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Overview

I Why semileptotic D(s)decays

II Opportunities in Semileptotic D(s)decays
i D∗

s weak decays
ii Ds → [f0, · · · →]ππe+ν
iii D → ρl+ν and D(s) → K∗l+ν

III Conclusions and Prospects
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Why semileptotic D(s) decays
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Semileptotic D(s) decays

play a crucial role in the precision era of particle physics

• fundamental parameters, like the CKM matrix
element |Vcs| = 0.975± 0.006 [PDG 2022]

◦ the result measured via D → Klν and Ds → µνµ
consist with each other (∼ 1.5σ derivation)

◦ ∼ 3σ tension three years ago [PDG 2020, 2021]
◦ the improvement mainly due to the high precision of D → K

form factor from lattice evaluation and the fDs from the BESIII

• new physical mechanism via the FCNC
◦ anomalous measured in B → K∗µ+µ−, 3.6σ derivation of dB/dq2 in q2 ∈ [1, 6] GeV2,

1.9σ derivation of p′5 = S5/
√

FL(1 − FL) in [4, 8] GeV2

◦ a plausible effect in up-type FCNC process c → ull [Bharucha 2011.12856]
SM B(D → πl+l−) ∼ O(10−9), current best-world limit O(10−8)

◦ LCSRs prediction B(D → πµµ) = 1.33+0.17
−0.24 × 10−8, at the same order of LHCb limit 6.7 × 10−8

[A. Bansal, A. Khodjamirian and T. Mannel 2505.21369[hep-ph]],

◦ first measurement of D0 → π+π−e+e−
[LHCb 2412.09414] (4.53 ± 1.38) × 10−7

in ρ/ω and (3.84 ± 0.96) × 10−7 in ϕ
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Semileptotic D(s) decays

• my talk in the ” 超级陶粲装置研讨会” at LZU, July 8th, 2024

• STCF is still competitive in hunting the NP via D → πµ+µ−, ππµ+µ−
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Semileptotic D(s) decays

• a clean environment to study the scalar mesons

◦ f0(1370), f0(1500), a0(1450),K∗
0(1430) form a SU(3) flavor nonet

◦ f0(500)/σ, f0(980), a0(980),K∗
0(700)/κ form another flavor nonet

compact tetraquark and KK̄ bound state in spectral analysis, qq̄ is dominated in the Bs decay

◦ how about the energetic qq̄ picture f0(980) in Ds decays ?

• The solution of the above questions deduces to not only the precise pertuabtive
QCD, but also the accurate nonperturbative prediction of the form factors

◦ unstable particle are measured in the lineshape of ππ, Kπ invariant mass

◦ dynamics of Bl4 is governed by B → ππ form factors, a big task of the QCD methods
[S. Faller, et.al., 1310.6660, X.W. Kang, et.al., 1312.1193]

• Dipion LCDAs are introduced in the LCSRs prediction of B → ππ form factors

· [SC, A. Khodjamirian and J. Virto, 1701.01633[hep-ph]] B-meson LCSRs
· [C. Hambrock and A. Khodjamirian, 1511.02509[hep-ph]] 2πDAs LCSRS of F∥,⊥

· [SC, A. Khodjamirian and J. Virto, 1709.00173[hep-ph]] timelike-helicity FF Ft and F0

· [SC, 1901.06071[hep-ph]] 2πDAs updates and B → [ππ]S,P FFs

· [SC and J.M Shen, 1907.08401[hep-ph], SC and S.L Zhang, 2307.02309[hep-ph]] Pheno
· [SC, 2502.07333[hep-ph]] first study of twist-three 2πDAs and |Vub| extraction
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D∗
s width

• αs : α : GF ∼ O(1) : O(1/137) : O(10−5)

• very hard to measure weak decay from strong and EM interactions

• the total widths of heavy-light vector mesons are still in lack [PDG 2022]

△ ΓD∗+ = 84.3 ± 1.8 KeV (→ D0π+, D+π0, D+γ)
△ ΓD∗0 < 2.1 MeV (→ D0π0, D0γ), Γ

D∗+
s

< 1.9 MeV (→ D+
s γ, D+

s π0, D+
s e+e−)

