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    Flavour universality: gauge couplings are equal for all three generations

    Flavour non-universality introduced by Yukawa couplings between the 

Higgs field and the quarks

Gauge couplings of the quarks
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Perspectives on Flavour NP



Many Interesting Flavour Anomalies 
W → τν, b → cτν, b → sμμ, , (g − 2)μ, Vcb, Vub, . . . .
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� Evidence for New Physics 

� Statistical fluctuation 

� Underestimated systematics 

� Incorrect SM prediction or measurement 

? 
Statistical fluctuation


Underestimated systematics


Incorrect SM prediction or measurement


Effects of New Physics beyond SM 

Not easy common explanation (within appealing BSM models) 


Separate analyses are (perhaps) more enlightening
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The Effective Hamiltonian
The most general effective Hamiltonian containing all possible local operators of 

the lowest dimension  transitions can therefore be written as

Heff =
4GF

2
V*cq[(1 + Cℓ

VL)𝒪ℓ
VL + Cℓ

VR𝒪ℓ
VR + Cℓ

SL𝒪ℓ
SL + Cℓ

SR𝒪ℓ
SR + Cℓ

T 𝒪ℓ
T],

In order to achieve the above purpose, we shall analyze all D mesons decays induced by

c → (s, d)!+ν! in the model-independence manner, including the leptonic and semi-leptonic

decays. Based on the general framework of the four-fermion effective field theory, we will

perform a minimum χ2 fit of the Wilson coefficient of each operator to the latest experimental

data. With these obtained Wilson coefficients, we present the predictions of other observables

for testing in the future experiments. For the pure leptonic D decays, we will also study the

LFU with current experimental data.

This work will be organized as follows. In Sec. 2 the framework in this work is presented,

including the effective hamiltonian, the form factors and the helicity amplitudes. We list the

parameters in Sec. 3. The numerical analysis of leptonic decays will be investigated in Sec. 4,

and the results and discussions of semi-leptonic decays of D mesons are given in Sec. 5, and

the predictions of the physical observables are also given in this section, Finally, we give the

summary and conclusions in Sec. 6

2 Framework

2.1 Effective Lagrangian

In particular, the energy scale of NP is supposed to be higher than the electroweak scale,

thus the operator product expansion formalism (OPE) is reliable since it allows the separation

between long-distance and short-distance interactions. In the OPE, the heavier degrees of

freedom can be integrated out, resulting an effective Lagrangian where all high energy physics

effects are parameterized by Wilson coefficients, namely the effective couplings multiplying the

operators of the Lagrangian. In this spirit, considering all possible Lorentz structures, and

assuming neutrinos to be left-handed, we then write down the effective Lagrangian for the

decay c → q!+νl (with q = d, s) [25, 26]

Leff = −
4GF√

2
Vcq

[

(1 + C!
V L)O

!
V L + C!

V RO
!
V R + C!

SLO
!
SL + C!

SRO
!
SR + C!

TO
!
T

]

+ h.c, (1)

where GF is the Fermi constant and Vcq is the CKM matrix element. The four-fermion operators

can be defined as

O!
V L = (q̄γµPLc)(ν̄!γµPL!), O

!
V R = (q̄γµPRc)(ν̄!γµPL!),

O!
SL = (q̄PLc)(ν̄!PR!), O

!
SR = (q̄PRc)(ν̄!PR!),

O!
T = (q̄σµνPLc)(ν̄!σµνPR!), (2)

where PL(R) = (1∓ γ5)/2 and C!
i (i = V L, V R, SL, SR, and T ) are the corresponding Wilson

coefficients at the scale µ = mc, with C!
i = 0 in SM. It should be noted that we assume all

Wilson coefficients to be real for simplicity, i.e. that the NP effects do not involve new sources

of CP violation.

3

In our analysis, we shall assume real Wilson coefficients for simplicity, i.e. that 

the NP effects do not involve new sources of CP violation. 

: W’ Model, WR Model,  Leptoquark Model, SUSY,…


: 2HDM, Leptoquark Model, SUSY,…

𝒪ℓ
VL(R)

𝒪ℓ
SL(R)
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Vcs And Vcd

Vcd = −λ +
1
2

A2λ5[1 − 2(ρ + iη)] + 𝒪(λ7),

Vcs = 1 −
1
2

λ2 −
1
8

λ4(1 + 4A2) + 𝒪(λ6) .

The CKM matrix elements are usually determined directly from leptonic and semi-
leptonic decays and assuming the SM.

Here, we are investigating these decays in the presence of NP contributions, 
hence we need an independent determination of them.

So, we adopt the Wolfenstein parametrization of the CKM matrix, exploiting its 
unitarity.

|Vcd | = 0.2242 ± 0.0005,

|Vcs | = 0.9736 ± 0.0001.

11



3 Parameters

When searching for the effects of NP in D decays, we should be careful on the values of CKM

matrix elements |Vcd| and |Vcs|. Generally, these two CKM matrix elements could be extracted

from leptonic or semileptonic D decays, assuming that SM is correct, such as discussions in [22].

In the current work, it is paradoxical to use CKM matrix elements extracted from the above

experiments when investigating these decays in the presence of NP contributions. In order to

avoid such contradiction, we therefore adopt the values as [44]

|Vcd| = 0.2242± 0.0005, |Vcs| = 0.9736± 0.0001, (43)

which are obtained by using the unitary property of CKM matrix elements and combining the

measurements of B decays and mixings. The strategy was presented in detail in Ref. [44].

