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by Guy Wilkinson, Charm 2023, Siegen

• Better determination of the CKM matrix elements |𝑉𝑐𝑑(𝑠)|



Super Tau Charm Facility (STCF)
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Detector Design
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⚫ Acceptance: 94% × 4π
⚫ Momentum resolution: 𝜎𝑝/𝑝 ≈ 0.5%@1 GeV

⚫ Energy resolution: 𝜎E/E ≈ 2.5%@1 GeV
⚫ Hadron ID: 𝜋/𝐾 ≈ 4𝜎@2 GeV
⚫ Muon ID: efficiency > 95%, mis-ID rate < 3%@1 GeV

⚫ Inner Tracker
◼ MPGD: cylindrical uRGroove, 𝜎𝑥~100 μm
◼ Silicon: low-mass MAPS, < 0.3%𝑋0/layer

⚫ Central Tracker (𝜎𝑝/𝑝 ≈ 0.5%@1 GeV)
◼ Drift chamber with super-small cells, 𝜎𝑥 < 130 μm

⚫ PID System (𝜋/𝐾 ≈ 4𝜎@2 GeV)
◼ Endcap: DIRC-like TOF-DTOF (𝜎𝑡~30 𝑝𝑠)
◼ Barrel: RICH (< 4 mrad) or DTOF (𝜎𝑡~30 𝑝𝑠)

⚫ EMC
◼ pCsI+APD: (𝜎𝐸/𝐸~2.5%, 𝜎𝑥~5 𝑚𝑚, 𝜎𝑡~300 𝑝𝑠 @ 1GeV)

⚫ Solenoid: 1T
⚫ Muon Detector (eff.>95%, mis-rate < 3% @ 1 GeV)

◼ Inner layers: glass RPC, > 300 Hz/cm2

◼ Outer layers: scintillator strip +SiPM, ~2.4 cm

⚫ Trigger, DAQ, Clock and Data Transmission

Beam background at the innermost layer
~1 Mrad/y, ~1 × 1011 1 MeV n − eq/cm2/y, ~1 MHz/cm2



Physics opportunities

6

Opportunities 
in 5~7 GeV

• Hadron form factors

• 𝑌(2170) resonance

• Mutltiquark states with 

s quark

• R value / g-2 related

• Light hadron spectroscopy

• Gluonic and exotic states

• Processes of LFV and CPV

• Rare and forbidden decays

• Physics with  lepton 

• 𝑋𝑌𝑍 particles

• Physics with charm hadrons

• 𝒇𝑫 and 𝒇𝑫𝒔

• 𝑫𝟎 − ഥ𝑫𝟎 mixing

• Charm baryons 

• Complete 𝑋𝑌𝑍 family  

• Hidden-charm pentaquarks

• Search for di-charmonium states

• More charmed baryons

• Hadron fragmentation

Unique Features in 𝝉-charm region:

• Transition region between perturbative and 

non-perturbative QCD

• Threshold effects and quantum correlation of 

pair production of hadrons and tau leptons

• Rich resonance structures, large production 

cross section for charmonium(-like) states and 

exotics



Data production
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⚫ About 1 ab-1 integrated luminosity at STCF per year

⚫ STCF shows superior purity compare to other experiments for 

charm physics studies

⚫ The physics sensitivity studies are based on, but not limited 

to, data samples of these size

arXiv:2303.15790

https://arxiv.org/abs/2303.15790


Data production
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• About 1 ab-1 integrated luminosity at STCF per year

