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• Compared to exclusive decays: Better theoretical control

• Compared to beauty decays: More sensitive to power corrections

• Experimental detection of partial final state particles 

➡   ( , only  is detected)


• Sum of a group of exclusive channels  

➡   

➡  

D → e+X D → e+νeX e+

D0 → e+Xs = D → e+νeK−, e+νeK−π0, e+νeK̄0π−, . . .

D0 → e+Xd = D → e+νeπ−, e+νeπ−π0, e+νeπ−π+π−, . . .
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[Lenz et al, ’22]

[Cheng, ’21]

Charmed hadron lifetimes:  
theory vs experiment 
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Fig 1

Fig 2

What and Why Electronic Semi-inclusive Charm decay
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Fig 2

What and Why Electronic Semi-inclusive Charm decay

Solutions/hints

 Dependence on identical hadronic parameters 
in HQET,  
 Extraction in the inclusive decay spectrum and 
application to lifetime 

⟨Hc |Oi |Hc⟩

“ Again a more precise experimental determination 
of  from fits to semi-leptonic  and meson  
decays — as it was done for the  and  decays 
— would be very desirable. ” 

μ2
π D+, D0 D+

s

B+ B0

[Lenz et al, ’22]
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 puzzles: inclusive vs exclusive Vcb, Vub

 anomalies:   in b → s P′￼5 B → K*ℓℓ
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Fig 3

Fig 4

  test: Inclusive vs exclusiveVcd, Vcs

 Test the  inclusive transitionc → u

What and Why Electronic Semi-inclusive Charm decay
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• Optical theorem

∑ ⟨D |H |X⟩⟨X |H |D⟩ ∝ Im∫ d4x⟨D |T{H(x)H(0)} |D⟩

• Operator product expansion (OPE)

 Short distance : x ∼ 1/mc

 Fluctuation in D meson ∼ ΛQCD

T{H(x)H(0)} = ∑
n

Cn(x)On(0) → 1 +
ΛQCD

mc
+

Λ2
QCD

m2
c

+ . . .

Systematic OPE in HQET.

hv(x) ≡ e−imcv⋅x 1 + γ ⋅ v
2

c(x)

• Heavy Quark Effective Theory

Subtract the big intrinsic momentum,
Leave only ~  degrees of freedom.ΛQCD

v = (1,0,0,0) L ∋ h̄viv ⋅ Dhv

−h̄v
D2

⊥

2mc
hv − a(μ)gh̄v

σ ⋅ G
4mc

hv + . . .
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• OPE 
T{H(x)H(0)} = ∑

n

Cn(x)On(0)

 Dim-3: partonic decay rate.h̄vhv (c̄γμc) →

 Dim-5: h̄vD2
⊥hv, gh̄vσ ⋅ Ghv .

 Dim-6: , h̄vDμ(v ⋅ D)Dμhv (h̄vΓ1q)(q̄Γ2hv), . . .

 …

On(0)Cn(x)
 LO: α0

s (mc)

 NLO: αs(mc)

 …

• Contribute to inclusive decay rate and lifetime

1. Matrix elements of the same operators (SL& NL)

2. Only different short-distance coefficients λ1 ≡

1
4mD

⟨D | h̄v(iD)2hv |D⟩ = − μ2
π

λ2 ≡
1

16(sc ⋅ sq)
1

2mD
⟨D | h̄vgσ ⋅ Ghv |D⟩ =

μ2
G

3
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Wi = W (0)
i +

μ2
π

2m2
c

W (π,0)
i +

μ2
G

2m2
c

W (G,0)
i +

αs

π [CFW (1)
i + CF

μ2
π

2m2
c

W (π,1)
i +

μ2
G

2m2
c

W (G,1)
i ] + . . .

[Capdevila et al. ’22]

Leading Order

NLO  dim-3

Fig 5.

• Structure functions 

Next to Leading OrderFig 6.