Similarly, the decay constants fD are usually determined by the pure leptonic decays of D

mesons. In order to avoid the similar paradox, we use the results from the LQCD [47] directly,

and they are given as

fD+ = (209.0± 2.4) MeV, fD+
s
= (248.0± 1.6) MeV. (44)

The other parameters, such as the Fermi constant, masses of mesons and lifetimes of D mesons,

are taken from PDG [23]

4 Leptonic Decays

Besides the semi-leptonic decays, the effective Lagrangian also controls the pure leptonic decay

D → !+ν! , the formula for the branching fraction of which is given by

B(D+ → !+ν!) = τD
G2

F

8π
|Vcq|2f 2

DmDm
2
!

(

1−
m2

!

m2
D

)2

×
∣

∣

∣

∣

1 + C!
V L − C!

V R +
m2

D

m!(mc +mq)
(C!

SR − C!
SL)

∣

∣

∣

∣

2

(1 + δ!em) . (45)

Because the tensor operator OT is antisymmetric in indexes µ and ν, it cannot contribute to

the pure leptonic decays. δ!em ∼ (0−3)% is from the electromagnetic corrections [48], the study

of which is out of the scope of this work, we will not discuss it here. It should be emphasized

that the pure leptonic decays of D mesons should be helicity suppressed, which is reflected by

the proportionality of the branching fractions to m2
! . As a results, the branching fractions of

decay modes involving the electron are too small to have been measured till now.

In Table. 5, we present the numerical results in SM and the corresponding experimental

results, which are same as the results in [44]. In our calculations, the major uncertainties

are from the decay constants of D mesons, and the electromagnetic corrections have not been

included here. From the table, it seems that the center theoretical values of B(D+ → τ+ντ )

and B(D+
s → τ+ντ ) are a bit smaller than the experimental data, which implies that there

is room for the NP to survive. If NP affects the transition c → qτ+ντ , we can constrain the

11

Leptonic D Decays

Table 5: Branching ratios of leptonic D+
s decays calculated in the SM and comparison with the

currently available experimental values.

Decay SM Experiment

B(D+ → e+νe) (9.17± 0.22)× 10−9 < 8.8× 10−6 [23]

B(D+ → µ+νµ) (3.89± 0.09)× 10−4 (3.74± 0.17)× 10−4 [23]

B(D+ → τ+ντ ) (1.04± 0.03)× 10−3 (1.20± 0.27)× 10−3 [49]

B(D+
s → e+νe) (1.24± 0.02)× 10−7 < 8.3× 10−5 [23]

B(D+
s → µ+νµ) (5.28± 0.08)× 10−3 (5.50± 0.23)× 10−3 [23]

B(D+
s → τ+ντ ) (5.14± 0.08)× 10−2 (5.48± 0.23)× 10−2 [23]

Wilson coefficients with the experimental data. Supposing the Wilson coefficients are complex

temporarily, we present the allowed parameter spaces of the |Cτ
V L − Cτ

V R| and |Cτ
SR − Cτ

SL| in
Fig. 1, where one can find that the major constraint is from the decay D+

s → τ+ντ . In Fig. 2,

we suppose the Wilson coefficients are real and show the dependencies of B(D+ → τ+ντ )

and B(D+
s → τ+ντ ) on |Cτ

V L − Cτ
V R| and |Cτ

SR − Cτ
SL|, respectively. Moreover, the current

experimental results are also shown in these two plots. From the B(D+
s → τ+ντ ) = (5.48 ±

0.23)× 10−2, we have the |1 +Cτ
V L −Cτ

V R| = 1.03± 0.02, while |1 +Cτ
V L −Cτ

V R| = 1.07± 0.12

is obtained from B(D+ → τ+ντ ) = (1.20± 0.27)× 10−3. These possible allowed ranges can be

used to constrain the model in which the new particles can contribute the operators OV L or

OV R, such as leptoquark models, R-parity violation supersymmetry models, and models with

W ′ or WR. Also, we obtain the Cτ
SR −Cτ

SL = −1.19± 0.02 or 0.02± 0.01, which are helpful for

constraining the models with charged scalars, such as Two-Higgs doublet models, the left-right

models and some leptoquark models. For decay modes with final states µ+νµ, the theoretical

prediction of B(D+
s → µ+νµ) is a bit smaller than the center value of experimental data, while

the situation is reverse for decay D+ → µ+νµ. Therefore, as shown in Fig. 3, there are still

allowed parameter regions left for both |Cµ
V L − Cµ

V R| and |Cµ
SR − Cµ

SL| at 1σ confidence level.

In order to test the lepton flavour universality, one can define the ratio of two leptonic

decays as [44]

R"1
"2
=

B(D+
(s) → $+1 ν"1)

B(D+
(s) → $+2 ν"2)

. (46)

This observable is theoretically clean, because both uncertainties from the decay constants

and the CKM matrix elements have been cancelled out by each other. Within the available

experimental data, the constraints on each coefficient have been discussed in great detail in

Ref. [44]. Taking the (Rτ
µ)

D as an example, we present the allowed parameter regions in Fig. 4.