• STCF shows superior purity compare to other experiments

• The physics sensitivity studies are based on, but not limited to,

data samples of these size

• The charm hadrons are produced in pair, unique for

measurements with quantum correlation and of invisible

particles



Charm mixing and indirect CPV

⚫ Type 1. CP violation in mixing |𝑝| ≠ |𝑞|

⚫ Mass eigenstates are not CP eigenstates

⚫ Type 2. CPV due to interference between mixing and decay 𝐼𝑚
𝑞

𝑝

𝐴 ഥ𝐷0→𝑓

𝐴 𝐷0→𝑓
≠ 𝐼𝑚

𝑝

𝑞

𝐴 𝐷0→ ҧ𝑓

𝐴 ഥ𝐷0→ ҧ𝑓

⚫ Non-zero 𝜙 for 
𝑞

𝑝
=

𝑞

𝑝
𝑒𝑖𝜙

⚫ Type 3. Interference between charm mixing and kaon mixing

9PRD 110 (2024) L031301

Loop level short-distance distributions 

are at the level (𝒙, 𝒚)~𝟏𝟎−𝟕
Long-distance contributions at the 

level (𝒙, 𝒚)~𝟏𝟎−𝟑

Phys. Lett. B 810 (2020) 135802

Chin. Phys. C 42 (2018) 063101

Phys. Rev. D 81 (2010) 114020

Phys. Rev. D 65 (2002) 054034

arXiv:1503.00032



• Neutral 𝐷ഥ𝐷 pairs produced by 𝑒+𝑒− annihilations 
near threshold are in QC state with 𝐶 = (−1)𝑛+1, 
𝑛 is the number of accompany photons

• @3770 MeV

C odd for 𝑒+𝑒− → 𝐷0ഥ𝐷0

• @Higher energy points

C even for 𝑒+𝑒− → 𝐷0ഥ𝐷∗0 + 𝑐. 𝑐.→ 𝛾𝐷0ഥ𝐷0

𝑒+𝑒− → 𝐷∗0ഥ𝐷∗0 + 𝑐. 𝑐 → 𝛾𝜋0𝐷0ഥ𝐷0

C odd for 𝑒+𝑒− → 𝐷0ഥ𝐷∗0 + 𝑐. 𝑐.→ 𝜋0𝐷0ഥ𝐷0

𝑒+𝑒− → 𝐷∗0ഥ𝐷∗0 + 𝑐. 𝑐 → 𝛾𝛾𝐷0ഥ𝐷0

𝑒+𝑒− → 𝐷∗0ഥ𝐷∗0 + 𝑐. 𝑐 → 𝜋0𝜋0𝐷0ഥ𝐷0
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Charm mixing study with quantum correlated 𝐷ഥ𝐷

Phys. Rev. D 15 (1977) 1254



Quantum-correlated double decay rates
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Γ 𝑓1, 𝑓2 ∝ 3(𝑥2 + 𝑦2)(|𝜆𝐷0|2 + |𝜆ഥ𝐷0|2 + 2𝑅𝐷0𝑅ഥ𝐷0𝜆𝐷0𝜆ഥ𝐷0)
+(2 − 3(𝑥2 − 𝑦2))(1 + 2𝑅𝐷0𝑅ഥ𝐷0Re(𝜆𝐷0𝜆ഥ𝐷0) + |𝜆𝐷0𝜆ഥ𝐷0|2)

−4𝒚[𝑅ഥ𝐷0(1 + |𝜆𝐷0|2)Re(𝜆ഥ𝐷0) + 𝑅𝐷0(1 + |𝜆ഥ𝐷0|2)Re(𝜆𝐷0)]

−4𝒙[𝑅ഥ𝐷0(1 − |𝜆𝐷0|2)Im(𝜆ഥ𝐷0) + 𝑅𝐷0(1 − |𝜆ഥ𝐷0|2)Im(𝜆𝐷0)]

Γ(𝑓1, 𝑓2) ∝ (𝑥2 + 𝑦2)(|𝜆𝐷0|2 + |𝜆ഥ𝐷0|2 − 2𝑅𝐷0𝑅ഥ𝐷0Re(𝜆𝐷0𝜆ഥ𝐷0))

+(2 − (𝑥2 − 𝑦2))(1 − 2𝑅𝐷0𝑅ഥ𝐷0Re(𝜆𝐷0𝜆ഥ𝐷0) + |𝜆𝐷0𝜆ഥ𝐷0|2)

◼ 𝜆𝐷0 = 𝑟𝑓1|
𝑞

𝑝
|𝑒−𝑖(𝛿𝐷

𝑓1+𝜙) 𝜆ഥ𝐷0 = 1/𝑟𝑓2|
𝑝

𝑞
|𝑒𝑖(𝛿𝐷

𝑓2+𝜙)

◼ 𝛿𝐷
𝑓
: CP-conserving strong-phase difference 

◼ 𝜙: indirect CPV phase, |
𝑝

𝑞
|: indirect CPV

C-even

C-odd

⚫ Exploring the QC in 𝐷ഥ𝐷 decays allows to extract the mixing and indirect CPV parameters 

along with CP-conserving strong-phase differences with time-integrated decay rates 

