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Studies of semileptonic decays

➢ are exploited to determine the magnitudes of 
fundamental parameters of the Standard 
Model, e.g., the Cabibbo-Kobayashi-Maskawa
(CKM) matrix.

➢ give people a platform to observe the internal 
structure of hadrons.

➢ proceeding from a heavy-light meson to a 
(pseudo)-Goldstone mode, analysis of these 
processes will provide fresh ways of revealing 
the interplay between Higgs-boson (HB) 
effects and emergent hadronic mass (EHM).

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ Pion - (pseudo)-Goldstone boson 

– The grey wedge shows that the sum of the valence-
quark and -antiquark (HB) current-masses accounts for 
5% of its measured mass. The orange part expresses the 
EHM+HB interference, which is responsible for 95% of 
the pion mass.

➢ D meson - heavy+light meson 

– HB current-masses accounts for 69% of its measured 
mass, which is 14 times more than in the pion.

➢ The decay of heavy+light meson to (pseudo)-Goldstone 
boson embodies the change of the dominated mechanism
from the HB effects to the EHM.

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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𝑆c,d,s ∶ the dressed propagators of d, s, c quarks;

ΓDs,K : the amplitudes for the Ds and K mesons;

Γ𝑉𝜇 : the dressed-quark-W-boson vertex

Continuum Schwinger function methods (CSMs):

➢ The dressed quark propagator is determined from the 
quark gap equation

➢ Bound-State amplitude is determined from the 
homogeneous Bethe-Salpeter equation (BSE):

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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M. Tanabashi et al., Phys. Rev. D 98, 030001 (2018). (All quantities in GeV.)
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Phys.Lett.B 824 (2022) 136793 • e-Print: 2111.06473

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu



7

➢ 𝐷 → 𝜋 :
– The 𝐷 → π transition form factors:

data: cyan squares-Belle; green diamonds-CLEO; black stars-Babar; 
dark-blue up-triangles and indigo down-triangles - BESIII

our prediction at 𝑡 = 0 : 𝑓+
𝐷𝑢
𝑑

0 = 0.673(09)

➢ 𝐷s → 𝐾 :
– The 𝐷s → 𝐾 transition form factors:

our prediction at 𝑡 = 0 : 𝑓+
𝐷𝑠
𝑑

0 = 0.681(10)

No data are available for these form factors, except for the t = 0 data 
from BESlll

This value agrees with our prediction.

DSE: 𝑓0

DSE: 𝑓+

DSE: 𝑓0

DSE: 𝑓+
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➢ 𝐵 → 𝜋 :
– The 𝐵 → π transition form factors:

our prediction at 𝑡 = 0 : 𝑓+
ത𝐵𝑢
𝑑

0 = 0.29(5)

Empirical result: 𝑓+
ത𝐵𝑢
𝑑

0 = 0.27(2)

➢ 𝐵s → 𝐾 :
– The 𝐵s → 𝐾 transition form factors:

our prediction at 𝑡 = 0 : 𝑓+
ത𝐵𝑠
𝑑

0 = 0.293(55)

Empirical : 𝑓+

DSE: 𝑓+

DSE: 𝑓0

DSE: 𝑓+ lQCD: 𝑓+

DSE: 𝑓0
lQCD: 𝑓0
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E   empirical
H  herein
I    sum rules
II   quark model
III  sum rules
IV  lQCD
V   lQCD
VI  lQCD

Empirical results: 

R. Aaij et al. (LHCb Collaboration)

Phys. Rev. Lett. 120 (2018) 12, 121801

➢ Branching fractions:

➢ For D → K: Using the value of |Vcs|=0.987(11) in PDG, both
fractions exceed PDG values; but the ratio agrees within 1.4σ. The
value |Vcs| = 0.937(17) combined with our form factors delivers
branching fractions in agreement with the PDG values.

➢ Our inferred value is both a match for and more precise than one of
the two used by the PDG to arrive at the average 0.987(11). Using
|Vcs| = 0.937(17) instead to compute this average, one finds

|Vcs| = 0.974(10)

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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Phys.Lett.B 818 (2021) 136344 • e-Print: 2104.10261
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Form factors for 𝐵𝑐 → 𝜂𝑐 and 𝐵𝑐 → 𝐽/𝜓 at t = 0

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ Transition form factors 

The difference between our predictions and the lQCD
results is 10(3)%. 

➢ Branching fraction 

Working with our predictions of transition form factors, we 
obtain the branching fraction of 𝐵𝑐 → 𝜂𝑐

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ Transition form factors 

➢ The 𝑅J/𝜓 from theory

– Our result, 𝑅J/𝜓 = 0.24(5)

– lQCD result, 𝑅J/𝜓 = 0.258(4)

– The mean of other central values 𝑅J/𝜓 =

0.253(16)

➢ The 𝑅J/𝜓 from LHCb collaboration

– This result lies approximately 2σ above the 
range of central values predicted by 
theoretical calculations. 

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ Big issue in standard model: do τ(μ) leptons couple as μ(e) leptons do?

➢ Semileptonic decay of 𝐵𝑐 → 𝐽/𝜓, the 𝑅J/𝜓 from LHCb collaboration

➢ Such a discrepancy maybe a signal of the violation of lepton 
universality in Nature’s weak interactions. However, the 
uncertainty of empirical information is too large to support 
such a claim. 