One can find that the SM predictions are in good agreement with the current data and the

allow regions for NP are rather limited.

12

The branching fraction for leptonic D decays is given as 

In SM, the branching fraction is suppressed by , due to the helicity suppression.


The most theoretical uncertainty is from the decay constant.


 is from the electromagnetic corrections. 

m2
ℓ

δℓ
em ∼ (0 − 3) %

(5.27 ± 0.10 ± 0.12) × 10−2 PRL 127, 171801 (2021)
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Figure 1: Allowed regions of the effective couplings Cτ
V L−Cτ

V R (left panel) and Cτ
SR−Cτ

SL (right

panel), extracted from the branching fractions of the decay modes B(D+ → τ+ντ ) (green) and

B(D+
s → τ+ντ ) (blue), respectively.

5 Semileptonic Decays

5.1 Results of SM

Due to the large mass of the τ lepton, the semileptonic D decays involving τ lepton are kinemat-

ically forbidden. All decays with e and µ leptons can be divided into four categories, according

to the different currents, namely c → se+νe, c → sµ+νµ, c → de+νe and c → dµ+νµ. In

Table. 6, we present the branching fractions of all semileptonic D decays in SM, where the only

uncertainties arising from the form factors are considered. The current experimental results [23]

are also given for comparison.

From the table, one can see that all theoretical predictions are in agreement with the current

experimental results at 1σ confidence level. If looking at this table more closely, we find that

for the D → P $+ν" the differences between the theoretical predictions and the experimental

data are very small, except the channels with η and η′. It is known to us that η and η′

are mixing states of η1, η8 and possible gluonic content. The mixing angels have not been

determined yet, which will bring large theoretical uncertainties. The branching fraction of

decay D+
s → K0µ+νµ has not been measured till now, and the order of magnitude is around

of the corner in BESIII experiment. For the D → V $+ν" decays, the predicted branching

fractions of D0 → K∗−e+νe, D0 → K∗−µ+νµ, D0 → ρ−e+νe and D+ → ρ0e+νe in SM are

well in agreement with experimental data, even for center values. However, for the decays

D+ → K
∗0
e+νe and D+ → K

∗0
µ+νµ, the SM results are a bit smaller than the data with

larger theoretical uncertainties. On the contrary, the predicted branching fractions of D+
s →

φµ+νµ and D+
s → K

∗0
e+νe are larger than the experimental data, although there are larger

uncertainties in both theoretical and experimental sides. We also note that for the form factors

of D → K∗, there are large differences among results calculated within different approaches,

13
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Figure 3: Allowed regions of the effective couplings Cµ
V L−Cµ

V R (left panel) and Cµ
SR−Cµ

SL (right

panel), extracted from the branching fractions of the decay modes B(D+ → µ+νµ) (green) and

B(D+
s → µ+νµ) (blue), respectively.

Figure 4: The allowed regions in the (Cµ
V L −Cµ

V R)-(C
τ
V L −Cτ

V R)(left) and (Cµ
SL −Cµ

SR)-(C
τ
SL −

Cτ
SR) (right) planes following from the ratio (Rτ

µ)
D, respectively. The red dots indicate the SM

predictions

same for muon and electron. While for the case-II, we suppose that NP violates LFU and

affects the electron sector and muon sector individually. It should be noted that the differences

between c → d"+ν" and c → s"+ν", namely the violation of light quark SU(3) symmetry, were

not discussed any more for simplicity.

Using the existing experimental data including the leptonic and semileptonic decays, and

considering the single operator contribution, we can constrain the Wilson coefficients of each

new physics operator. In the calculation, we will perform the minimum χ2 fit of the Wilson

coefficients at the 1σ C.L. of experiment and theory. In our methodology of minimum χ2 fit,

15
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V R and Cτ
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SL,

respectively. The green bands are the experimental data.

which leads to large theoretical uncertainties. For example, for the decays D+ → K
∗0
e+νe and

D+ → K
∗0
µ+νµ, the branching fractions based on LQCD [42] are lager than those based on

LCSR [29] by 25%. Because many form factors of D → V of LQCD are absent now, we adopt

the results of LCSR in order to keep the consistency. In this respect, the reliable calculations

of D → V are needed, especially from Lattice QCD, to match the more precise experimental

data.

5.2 Constraints on New Physics

As aforementioned, all decays are induced by c → se+νe, c → sµ+νµ, c → de+νe and c → dµ+νµ
currents. In order to study the new physics contributions, we shall discuss two cases. For the

case-I, we keep the LFU and assume that the Wilson coefficients of new physics operators are

14
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Leptonic D Decays

In order to test the lepton flavor universality, we can define

Rℓ1
ℓ2

≡
B(D+

(s) → ℓ+
1 νℓ1

)
B(D+

(s) → ℓ+
2 νℓ2

)

       BESIII PRL,123,211802(Rτ
μ)D = 3.21 ± 0.73

      (Re
μ)D < (2.35 ± 0.11) × 10−2

      (Rτ
μ)Ds = 9.96 ± 0.59

      (Re
μ)Ds < (1.51 ± 0.06) × 10−2

=
αℓ1 1 + Cℓ1

VL − Cℓ1
VR + βℓ1(Cℓ1

SR − Cℓ1
SL)