⚫ The C-odd and even 𝐷ഥ𝐷 decays can be separated with a proof-of-principle study at BESIII 

(Shunan’s talk)



Analysis strategy

𝑁𝑆,𝑇
+ = 2𝑁𝐷∗0ഥ𝐷0Γ+ 𝑆, 𝑇 𝜖𝑆,𝑇

+ 𝐵𝐹(𝐷∗0 → 𝛾𝐷0)

𝑁𝑆,𝑇
− = 2𝑁𝐷∗0ഥ𝐷0Γ− 𝑆, 𝑇 𝜖𝑆,𝑇

− 𝐵𝐹(𝐷∗0 → 𝜋0𝐷0)

Γ+(𝑆,𝑇)

Γ−(𝑆,𝑇)
=

𝑁𝑆,𝑇
+ 𝜖𝑆,𝑇

+ 𝐵𝐹 𝐷∗0→𝛾𝐷0

𝑁𝑆,𝑇
− 𝜖𝑆,𝑇

− 𝐵𝐹(𝐷∗0→𝜋0𝐷0)

𝑁𝑆,𝑇
+ = 2𝑁𝐷∗0ഥ𝐷0Γ+ 𝑆, 𝑇 𝜖𝑆,𝑇

+ 𝐵𝐹(𝐷∗0 → 𝛾𝐷0)𝐵𝐹(𝐷∗0 → 𝜋0𝐷0)

𝑁𝑆,𝑇
− = 𝑁𝐷∗0ഥ𝐷0Γ− 𝑆, 𝑇 𝜖𝑆,𝑇

− 𝐵𝐹(𝐷∗0 → 𝜋0𝐷0) 𝐵𝐹(𝐷∗0 → 𝜋0𝐷0)

Γ+(𝑆,𝑇)

Γ−(𝑆,𝑇)
=

𝑁𝑆,𝑇
+ 𝜖𝑆,𝑇

+ 𝐵𝐹 𝐷∗0→𝜋0𝐷0

2𝑁𝑆,𝑇
− 𝜖𝑆,𝑇

− 𝐵𝐹(𝐷∗0→𝛾𝐷0)

𝒆+𝒆− → 𝑫𝟎ഥ𝑫∗𝟎 + 𝒄. 𝒄. 𝒆+𝒆− → 𝑫∗𝟎ഥ𝑫∗𝟎 + 𝒄. 𝒄
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Prospects of charm mixing and indirect CPV at STCF

𝑥 = ?±0.36 × 10−3

𝑦 = ?±0.15 × 10−3

𝑞/𝑝 =?±0.028
arg 𝑞/𝑝 = ?±2.14 𝑜

arXiv: 2502.08907

STCF 𝟏 𝐚𝐛−𝟏

LHCb-CONF-2024-004

𝑥 = 4.1 ± 0.5 × 10−3

𝑦 = 6.19 ± 0.21 × 10−3

𝑞/𝑝 = 0.984−0.015
+0.014

arg 𝑞/𝑝 = −1.6−1.2
+1.1 𝑜

⚫ A combined study of double-tagged 𝐾𝜋𝜋0, 𝐾𝜋𝜋𝜋 and 𝐾𝑆
0𝜋+𝜋− decays, dominated by 𝐾𝜋𝜋0

⚫ Belle II could finally reach 𝜎 𝑥 ~0.028% and 𝜎 𝑦 ~0.023% with 𝐾𝑆
0𝜋+𝜋− decay only by scaling the existing 

measurement results, see also in arXiv: 1808.10567 13



LHCb upgrade I 

14

VELO: new silicon pixel detector

UT: new silicon strip upstream detector

SciFi Tracker: new scintillating fibres downstream detector

RICH: new mechanics, optics, photodetectors

New frontend electronics and new DAQ for all sub-detectors

3 pb−1 pp collisions
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LHCb upgrade II 
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⚫ STCF could still be critical to provide inputs of strong-phase differences between 𝐷0 and ഥ𝐷0 decays

⚫ Currently, BESIII provide these inputs to charm mixing and indirect CPV studies in Belle II and LHCb