△ ΓB∗ ,ΓB∗s
no measurement

• but important to gD∗
s Dsγ and et.al., → non-perturbative approaches

LCSRs, hadronic photon NLO [Li 2020]

LCSRs, LP NLO corrections [Pullin 2021]

gD∗
s Dsγ = 0.60+0.19

−0.18

very sensitive to different contributions
(radiative corrections, power corrections)
a benchmark to probe the involved dynamics
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D∗
s width

• ΓD∗0 ,ΓD∗
s plays important role in the B(s) → D(s)hh′ decays

Bν(B+ → D̄∗0π+ → D−π+π+)

= (23.3+10.1
−7.70) × 10−5|PQCD

(22.3 ± 3.20) × 10−5 [Belle 2004]

Bν(B0
s → D∗−

s π+ → D̄0K−π+)

= (1.90+1.01
−0.68) × 10−5|PQCD

(4.70 ± 4.38) × 10−5 [LHCb 2014]

• Impressive lattice QCD evaluation [HPQCD 2013]

ΓHPQCD
D∗+

s
= 70(28) eV

△ the longest-lived charged vector meson ?
△ dominated by EM decay, strong decay is forbidden/suppressed by the phase space
△ encourage us to study D∗

s (ie., ΓD∗
s ) via the exclusive weak decay

△ 54.9± 5.4 eV [Yu Meng, et. al., 2401.13475[hep-lat]]
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Opportunities in D(∗)
(s) decays

(private opinions)

i D∗
s weak decays

ii Ds → [f0, · · · →] ππe+ν
iii D → ρl+ν and D(s) → K∗l+ν
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D∗s weak decays
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Leptonic D∗
s decay

• helicity enhanced rather than suppressed in Ds case
[SC, Y.H. Ju, Q. Qin and F.S. Yu, 2203.06797[hep-ph]]

ΓD∗s →lν =
G2

F
12π

|Vcs|2f2D∗s
m3

D∗s

1 −
m2

l
mD2

s∗


1 +

m2
l

mD2
s∗

 = 2.44 × 10
−12 GeV

• B(D∗
s → µν) =

ΓD∗s →µν

ΓD∗s
∼ ΓDs→µν

ΓD∗s

2m2
D∗s

3m2
µ

∼ 2× 10−5

close to (3.4 ± 1.4) × 10−5 [HPQCD 2013]

[arXiv:2304.12159, BESIII]

• B(D∗
s → eνe) = (2.1+1.3

−0.9)× 10−5

• ΓD∗
s = 122+70

−52 ± 12 eV

⇑
fD∗s
fDs

= 1.12± 0.01 [χQCD 2021]

agree with the lattice evaluation within 1σ

• quantum number determination 1− [arXiv:2305.14631, BESIII]
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Semileptonic D∗
s → ϕlν decays

• heavy-to-light form factors (FFs) play the key role in weak decays
• both pert. and nonpert. physics enter into the game
• the measurement would reveal the inner structures of hadrons

• QCD-based approaches to calculate FFs, LCSRs, PQCD, LQCD, et al.
• implements of LCSRs in charm D → π,K, η(′), ϕ [Khodjamirian 2000, Ball 2006,

Offen 2013, Du 2003, Wu 2006] and also in strange-charm Ds → f0, a0 [Cheng 2006, Lü
2007, Han 2013, SC 2019, Fu 2022]

• D∗
s → ϕ FFs considered here is the first attempt of V → V type transition

from LCSRs [SC, Y.H Ju, Q Qin and F.S Yu, 2203.06797[hep-ph]]

△ semileptonic decays with ml ∼ 0, consider seven helicity FFs: 00,0±,±0,±∓

△ LCSRs prediction is reliable in large recoiled region [0, 0.4] GeV2

△ parameterisation to the full kinematical region [0, 1.2] GeV2

12 / 28



D∗
s → ϕ form factors [SC, Y.H Ju, Q Qin and F.S Yu, 2203.06797[hep-ph] ]
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• dependence on the q2
LCSR,max are checked by varying it in