2

αℓ2 1 + Cℓ2
VL − Cℓ1

VR + βℓ2(Cℓ2
SR − Cℓ2

SL)
2

αℓ1(2) = m2
ℓ1(2)(1 −

m2
ℓ1(2)

M2
D+

(s)

)
2

βℓ1(2) =
M2

D+
(s)

[mℓ1(2)
(mc + mq)]

PRL 127, 171801 (2021)      (Rτ
μ)Ds = 9.72 ± 0.37
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2.2 The Form Factors

In our calculations, the hadronic transition is parameterized by the heavy-to-light form fac-

tors, which are nonperturbative but universal. For the hadronic matrix elements of D → P

transitions, P denoting the pseudoscalar meson, they can be defined as

〈P (p2)|q̄γµc|D(p1)〉 = f+(q
2)
[

(p1 + p2)
µ −

m2
D −m2

P

q2
qµ
]

+ f0(q
2)
m2

D −m2
P

q2
qµ, (3)

〈P (p2)|q̄c|D(p1)〉 =
qµ

mc −mq
〈P (p2)|q̄γµc|D(p1)〉 =

m2
D −m2

P

mc −mq
f0(q

2), (4)

〈P (p2)|q̄σµνc|D(p1)〉 = −i(pµ1p
ν
2 − pν1p

µ
2)

2fT (q2)

mD +mP
, (5)

where qµ = (p1−p2)µ and two QCD form factors f+(q2) and f0(q2) encode the strong-interaction

dynamics with satisfying f+(0) = f0(0). mq are the running quark masses. For the various

form factors of the D → K, we adopt the latest results from the LQCD calculations [27, 28],

and each form factor can be written as

fD→K
+ (q2) =

fD→K(0) + cD→K
+ (z − z0)(1 +

z+z0
2 )

1− q2/MD∗
s

2

, (6)

fD→K
0 (q2) =fD→K(0) + cD→K

0 (z − z0)(1 +
z + z0

2
), (7)

fD→K
T (q2) =

fD→K
T (0) + cD→K

T (z − z0)(1 +
z+z0
2 )

1− PD→K
T q2

, (8)

where z is defined as

z =

√

t+ − q2 −
√
t+ − t0

√

t+ − q2 +
√
t+ − t0

, (9)

with t+ and t0 given by

t+ = (mD +mK)
2, t0 = (mD +mK)(

√
mD −

√
mK)

2, (10)

and z0 = z(q2 = 0). For the D → π transition, the scalar, vector and tensor form factors are

also parameterized as

fD→π
+ (q2) =

fD→π(0) + cD→π
+ (z − z0)(1 +

z+z0
2 )

1− PV q2
, (11)

fD→π
0 (q2) =

fD→π(0) + cD→π
+ (z − z0)(1 +

z+z0
2 )

1− PSq2
, (12)

fD→π
T (q2) =

fD→π
T (0) + cD→π

T (z − z0)(1 +
z+z0
2 )

1− PD→π
T q2

. (13)

The values of all parameters are collected in Tables. 1 and 2.

However, for the form factors of Ds → K, D → η(′) and Ds → η(′), LQCD results are still

unavailable till now, and we have to employ the results of other approaches. In this work, we

shall adopt the results [29] of the light-cone sum rules in the framework of the heavy quark

4

In calculations, the hadronic transitions are parameterized by the heavy-to-

light form factors, which are nonperturbative and universal. 

Regarding the various form factors in the D → K, pi transitions, we adopt the latest results 
from the LQCD. 


However, for the form factors of Ds → K, D → η, and Ds → η, LQCD results are still 
unavailable till now, and we have to employ the results obtained from other approaches. In 
this work, we adopted the results based on the light-cone sum rules. 

〈P(p2)|q̄σµνc|D(p1)〉 = −i(pµ1 pν2− pν1 pµ2)
2 fT (q2)
mD+mP

, (5)

qµ = (p1− p2)µ

f+(q2) f0(q2),
f+(0) = f0(0) mq

D→ K

where    and  the  two  QCD  form  factors,
  and    encode the  strong-interaction   dynam-

ics and satisfy  . In addition,   represents the
running  quark  mass.  Regarding  the  various  form factors
in the  transitions,  we adopt the latest  results from
the  LQCD  [30,31], and  each  form  factor  can  be   ex-
pressed as

f D→K
+ (q2) =

f D→K(0)+ cD→K
+ (z− z0)

(
1+

z+ z0

2

)

1−q2/MD∗s

2

, (6)

f D→K
0 (q2) = f D→K(0)+ cD→K

0 (z− z0)
(
1+

z+ z0

2

)
, (7)

f D→K
T (q2) =

f D→K
T (0)+ cD→K

T (z− z0)
(
1+

z+ z0

2

)

1−PD→K
T q2

, (8)

where z is defined as

z =

√
t+−q2− √t+− t0√
t+−q2+

√
t+− t0

, (9)

t+ t0with   and   given by

t+ = (mD+mK)2, t0 = (mD+mK)(
√

mD−
√

mK)2, (10)

z0 = z(q2 = 0) D→ πand  .  For  the    transition,  the  scalar,
vector, and tensor form factors are also parameterized as
[30,31]

f D→π
+ (q2) =

f D→π(0)+ cD→π
+ (z− z0)

(
1+

z+ z0

2

)

1−PVq2 , (11)

f D→π
0 (q2) =

f D→π(0)+ cD→π
+ (z− z0)

(
1+

z+ z0

2

)

1−PS q2 , (12)

f D→π
T (q2) =

f D→π
T (0)+ cD→π

T (z− z0)
(
1+

z+ z0

2

)

1−PD→π
T q2

. (13)

The values of all parameters are presented in Tables 1
and 2.