⚫ The strong-phase inputs have an uncertainty 

contribution of 0.23, 0.66, 0.04, 0.08 × 10−3 for 

(𝑥, 𝑦, Δ𝑥, Δ𝑦) [PRL 127 (2021) 111801]

⚫ In STCF, it dominated by 𝐾𝜋𝜋0, still complements to the 

studies at LHCb

⚫ As a comparison, 𝜎 |𝑞/𝑝| ~0.028 and 𝜎 arg 𝑞/𝑝 ~2.14o

for STCF, an order of magnitude larger than that in LHCb 

due to three (or more) orders lower in statistics

Charm CPV in LHCb upgrade I and II 



Decay Strong-phase 

parameters

BESIII

2.93 𝐟𝐛−𝟏 data

BESIII

Status

𝐾𝑆,𝐿
0 𝜋+𝜋− 𝑐𝑖, 𝑠𝑖 PRL 124 (2020) 241802 

PRD 101 (2020) 112002 

JHEP 06 (2025) 086

20 fb−1 ongoing

𝐾𝑆,𝐿
0 𝐾+𝐾− 𝑐𝑖, 𝑠𝑖 PRD 102 (2020) 052008 20 fb−1 ongoing

𝐾±𝜋∓𝜋+𝜋− 𝛿𝐷, 𝑅𝐷 JHEP 05 (2021) 164 8 and 20 fb−1 ongoing

𝜋+𝜋−𝜋+𝜋− 𝐹+/𝑐𝑖, 𝑠𝑖 PRD 106 (2022) 092004

PRD 110 (2024) 112008

20 fb−1 ongoing

𝐾+𝐾−𝜋+𝜋− 𝐹+/𝑐𝑖, 𝑠𝑖 PRD 107 (2023) 032009 𝑐𝑖, 𝑠𝑖: arXiv: 2502.12873

𝐾𝑆
0𝜋+𝜋−𝜋0 𝐹+/𝑐𝑖, 𝑠𝑖 PRD 108 (2023) 032003 𝑐𝑖, 𝑠𝑖: ongoing

𝐾±𝜋∓𝜋0 𝛿𝐷, 𝑅𝐷 JHEP 05 (2021) 164 8 and 20 fb−1 ongoing

𝐾±𝜋∓ 𝛿𝐷 EPJC 82 (2022) 1009 20 fb−1 ongoing

Higher energy points: arXiv:2506.07906

𝐾𝑆
0𝐾±𝜋∓ 𝛿𝐷, 𝑅𝐷 − 20 fb−1 ongoing

𝜋+𝜋−𝜋0、𝐾+𝐾−𝜋0 𝐹+ PRD 111 (2025) 012007 20 fb−1 ongoing

◼ Quantum correlated 𝐷ഥ𝐷 pairs produced at threshold in 𝑒+𝑒− colliders provide best 

constraints to the strong-phase differences

◼ Currently BESIII provide these inputs, the uncertainty of strong-phase inputs will be 

further reduced by STCF, providing more precise inputs for LHCb Upgrade and Belle II

Status and prospects of strong-phase measurements

17
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Direct CPV

STCF Simulation PRELIMINARY

Δ𝐴𝐶𝑃
(𝐷0 → 𝐾+𝐾−, 𝜋+𝜋−)

𝐴𝛤
(𝐷0 → 𝐾+𝐾−, 𝜋+𝜋−)

LHCb Current 29 × 10−5 11 × 10−5

LHCb Upgrade I 13(8) × 10−5 5(3.2) × 10−5

LHCb Upgrade II 3.3 × 10−5 1.2 × 10−5

STCF ? ?

⚫ The CPV effects in neutral 𝐷-meson decays can be examined 

with CP-forbidden quantum-correlated 𝐷ഥ𝐷 decays at STCF, eg.