[0.2, 0.4]GeV2, Hij(1.2GeV2) change no more than four percents.
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D∗
s → ϕlν and D∗

s → ϕπ, ρ decays

• semileptonic decay D∗
s → ϕlνl

dΓij(q2)
dq2

=
G2

F |Vcs|2

192π3m3
D∗s

λ
1/2

(m2
D∗s

, m2
ϕ, q2) q2 |Hij(q2)|2

ΓD∗s →ϕlνl =
1

3

∫ q20

0
dq2

∑
i,j=0,±

dΓij(q2)
dq2

=
(
3.28

+0.82
−0.71

)
× 10

−14 GeV

• hadronic decays D∗
s → ϕρ, ϕπ, naive factorization assumption

A(D∗+
s → ϕρ

+
) =

GF√
2

Vcs a1 mρf∥(⊥)
ρ

∑
i,j

Hij(m2
ρ)

Γ
D∗+

s →ϕπ+ =
(
3.81

+1.52
−1.33

)
× 10

−14 GeV, Γ
D∗+

s →ϕρ+
=
(
1.16

+0.42
−0.39

)
× 10

−13 GeV

△ a1(µ) = 0.999, fπ = 0.130 GeV, f∥ρ = 0.210 GeV
△ the result of ϕπ channel is marginally consistent with the PQCD [Yang 2022]

△ with the lattice evaluation ΓD∗
s = (0.70± 0.28)× 10−8 GeV [HPQCD 2013]

B(D∗
s → ϕlν) = (0.47

+0.12
−0.10 ± 0.19) × 10

−6
,

B(D∗+
s → ϕπ

+
) = (0.54

+0.22
−0.19 ± 0.22) × 10

−6
, B(D∗+

s → ϕρ
+
) = (1.65

+0.61
−0.56 ± 0.66) × 10

−6
.

14 / 28



Exclusive D∗
s weak decays

• Belle II clear background

△ 2023, 428 fb−1, reconstruct 2× 105 data samples of D∗
s (Ds) from ϕπ channel

△ phase 3 running (2024-2026), 10 ab−1, O(1× 107) data sample of D∗
s (Ds)

△ the number of D∗
s production is O(109) ⇐ B(Ds → ϕπ) = (4.5± 0.4)%

△ excellent potential to study the D∗
s weak decays, 50 ab−1

• LHCb excellent particle identification to distinguish K, π and µ
△ the channel D∗

s → ϕ(KK)π with the D∗
s producing by Bs → D∗

s µν

• BESIII low background [arXiv:2304.12159, 2305.14631]

△ directly produced from e+e− collision at the DsD∗
s threshold

△ have collected ∼ 6× 106 D∗
s mesons with the 3.2 fb−1 data at 4.178 GeV

△ provides the good chance for the leptonic decay D∗
s → lν, Statistical error

• heavy quark symmetry (HQS) has been examined in B̄ → D(∗)lν̄, can
also be tested in D(∗)

s → ϕl+ν
• lepton flavour university (LFU) in vector charm sector
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Ds → [f0, · · · →]ππe+ν
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Semileptotic Ds decays
• a clean environment to study the scalar mesons, especially for f0(980)

⋆ tetraquark contribution is suppressed doubly by
strong coupling and power

⋆ FSI is weak too

|f0(980)⟩ = ψqq̄|qq̄⟩+ ψqq̄g|qq̄g⟩+ ψqq̄qq̄|qq̄qq̄⟩+ · · ·
ψn

f0(xi, k⊥i,λi) = ⟨n, xi, k⊥i,λi|f0⟩
⋆ physical observables are usually written in a QCD convolution

dσ
dΩ

=
∑

n

∫ 1

0
dxi Hn(xi,Q)ψn(xi, µ)

⋆ ψn is universal, however Hn is process dependent, hence different observables
might highlike the contributions from different components

• how about the energetic qq̄ picture f0(980) in Ds decays ?