Ds→ K D→ η(′),
Ds→ η(′)
However,  for  the  form  factors  of  , 

and  , LQCD results are still unavailable till now,
and  we  have  to  employ  the  results  obtained  from  other
approaches.  In  this  work,  we  adopted  the  results  from
Ref. [32], based on the light-cone sum rules. To describe
the behavior  of  the  form factors  in  the  entire  kinematic-
ally accessible  region,  we adopted  the  double-pole  para-
metrization:

Fi(q2) =
Fi(0)

1−a
q2

m2
D
+b




q2

m2
D




2 , (14)

Fi(q2) fi i = +,0,T
η η′

where   can be any of the form factors  ( ).
For   and  , we considered mixing the light and s-quark
components. The quark components are given as

(
η
η′

)
=

(
sinθp cosθp
−cosθp sinθp

)(
qq̄
ss̄

)
, qq̄ =

uū+dd̄√
2
. (15)

θ = (39.3±1.0)◦We adopted the value  from Ref. [33],
and the possible gluonic contribution was neglected. The
explicit  values  of  these  form  factors  are  presented  in
Table 3.

V = K∗ φ ρ
ω

The  hadronic  matrix  elements  of  the  vector,  scalar,
and  tensor  currents  between D  and V  ( ,  ,    and
) can also be parameterized into eight form factors, re-

spectively,

f0 f+Table 1.    Parameters for  ,   in the z-series expansion [30].

Decay f (0) c+ PV
−2/GeV c0 PS

−2/GeV

D→ π 0.6117 (354) −1.985 (347) 0.1314 (127) −1.188 (256) 0.0342 (122)

D→ K 0.7647 (308) −0.066 (333) − −2.084 (283) −

fTTable 2.    Parameters for   in the z-series expansion [31].

Decay fT (0) cT PT
−2/GeV

D→ π 0.5063 (786) −1.10 (1.03) 0.1461 (681)

D→ K 0.6871 (542) −2.86 (1.46) 0.0854 (671)

c→ (s,d))+ν)Investigation of Effects of New Physics in   Transitions Chin. Phys. C 45, 063107 (2021)

063107-3

For  mixing, we adopt η − η′￼ θ = 39.3∘

D → P
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effective field theory. In the calculation, in order to describe the behavior of the form factors

in the whole kinematically accessible region, we use the double-pole parametrization:

F i(q2) =
F i(0)

1− a q2

m2
D

+ b
(

q2

m2
D

)2 , (14)

where F i(q2) can be any of the form factors f+ and f0. It should noted that in this work η

and η′ are viewed as the mixing states of ηq and ηs with the mixing angle φ = (39.3 ± 1.0)◦,

and the possible gluonic contribution has not been considered here. The explicit values of each

form factor are presented in Table. 3.

Table 1: Fit parameters for f0, f+ in the z-series expansion [27].

Decay f(0) c+ PV (GeV)−2 c0 PS (GeV)−2

D → π 0.6117 (354) -1.985 (347) 0.1314 (127) -1.188 (256) 0.0342 (122)

D → K 0.7647 (308) -0.066 (333) - -2.084 (283) -

Table 2: Fit parameters for fT in the z-series expansion [28].

Decay fT (0) cT PT (GeV)−2

D → π 0.5063 (786) -1.10 (1.03) 0.1461 (681)

D → K 0.6871 (542) -2.86 (1.46) 0.0854 (671)

Table 3: Form factors of Ds → K, D → ηq and D → ηs [29].

Decay F (0) aF bF

Ds → K
f+ 0.82+0.08

−0.07 1.11−0.04
+0.07 0.49−0.05

+0.06

f0 0.82+0.08
−0.07 0.53−0.03

+0.04 −0.07−0.04
+0.04

D → ηq
f+ 0.56+0.06

−0.05 1.25−0.04
+0.05 0.42−0.06

+0.05

f0 0.56+0.06
−0.05 0.65−0.01

+0.02 −0.22−0.03
+0.02

Ds → ηs
f+ 0.61+0.06

−0.05 1.20−0.02
+0.03 0.38−0.01

+0.01

f0 0.61+0.06
−0.05 0.64−0.01

+0.02 −0.18+0.04
−0.03

The hadronic matrix elements of the vector, scalar and tensor currents between D and V

(V = K∗, φ, ρ and ω) can also be parameterized in terms of eight form factors, respectively,

〈V (p2, ε
∗)|q̄γµc|D(p1)〉 =

−2iV (q2)

mD +mV
εµναβε

∗νpα1 p
β
2 , (15)

5
〈V (p2, ε

∗)|q̄γµγ5c|D(p1)〉 =− (mD +mV )ε
∗µA1(q

2) +
ε∗ · q

mD +mV
(p1 + p2)

µA2(q
2)

+ 2mV
ε∗ · q
q2

qµ
(

A3(q
2)− A0(q

2)
)

, (16)