Theoretical Framework
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[Capdevila et al. ’22]

NLO  dim-5: μ2
π

NLO  dim-5: μ2
G

• Structure functions 
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Analytical Result

1
Γ0

dΓ
dy

⊃

…

1
Γ0

dΓ
dy

⊃

LO: dim-3 and dim-5

NLO: dim-3

… NLO: dim-5

y =
2Ee

mc

Some tips

• Up to finite power, the 
obtained differential 
decay rate is NOT the 
experimental spectrum

• Observables require 
integration over final 
states

Γ = ∫
dΓ
dy

dy

⟨Eℓ⟩ =
1
Γ ∫

dΓ
dy

Eℓ dy

⟨E2
ℓ⟩ =

1
Γ ∫

dΓ
dy

E2
ℓ dy

…



3. Experimental status 

14LZU & HUST shaokk18@lzu.edu.cn



Experimental status
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CLEO measurements
D+ → e+XD0 → e+X D+

s → e+X
B (D0 → Xe+νe) = (6.46 ± 0.09 ± 0.11) %
B (D0 → Xe+νe) = (6.46 ± 0.09 ± 0.11) %
B (D+

s → Xe+νe) = (6.52 ± 0.39 ± 0.15) %

[CLEO, ’09]

BESIII measurements

B (D+
s → Xe+νe) = (6.30 ± 0.13 ± 0.10) %

[BESIII, ’21]

Λ+
c → e+X Λ+

c → e+XD+
s → e+X

[BESIII, ’21]

B (Λ+
c → Xe+νe) = (3.95 ± 0.34 ± 0.09) %

[BESIII (567 pb ), ’18]−1

B (Λ+
c → Xe+νe) = (4.06 ± 0.10stat.  ± 0.09syst ) %

[BESIII (4.5 fb ), ’23]−1

Fig 7

Fig 8
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Electronic energy momentum

D mesons rest frame

[Gambino,Kamenik, ’10]

The laboratory frame of the D meson  

Fig 9
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https://github.com/ChunHuangPhy/CompactOject



Phenomenological Analysis (preliminary)
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CompactObject
[Huang et al, ’2024]

For the first time, we systematically extract the Model-independent fundamental 
parameters of HQE from experimental data on semi-leptonic inclusive decays of D 
mesons.

μ2
G(D) = (0.34 ± 0.10)GeV2

μ2
π(D) = (0.48 ± 0.20)GeV2

[Lenz et al, ’22]

μ2
G(D) = (0.218+0.030

−0.033)GeV2

μ2
π(D) = (0.282+0.058

−0.062)GeV2

mc = (1.549+0.020
−0.021)GeV

[Our results]

Higher precision


Stronger constraints
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CompactObject
[Huang et al, ’2024]

Prior Distribution for Free 
Parameters

mc ∈ [1,2]GeV
μ2

π ∈ [−0.28,1.08]GeV2

μ2
G ∈ [0.04,0.64]GeV2

JHEP08(2022)241

αs (m̄c = 1.273GeV) = 0.378387

αs (mz = 91.1880GeV) = 0.1179
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Theory:

Experiment:

Phenomenological Analysis:
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HQET OPE

D → Xd,s + e+
Optical Theorem Wilson Coef

Loacl Operators

Analytical Integral
Observables

Theory:

Experiment:

Phenomenological Analysis:
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HQET OPE

D → Xd,s + e+
Optical Theorem Wilson Coef

Loacl Operators

Analytical Integral
Observables

Observables

Observables

Observables Bayesian analysis
μ2

G(D)

μ2
π(D)

mc

Theory:

Experiment:

Phenomenological Analysis:



What did we do？

26LZU & HUST shaokk18@lzu.edu.cn

HQET OPE

D → Xd,s + e+
Optical Theorem Wilson Coef

Loacl Operators

Analytical Integral
Observables

Observables

Observables

Observables Bayesian analysis
μ2

G(D)

μ2
π(D)

mc

Theory:

Experiment:

Phenomenological Analysis:
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• Precision measurements of leptonic energy spectrum in the rest frame 
of charmed hadrons

•  spectrum, good for higher-dimensional operatorsq2

• Separate , to give first measurements of Xd, Xs Vcd, Vcs

• Rare decays: D → Xuℓℓ
Thank you!

Ying-ao Tang（唐迎澳）, Ji-xin Yu（余纪新），Yong-Zheng（郑勇），Bo-nan zhang
（张博楠），Wen-jie Song（宋雯捷），Yin-fa Shen（沈胤发）et, al
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CompactObject
[Huang et al, ’2024]
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[M5]
[M6]
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In the framework of the HQET,  

JHEP08(2022)241 

Appendix

Dim-3 operators contributions

Dim-5 operators contributions

Dim-6 operators contributions

SL：

…

µ
2

G

µ
2
π

SL+NL：



Discussion about Energy Spectrum


CLEO 合作组原始数据 CLEO 合作组做的拟合

ℬ (D0 → Xe+νe) = (6.46 ± 0.09 ± 0.11) %

CLEO 合作组对电子 用Ee ≤ 200MeV

arXiv:1004.0114v2 [hep-ph]
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