• The solution of the above questions deduces to not only the precise pertuabtive
QCD, but also the accurate nonperturbative prediction of the form factors

• large width of f0(980) gives a big theoretical pollution
◦ unstable particle are measured in the lineshape of ππ, Kπ, KK invariant masses
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Ds → [f0, · · · →]ππeν

• Semileptonic D(s) decays provide a clean environment to study scalar mesons

◦ Ds → f0e+ν [CLEO ’09], D(s) → a0e+ν [BESIII ’18, ’21], D+ → f0/σe+ν[BESIII ’19]

◦ Ds → f0(→ π0π0, KsKs)e+ν [BESIII 22], Ds → f0(→ π+π−)e+ν[BESIII 23]

B(Ds → f0(→ π
0
π
0
)e+ν) = (7.9 ± 1.4 ± 0.3) × 10

−4

B(Ds → f0(→ π
+
π
−
)e+ν) = (17.2 ± 1.3 ± 1.0) × 10

−4

ff0+ (0)|Vcs| = 0.504 ± 0.017 ± 0.035

• Theoretical consideration

dΓ(D+
s → f0 l+ν)

dq2
=

G2
F |Vcs|2λ3/2(m2

Ds , m2
f0 , q2)

192π3m3
Ds

|f+(q2)|2, Ds → f0 FF

• Improvement with the width effect (ππ invariant mass spectral)

dΓ(D+
s → [ππ]S l+ν)

dsdq2
=

1

π

G2
F |Vcs|2

192π3m3
Ds

|f+(q2)|2
λ3/2(m2

Ds , s, q2) g1βπ(s)
|m2

S − s + i (g1βπ(s)) + g2βK(s)) |2
, BESIII

d2Γ(D+
s → [ππ]S l+ν)

dk2dq2
=

G2
F |Vcs|2

192π3m3
Ds

βππ(k2)
√

λDs q2

16π

∞∑
ℓ=0

2|F(ℓ)
0 (q2, k2)|2, Ds → ππ FF
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Ds → f0 form factor and D+
s → (f0, [ππ]S)e+νe decay

• M2 = 5.0± 0.5GeV2 and s0 = 6.0± 0.5GeV2

this wrok 3pSRs(07) LFQM(09) CLFD/DR(08) LCSRs(10)
0.63 ± 0.04 0.96 0.87 0.86/0.90 0.30 ± 0.03

◦ the BESIII result in the π+π− system f+(0) = 0.518± 0.018± 0.036 [BESIII 23]

different input of the decay constant f̃f0 = 335 MeV, much larger than 180 MeV in LCSRs(10)
we add the first gegenbauer expansion terms in the LCDAs, up-to-date parameters
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Ds → f0 form factor

[SC, Zhang 2307.02309]
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Differential decay width of D+
s → (f0, [ππ]S)e+νe

s̄s-nn̄ mixing scenario of f0 with θ = 20◦ ± 10◦

◦ the uncertainty estimation is conservative, without NLO correction
◦ we need a model independent calculation, not only for the QCD understanding, but also for the future partial-wave measurement
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Ds → [ππ]S form factors

• Definition of Ds → [ππ]S form factor

⟨[π(k1)π(k2)]S |̄sγµ(1− γ5)c|D+
s (p)⟩ = −iFtkt

µ − iF0(q2, s, ζ)k0µ − iF∥k∥µ

kt
µ =

qµ√
q2

, k0µ =
2
√

q2√
λDs

(
kµ −

k · q
q2

qµ
)

, k∥µ =
1

√
k2

(
k̄µ −

4(q · k)(q · k̄)
λDs

kµ +
4k2(q · k̄)

λDs
qµ

)

• LCSRs calculations start with the correlation functions

Π
ab
µ (q, k1, k2) = i

∫
d4xeiq·x⟨πa

(k1)πb
(k2)|T{j1,µ(x), j2(0)}|0⟩

• Introduce a parameter angle to describe the mixing
[ππ]S = |n̄n⟩ cos θ + |̄ss⟩ sin θ, [KK]S = −|n̄n⟩ sin θ + |̄ss⟩ cos θ

• The chiral even two quark isoscalar 2πDAs our knowledge of 2πDAs is still at leading twist

⟨
[
π

a
(k1)πb

(k2)
]

S
|̄s(xn)γµs(0)|0⟩ = 2δ

abkµ sin θ

∫
dueiux(k·n)

Φ
I=0
∥,[ππ]S

(u, ζ, k2)