〈V (p2, ε
∗)|q̄σµνc|D(p1)〉 =εµνρσ

[

ε∗ρ(p1 + p2)σT1(q
2) + ε∗ρqσ

m2
D −m2

V

q2
(T2(q

2)− T1(q
2))

+ 2
ε∗ · q
q2

p1ρp2σ(T2(q
2)− T1(q

2) +
q2

m2
D −m2

V

T3(q
2))

]

, (17)

where A0 is the abbreviation for

A0(q
2) =

1

2mV

[

(mD +mV )A1(q
2)− (mD −mV )A2(q

2)−
q2

mD +mV
A3(q

2)
]

. (18)

In the literatures, there are many studies of these form facators based on different ap-

proaches, such as QCD sum rules [30], light-cone sum rules (LCSR) [29, 31, 32], quark mod-

els [33–39], the covariant light-front quark models [40, 41] and LQCD [42, 43]. The results

of D → K∗, ρ of LQCD had been released in as early as 1995 [42], however the predicted

D+ → K∗+&ν$ are much larger than the upper limits of experimental results [44]. The recent

undated results are still absent till now. In 2013, the HPQCD collaboration calculated the

complete set of axial and vector form factors of D+
s → φ [43], but the ratios at maximum recoil

of A2(0)/A1(0) and V (0)/A1(0) are smaller than the experimental data [34]. In addition, the

form factors D+
s → K∗ and D → ω have not been explored till now. Although most results [40]

of the covariant light-front quark model agree well with the experimental data [23] with cer-

tain uncertainties, the predicted branching fraction of D → K∗µ+νµ is also much larger than

the experimental data, which lowers its prediction power. As for other results based on quark

models, a complete study involving all D → V processes of all possible currents are in absent,

to our best knowledge. For consistency, we shall adopt the results with the LCSR calculation

of Ref. [29], which is based on the framework of heavy quark effective field theory. This work

dates back to 2006, but there exists a more recent determinations [31, 32]. In our calculations,

the double-pole parametrization as eq.(14) is also chosen to interpolate the calculated values

of the form factors, and here F i being any of the form factors A1, A2, A3 and V . The values of

the parameters are collected in Table. 4. In the heavy quark effective theory, the tensor form

factors of D → V are related to the vector and scalar form factors A1, A2, A3 and V , and the

relations are given as

T1(q
2) =

m2
D −m2

V + q2

2mD

V (q2)

mD +mV
+

mD +mV

2mD
A1(q

2), (19)

T2(q
2) =

2

m2
D −m2

V

[

(mD − y)(mD +mV )

2
A1(q

2) +
mD(y2 −m2

V )

mD +mV
V (q2)

]

, (20)

T3(q
2) = −

mD +mV

2mD
A1(q

2) +
mD −mV

2mD

[

A2(q
2)−A3(q

2)
]

+
m2

D + 3m2
V − q2

2mD(mD +mV )
V (q2), (21)

where the energy y of the final vector meson is given by

y =
m2

D +m2
V − q2

2mD
. (22)

6

For the form factors of D → V , there are several studies in literature based on different 

approaches, such as QCD sum rules, light-cone sum rules (LCSR), quark models, covariant 

light-front quark models, and LQCD. 


The results of D → K∗,ρ from LQCD had been released in as early as 1995; however, the 

predicted branching fraction of  is significantly larger than the upper limits of 

experimental result. The recent undated results from LQCD remain absent to date. 


Although most results of the covariant light-front quark model agree well with the 

experimental data with certain uncertainties, the predicted branching fraction of 

is also significantly larger than the experimental data, which reduces its prediction power. 

D → K*μνμ

D → K*μνμ
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In the heavy quark effective theory, the tensor form factors of D → V are related to 
the vector and scalar form factors A1, A2, A3 and V , and the relations are given as 

〈V (p2, ε
∗)|q̄γµγ5c|D(p1)〉 =− (mD +mV )ε

∗µA1(q
2) +

ε∗ · q
mD +mV

(p1 + p2)
µA2(q

2)

+ 2mV
ε∗ · q
q2

qµ
(

A3(q
2)− A0(q

2)
)

, (16)

〈V (p2, ε
∗)|q̄σµνc|D(p1)〉 =εµνρσ

[

ε∗ρ(p1 + p2)σT1(q
2) + ε∗ρqσ

m2
D −m2

V

q2
(T2(q

2)− T1(q
2))

+ 2
ε∗ · q
q2

p1ρp2σ(T2(q
2)− T1(q

2) +
q2

m2
D −m2

V

T3(q
2))

]

, (17)

where A0 is the abbreviation for

A0(q
2) =

1

2mV

[

(mD +mV )A1(q
2)− (mD −mV )A2(q

2)−
q2

mD +mV
A3(q

2)
]

. (18)

In the literatures, there are many studies of these form facators based on different ap-

proaches, such as QCD sum rules [30], light-cone sum rules (LCSR) [29, 31, 32], quark mod-

els [33–39], the covariant light-front quark models [40, 41] and LQCD [42, 43]. The results

of D → K∗, ρ of LQCD had been released in as early as 1995 [42], however the predicted

