by:

1. Changing the fit region, order of background polynomial

2. Enlarging the widths of Gaussian by 1𝜎 (gotten from fits to signal MC)

3. Changing resolutions of broken signal by 2σ

4. Changing ratios of broken signal to signal yields by 2σ

➢Fit ℛ again

Systematic Uncertainty Study
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Uncertainties on ℛ :
Difference in Fit ℛ 

Assuming all systematic 
uncertainties are 

independent
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