Φ
I=0
∥,[ππ]S

= 6u(1 − u)
∞∑

n=1,odd

n+1∑
l=0,odd

BI=0
∥,nl(k2, µ)C3/2

n (2u − 1)C1/2
l (2ζ − 1)

• Do the similar LCSRs to Ds → f0 and consider the partial-wave expansion

F0(q2, k2, ζ) =
∞∑
ℓ=0

√
2ℓ + 1 F(ℓ)

0,t (q2, k2)P(0)
ℓ

(cos θπ)
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Ds → [ππ]S form factor and Ds → [ππ]S e+ν decay

• The LCSRs ℓ′-wave Ds → [ππ]S form factors (ℓ′ = even & ℓ′ ⩽ n + 1)

F(ℓ′)
0 (q2, k2) =

mc(mc + ms) sin θ

m2
Ds fDs

√
λDs
√

q2

∞∑
n=1,odd

βπ(k2)
√
2ℓ′ + 1

J0n (q2, k2, M2
, s0) BI=0

nℓ′,∥(k2)

• Leading twist Ds → f0, [ππ]S form factors and Ds → [ππ]S e+ν decay
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Ds → f0 form factor

[SC, Zhang 2307.02309]
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Differential decay width of D+
s → [ππ]S e+νe

• Twist-3 LCDAs give dominate contribution in Ds → f0, [ππ]S transitions
does not indicate a breakdown of the twist expansion, the asymptotic term in the leading twist LCDAs is
zero due to the charge conjugate invariance

• Further measurements, high twist DiPion LCDAs [SC, 2502.07333[hep-ph]]
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D → ρl+ν and D(s) → K∗l+ν
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D → ρl+ν and D(s) → K∗l+ν

• motived by the recent BESIII measurements

• state-of-the-art LCSRs calculation of D → V form factors with high twist
LCDAs

• to examine the width effects and the non-resonant QCD backgrounds in the Dl4
decays (D(s) → V[→ P1P2]lν)
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D0 → ρ− form factors from different twist (power) contributions

[W. Lin, X.E Huang, SC and D.L Yao, 2505.01329]

• both the three-particle LCDAs and the power correction from the heavy quark expansion at O(1/mc)
contribute significantly to the form factors A1 and A2.

• The OPE expansion exhibits good convergence: while two-particle twist-three LCDAs contribute sizeably or
even dominantly in the axial-vector transition, the higher-twist effects remain well under control
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D0 → ρ− form factors

• LCSRs predictions in comparing to the results obtained from other approaches
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D → ρl+ν and D(s) → K∗l+ν

• Differential decay widths dΓ/dq2 of D → ρl+ν and D(s) → K∗l+ν decays
• the lepton mass effect is mostly prominent in the large-recoil region of the semileptonic charm to vector

meson decays
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D → ρl+ν and D(s) → K∗l+ν

• branching ratios of semileptonic charm decays (in unit of 10−6)

• 10%-20% discrepancy when confronting our LCSR predictions with experimental
measurements

• a sizable SU(3) flavor-breaking effect is observed in D(s) → K∗lν decays

• the necessity to further implement the effects of vector meson widths and non-resonant QCD background
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Conclusions and Prospects

• The introduction of DiPion LCDAs provides an opportunity to study the
width effects and the structures of nonstable mesons in Hl4 processes

◦ a new booster on the accurate calculation in flavor physics
◦ improvement study in the CKM determinations and the flavor anomalies

• The studied of DiPion LCDAs and Hl4 decays are mostly at leading twist

◦ determine the parameters by low energy effective theory and data constraints
◦ evolution of k2 from the threshold to large scale O(m2

c , mbλQCD)

◦ universal phase shift in ππ scattering and heavy decay ?

• Go further to high twist LCDAs [SC 2502.07333[hep-ph]]

◦ B → ππlν,B → [ρρ→] → 4π, Ds → ππlν,D → Kπµν, D → ππe+e− et al.

Thank you for your patience.
28 / 28


	I  Why semileptotic D(s)decays
	II  Opportunities in Semileptotic D(s)decays 
	i  Ds weak decays
	ii  Ds [ f0, ] e+  
	iii  D l+  and D(s) Kl+  

	III  Conclusions and Prospects