LHCb: R. Aaij et al. Phys. Rev. Lett., 120(12):121801, 2018.
lQCD: Judd Harrison et al. Phys.Rev.Lett. 125 (2020) 22, 222003

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ 𝐾 → π, 𝐷 → π, 𝐷 → 𝐾, 𝐷𝑠 → 𝐾, B→ π and 𝐵𝑠 → K 

– We compare our results with extant theories and the recent measurements for these processes. Our 
predictions quantitatively agree with all these theories and the available measured transition form factors; 

– Provide predictions for the hitherto unmeasured 𝐷𝑠 → 𝐾, 𝐵𝑠 → K form factors and predictions for five 
unmeasured branching fraction and ratios.

– We also improve precision on the value of |Vcs|.

➢ 𝐵𝑐 → 𝜂𝑐, 𝐵𝑐 → J/𝜓

– Combined with other recent results, our analysis confirmed a 2σ discrepancy between the Standard Model 
prediction for 𝑅J/𝜓 and the single available experimental result. 

– The uncertainty of existing empirical information is too large to support the violation of lepton flavour
universality.

– Moreover, we predict 𝑅𝜂𝑐= 0.313(22), which agrees very well with the mean obtained from modern 

continuum analyses: 0.31(4).

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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For the decay of a quark 𝑞 with charge −1/3 to a quark 𝑞′with 
charge +2/3,

The coupling at the W vertex is proportional to |𝑉𝑞′𝑞|. The 3 × 3 

matrix of these constants, which is known as the CKM matrix

The determination of 𝑉𝑢𝑑 = 0.97370(10), comes from β decay. 
For the other elements, the semileptonic decays of mesons play 
a crucial role to determine them. 

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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Pion contains one valence 𝑢-quark, one valence ҧ𝑑-
quark, and infinitely many gluons and sea quarks. 
These quarks are bound together by the strong 
interactions, described by quantum 
chromodynamics (QCD).

These interactions are hard for people to make 
predictions with perturbative approaches due to 
the large coupling at the typical energy scales in 
low energy.

Ya Lu, et al
Phys.Lett.B 830 (2022) 137130

Z.-F. Cui et al 2020 Chinese Phys. C 44 083102

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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Continuum Schwinger function methods (CSMs) for the strong-interaction
problem are used in our work.

Dyson-Schwinger equations (DSEs) are a practical, predictive, unifying tool for
fundamental physics.

➢ Dressed quark propagator: 

➢ The dressed quark propagator is determined from the quark gap equation

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu



22

➢ Poincaré covariance entails that the bound-state (Bethe-Salpeter) amplitude for a 
pseudoscalar meson takes the form:

– 𝑃2 = −𝑚2 is total momentum of system, 𝑚 is the meson mass. (Euclidean space)

– 𝑘 is relative momentum between valence quark

➢ Bound-State amplitude is determined from the homogeneous Bethe-Salpeter equation 
(BSE):

– 𝑞+ = 𝑞 + 𝜂𝑃; 𝑞− = 𝑞 − 1 − 𝜂 𝑃 are complex number.
Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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𝑆c,d,s ∶ the propagators of dressed d, s, c quarks;

ΓDs,K : the BS amplitudes for the Ds and K mesons;

Γ𝑉𝜇 : the dressed-quark-W-boson vertex
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➢ Rainbow truncation

➢ Interaction : Qin-Chang Model

– the free gluon propagator

– Qin-Chang Model

– Where 𝑚𝑡 = 0.5 GeV, τ = 𝑒2 − 1, Λ𝑄𝐶𝐷 = 0.234 GeV, γ𝑚 = 12/25

➢ A mass-independent renormalization scheme

24

Si-xue Qin, Lei Chang, Yu-xin Liu, Craig D. Roberts, 
and David J. Wilson
Phys. Rev. C 84, 042202(R)

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ The quark gap equations need to be solved in the 
complex plane

– Domain of the complex plane sampled by the dressed-
quark propagator.

– It is hard to calculate properties of heavy-light mesons. 
The direct approach fails when the mass of the heavier 
quark exceeds ෝ𝑚𝑄ഥ𝑞.

➢ Ladder truncation

– Rainbow-Ladder (RL) truncation is the leading-order in a 
nonperturbative, symmetry-preserving truncation.

singularities in 
complex plane

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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• Considering a fictitious meson 𝑃𝑄ത𝑞, q=u, s. Computing

its mass 𝑚𝑃( ෝ𝑚𝑄) as a function of current-mass ෝ𝑚𝑄 up

to a value ෝ𝑚𝑄ഥ𝑞.

• calculated at N = 40 values of ෝ𝑚𝑄 distributed evenly

throughout the appropriate domain. We choose M =
20 current-mass values at random from that 40-
element set, and then implement a continued fraction
interpolation on this 20-element subset. Thereby, we
obtain C(40,20)∼100-billion interpolating functions.

• Building interpolations: 𝑚𝑃( ෝ𝑚𝑄) using Schlessinger

point method (SPM) on the domains ෝ𝑚𝑄ϵ ෝ𝑚𝑞, ෝ𝑚𝑄ഥ𝑞 to

reach 𝐷(𝑠), 𝐵(𝑠) mesons.

• The value located at the centre of the band, within
which 68% of the interpolants’ values lie, is cited as the
result. This 1σ band is identified as the uncertainty in
the result.

L. Schlessinger and C. Schwartz Phys. Rev. Lett. 16, 1173
L. Schlessinger Phys. Rev. 167, 1411Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu
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➢ Dressed quark propagator: 

➢ Pion’s Bethe-Salpeter amplitude comes from solving

the BSE

➢ Axial-vector Ward-Takahashi identity

In chiral-limit, it entails

Maris, Roberts and Tandy nucl-th/9707003, 
Phys.Lett. B420 (1998) 267-273

The most fundamental expression 
of Goldstone theories in SM.

Semileptonic decays of heavy + light and heavy + light mesons. yao.zhaoqian@foxmail.com; zyao@ectstar.eu