𝐶𝑃 ± 𝐷 𝐶𝑃 ± ഥ𝐷 in C–odd data samples and 𝐶𝑃 ∓ 𝐷 𝐶𝑃 ± ഥ𝐷

in C–even data samples

⚫ The spin-correlated charmed baryon pair could have 

comparable sensitivity of CPV with longitudinal electron beam 

polarization
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Rare charm decays

STCF: 𝒄 → 𝜸𝒖

STCF, LHCb: 𝒄 → 𝒖𝒆+𝒆−

LHCb: 𝒄 → 𝒖𝝁+𝝁−

STCF: 𝒄 → 𝒖𝝂𝝂

⚫ FCNC decays of up-type quark that couples to New Physics particles
⚫ Long-distance contributions should be separated by angular analysis if there were enough event yields

Bause et al., 1909.11108 
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Unique rare charm decays in STCF

BESIII 𝒄 → 𝒖𝝂𝝂

⚫ The extremely clean environment, enhanced by the ability to perform double-tag analyses 

have allowed for some very competitive and unique results

⚫ Have to deal with overwhelming SM background

⚫ Expect to be better suppressed in STCF with new detectors and analysis techniques

BESIII detector

PRD 105 (2022) L071102



Precision measurement of 

𝑑′

𝑠′

𝑏′
=

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

𝑑
𝑠
𝑏

⚫ Key ingredients to test CKM unitarity and probe new physics

⚫ Besides the CP-violating phases in the charm CKM triangle 𝑉𝑢𝑑
∗ 𝑉𝑐𝑑 + 𝑉𝑢𝑠

∗ 𝑉𝑐𝑠 + 𝑉𝑢𝑏
∗ 𝑉𝑐𝑏 = 0, 𝑉𝑐𝑑 𝑠

are also key parameters

𝑉𝑢𝑑 = 0.97367 32 , 𝑉𝑢𝑠 = 0.22431 85 , 𝑉𝑢𝑏 = 0.00382(20)
𝑽𝒄𝒅 = 𝟎. 𝟐𝟐𝟏(𝟒),     𝑽𝒄𝒔 = 𝟎. 𝟗𝟕𝟓(𝟔),     𝑉𝑐𝑏 = 0.0411(12)
𝑉𝑡𝑑 = 0.0086(2),     𝑉𝑡𝑠 = 0.0415(9),     𝑉𝑡𝑏 = 1.010(27)BESIII precision <2%

BESIII+B 

factories+LQCD

Precision measurement of 𝑉𝑐𝑑 𝑠



精确检验轻子味普适性

Purely leptonic decays Semi-leptonic decays

𝜞 𝑫+ → 𝒍+𝝂𝒍 =
𝑮𝑭
𝟐𝒇𝑫+

𝟐

𝟖𝝅
𝑽𝒄𝒅(𝒔)

𝟐
𝒎𝒍

𝟐𝒎𝑫+(𝟏 −
𝒎𝒍

𝟐

𝒎𝑫+
𝟐
)𝟐

𝒅𝜞

𝒅𝒒𝟐
= 𝒙

𝑮𝑭
𝟐𝒑𝟑

𝟐𝟒𝝅𝟑
𝒇+
𝑷 𝒒𝟐

𝟐
𝑽𝒄𝒅 𝒔

𝟐

(𝑙 = 𝜇, 𝜏)

( 𝑙 = 𝑒, 𝜇 )

𝓡𝝉/𝝁 =
𝓑(𝑫+ → 𝝉+𝝂𝝉)

𝓑(𝑫+ → 𝝁+𝝂𝝁)
𝓡𝝁/𝒆 =

𝓑(𝑫 → 𝑿 𝝁+𝝂𝝁)

𝓑(𝑫 → 𝑿 𝒆+𝝂𝒆)

Test of lepton flavor universality in semi-leptonic decays



23

Existing results of 𝑉𝑐𝑑 𝑠  at BESIII

⚫ Most of the systematic uncertainties in STCF can be reduced as the dataset increases 

⚫ Precision of 𝑉𝑐𝑠 would reach 0.2% in 𝐷𝑠
+ → 𝜇+𝜈 in STCF [EPJC 82 (2022) 337]

⚫ The LatticeQCD calculations of form factors in semi-leptonic decays should also be improved?
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STCF 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034-2049