D+ → K∗+&ν$ are much larger than the upper limits of experimental results [44]. The recent

undated results are still absent till now. In 2013, the HPQCD collaboration calculated the

complete set of axial and vector form factors of D+
s → φ [43], but the ratios at maximum recoil

of A2(0)/A1(0) and V (0)/A1(0) are smaller than the experimental data [34]. In addition, the

form factors D+
s → K∗ and D → ω have not been explored till now. Although most results [40]

of the covariant light-front quark model agree well with the experimental data [23] with cer-

tain uncertainties, the predicted branching fraction of D → K∗µ+νµ is also much larger than

the experimental data, which lowers its prediction power. As for other results based on quark

models, a complete study involving all D → V processes of all possible currents are in absent,

to our best knowledge. For consistency, we shall adopt the results with the LCSR calculation

of Ref. [29], which is based on the framework of heavy quark effective field theory. This work

dates back to 2006, but there exists a more recent determinations [31, 32]. In our calculations,

the double-pole parametrization as eq.(14) is also chosen to interpolate the calculated values

of the form factors, and here F i being any of the form factors A1, A2, A3 and V . The values of

the parameters are collected in Table. 4. In the heavy quark effective theory, the tensor form

factors of D → V are related to the vector and scalar form factors A1, A2, A3 and V , and the

relations are given as

T1(q
2) =

m2
D −m2

V + q2

2mD

V (q2)

mD +mV
+

mD +mV

2mD
A1(q

2), (19)

T2(q
2) =

2

m2
D −m2

V

[

(mD − y)(mD +mV )

2
A1(q

2) +
mD(y2 −m2

V )

mD +mV
V (q2)

]

, (20)

T3(q
2) = −

mD +mV

2mD
A1(q

2) +
mD −mV

2mD

[

A2(q
2)−A3(q

2)
]

+
m2

D + 3m2
V − q2

2mD(mD +mV )
V (q2), (21)

where the energy y of the final vector meson is given by

y =
m2

D +m2
V − q2

2mD
. (22)

6

As significant improvements have recently been made in lattice QCD, a calculation of the D → V 
form factors exploiting the current state-of-the-art methods would be very desirable for 
testing LFU in the charm sector. 
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c s, d
W+*

ℓ+
νl

The off-shell W∗+ has four helicities, namely λW = ±1,0 (J = 1) and λW = 0 (J = 0), and only the 

W∗+ boson has a time-like polarization, In the D meson rest frame, we set the z-axis to be along 
the moving direction of W∗+, and write the polarization vectors of the W∗+ as  

Table 4: Form factor of D(Ds) → V transitions obtained in the LCSR [29].

F a b

AD→K∗

1 0.571+0.020
−0.022 0.65−0.06

+0.10 0.66−0.18
+0.21

AD→K∗

2 0.345+0.034
−0.037 1.86+0.05

−0.22 −0.91+0.48
−0.97

AD→K∗

3 −0.723+0.065
−0.077 1.32+0.14

−0.09 1.28+0.22
−0.21

V D→K∗

0.791+0.024
−0.026 1.04−0.17

+0.25 2.21−0.12
+0.37

ADs→K∗

1 0.589+0.040
−0.042 0.56−0.02

+0.02 −0.12+0.03
−0.02

ADs→K∗

2 0.315+0.024
−0.018 0.15+0.22

−0.14 0.24−0.94
+0.83

ADs→K∗

3 −0.675+0.027
−0.037 0.48−0.11

+0.13 −0.14+0.18
−0.17

V Ds→K∗

0.771+0.049
−0.049 1.08−0.02

+0.02 0.13−0.03
−0.02

ADs→φ
1 0.569+0.046

−0.049 0.84−0.05
+0.06 0.16−0.01

+0.01

ADs→φ
2 0.304+0.021

−0.017 0.24+0.18
−0.05 1.25−1.08

+1.02

ADs→φ
3 −0.757+0.029

−0.039 0.60−0.02
+0.07 0.60+0.31

−0.33

V Ds→φ 0.778+0.057
−0.062 1.37−0.05

+0.04 0.52+0.04
−0.06

AD→ρ
1 0.599+0.035

−0.030 0.44−0.06
+0.10 0.58−0.04

+0.23

AD→ρ
2 0.372+0.026

−0.031 1.64−0.16
+0.10 0.56−0.28

+0.04

AD→ρ
3 −0.719+0.055

−0.066 1.05+0.15
−0.15 1.77−0.11

+0.20

V D→ρ 0.801+0.044
−0.036 0.78−0.20

+0.24 2.61+0.29
−0.04

AD→ω
1 0.556+0.033

−0.028 0.45−0.05
+0.09 0.54−0.10

+0.17

AD→ω
2 0.333+0.026

−0.030 1.67−0.15
+0.09 0.44−0.29

+0.05

AD→ω
3 −0.657+0.053

−0.063 1.07+0.17
−0.14 1.77+0.14

+0.07

V D→ω 0.742+0.041
−0.034 0.79−0.20

+0.22 2.52+0.28
−0.13

2.3 The Helicity Amplitudes

In SM, the transition c → s!+ν$ can be viewed as c → sW ∗+, and the off-shell W ∗+ decays

to !+ν$, subsequently. It is known to us that the off-shell W ∗+ has four helicities, namely

λW = ±1, 0 (J = 1) and λW = 0 (J = 0), and only the W ∗+ boson has a timelike polarization,
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D meson rest frame, we set the z-axis to be along the moving direction of W ∗+, and write the

polarization vectors of the W ∗+ as

εµ(±) =
1

2
(0, 1,∓i, 0), εµ(0) = −

1
√

q2
(q3, 0, 0, q0), εµ(t) = −

qµ
√

q2
, (23)
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where qµ is the four-momentum of the W ∗+. The polarization vectors of the virtual W ∗+ satisfy

the orthogonality and completeness relations

ε∗µ(m)εµ(n) = gmn,
∑

m,n

ε∗µ(m)εν(n)gmn = gµν , (24)

where gmn is diag(+,−,−,−) for m,n = t,±, 0.