CDR

TDR

Construction

Operation

LHCb Upgrade I LHCb Upgrade II

Timeline of STCF



Conclusions
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Thanks！

⚫ Excellent prospects in the following decade from LHCb Upgrade II and 

STCF

⚫STCF is complementary to upgraded LHCb (Belle II, and etc.) in terms of 

charm mixing and CPV studies, benefitting from quantum correlations 

and providing essential inputs of strong-phases

⚫Clean near-threshold data produced by 𝑒+𝑒− collisions should be able to 

produce unique results of search for rare decays 

⚫ The CKM matrix elements |𝑉𝑐𝑑 𝑠 | can be measured with a precision at 

10−3 level in STCF



Charm mixing

Mass eigenstates: ൿ𝑫𝟏,𝟐 = 𝒑 ൿ𝑫𝟎 ± 𝒒| ൿഥ𝑫𝟎

Time evolution of an initially flavour eigenstate 𝐷 meson:

ൿ𝑫𝒑𝒉𝒚𝒔
𝟎 𝒕 = 𝒈+ 𝒕 ൿ𝑫𝟎 +

𝒒

𝒑
𝒈− 𝒕 | ൿഥ𝑫𝟎 , ൿഥ𝑫𝒑𝒉𝒚𝒔

𝟎 𝒕 = 𝒈+ 𝒕 ൿഥ𝑫𝟎 +
𝒒

𝒑
𝒈− 𝒕 | ൿ𝑫𝟎

Charm mixing parameters: 𝑥 ≡
Δ𝑚

Γ
, 𝑦 ≡

ΔΓ

2Γ

Short distance contributions         Long distance contributions

26

loop level (𝐱, 𝐲)~𝟏𝟎−𝟕 (𝐱, 𝐲)~𝟏𝟎−𝟑

Phys. Lett. B 810 (2020) 135802

Chin. Phys. C 42 (2018) 063101

Phys. Rev. D 81 (2010) 114020

Phys. Rev. D 65 (2002) 054034

Plots from 

arXiv:1503.00032

𝑚 ≡ (𝑚1 +𝑚2)/2, Δ𝑚 ≡ 𝑚2 −𝑚1

Γ ≡ (Γ1 + Γ2)/2, ΔΓ ≡ Γ1 − Γ2

𝑔+ 𝑡 = exp − 𝑖𝑚 + Γ/2 𝑡 cosh( 𝑖Δ𝑚 − Γ/2 𝑡/2)
𝑔− 𝑡 = exp − 𝑖𝑚 + Γ/2 𝑡 sinh( 𝑖Δ𝑚 − Γ/2 𝑡/2)



𝜞 𝑫+ → 𝒍+𝝂𝒍 =
𝑮𝑭
𝟐𝒇𝑫+

𝟐

𝟖𝝅
𝑽𝒄𝒅(𝒔)

𝟐
𝒎𝒍

𝟐𝒎𝑫+(𝟏 −
𝒎𝒍

𝟐

𝒎𝑫+
𝟐
)𝟐

𝒅𝜞

𝒅𝒒𝟐
= 𝒙

𝑮𝑭
𝟐𝒑𝟑

𝟐𝟒𝝅𝟑
𝒇+
𝑷 𝒒𝟐

𝟐
𝑽𝒄𝒅 𝒔

𝟐

➢ 𝑫 → ℓ+𝝂ℓ
➢ 𝑫 → 𝐏𝐞𝐬𝐮𝐝𝐨𝐬𝐜𝐚𝐥𝐚𝐫ℓ+𝝂ℓ
➢ 𝑫 → 𝐕𝐞𝐜𝐭𝐨𝐫ℓ+𝝂ℓ
➢ 𝑫 → 𝐒𝐜𝐚𝐥𝐚𝐫ℓ+𝝂ℓ
➢ 𝑫 → 𝐀𝐱𝐢𝐚𝐥𝐯𝐞𝐜𝐭𝐨𝐫ℓ+𝝂ℓ

Probe the nature of light mesons like 𝑓0 500 / 𝑎0 980 / 𝐾1 1270 …

精确检验QCD理论

Decay constant Form factors

LQCD calculations

Precision test of LQCD calculations
Purely leptonic decays Semi-leptonic decays



Decay constant 𝑓𝐷+ and |𝑉𝑐𝑑| with 𝐷+ → 𝑙+𝜈𝑙

28

Precision of decay constant and |𝑉𝑐𝑑| reach 1.2%
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Decay constant 𝑓𝐷𝑠+ and |𝑉𝑐𝑠| with 𝐷𝑠
+ → 𝑙+𝜈𝑙
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