In the calculations, the total matrix can be factorized into lepton part and hadron part,

both of which are not the Lorentz invariant. When inserting the completeness relations of W ∗+,

both the hadron side and the lepton side become Lorentz invariant, which make us choose the

coordinate system arbitrarily. Thereby, the hadron side can be analyzed in the initial state

D meson rest frame, and the lepton side is analyzed in the virtual W ∗+ rest frame. We then

calculate the helicity amplitudes of D → PW ∗+ transition as

HPV
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(q2) = ε∗µ(λW )〈P (p2)|q̄γµc|D(p1)〉 (25)
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HPT
λW ,λ′

W
(q2) = ε∗µ(λW )ε∗ν(λ

′

W )〈P (p2)|q̄σµνc|D(p1)〉. (27)

Similarly, the helicity amplitudes of the D → VW ∗+transition are given as

HV AL(V AR)
λW ,εV

(q2) = ε∗µ(λW )〈V (p2, ε
∗)|q̄γµ(1± γ5)c|D(s)(p1)〉
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∗)|q̄γµ(1± γ5)c|D(s)(p1)〉,
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′

W )〈V (p2, ε
∗)|q̄σµν(1− γ5)c|D(s)(p1)〉. (28)

For an arbitrary decay D → F &+ν$ (F = P, V ), due to the conservation of helicity, −εF +

λW ∗ = 0 is satisfied, εF being the polarization the final state F . So, only five helicity amplitudes

contribute to D → P &+ν$ decays, which are given as

HPV
0 =

f+
√
Q+Q−

√

q2
, HPV

t =
f0M+M−

√

q2
, HPS =

f0M+M−

mc −mq
,

HPT
0,t = −

fT
√
Q+Q−

M+
, HPT

1,−1 = −
fT

√
Q+Q−

M+
. (29)

Because the vector meson are polarized, the helicity amplitudes that contribute to the D →
V &+ν$ decay are presented as:

HV
1 ≡ HV AL

1,1 = −HV AR
−1,−1 = A1M+ −

√
Q+Q−V

M+
,

HV
−1 ≡ HV AL

−1,−1 = −HV AR
1,1 = A1M+ +

√
Q+Q−V

M+
,

HV
0 ≡ HV AL

0,0 = −HV AR
0,0 = −

A1M2
+(M+M− − q2)− A2Q+Q−

2mFM+

√

q2
,

HV
t ≡ HV AL

t,0 = −HV AR
t,0 = −A0

√

Q+Q−

q2
,

HS ≡ HSPL
0 = −HSPR

0 =
A0

√
Q+Q−

mc +mq
,
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HS ≡HS PL
0 = −HS PR

0 =
A0
√

Q+Q−
mc+mq

,

HT
+ ≡HT

1,t,1 = HT
1,0,1 =

√
Q+Q−T1+M+M−T2√

q2
,

HT
− ≡−HT

−1,t,−1 = HT
−1,0,−1 =

√
Q+Q−T1−M+M−T2√

q2
,

HT
0 ≡HT

1,−1,0 = HT
0,t,0 =

−M+M−(m2
D+3m2

F−q2)T2+Q+Q−T3

2M+M−mF
,

(31)

M± = mD±mF Q± = M2
±−q2

mF

where    and  ,  respectively.  In
the above equations,    represents the mass of the final
state  meson.  Owing  to  the  absence  of  the  complicated
QCD, the leptonic amplitudes can be calculated directly,
and the explicit results can be found in [49].
 

D.    Observables

D→ P!+ν!

With  the  hadronic  helicity  and  leptonic  amplitudes,
we then write down the two-fold differential angular de-
cay distribution of   decay as

d2Γ(D→ P!+ν!)
dq2 dcosθ!

=
G2

F |Vcq|2
√

Q+Q−
256π3m3

D


1−

m2
!

q2




2 [
q2AP

1 +

√
q2mlAP

2 +m2
l AP

3

]
, (32)

with

AP
1 =|CS L +CS R|2|HPS |2+Re

[
(CS L +CS R)C∗T

]
HPS (HPT

0,t +HPT
0,−1)cosθ! +4|CT |2|HPT

0,t +HPT
1,−1|2 cos2 θ!

+ |1+CVL +CVR|2|HPV
0 |2 sin2 θ! , (33)

AP
2 =2

{
Re

[
(CS L +CS R) (1+CVL +CVR)∗

]
HPS HPV

t −2Re
[
CT (1+CVL +CVR)∗

]
HPV

0 (HPT
0,t +HPT

1,−1)
}

−2
{
Re

[
(CS L +CS R) (1+CVL +CVR)∗

]
HPS HPV

0 −2Re
[
CT (1+CVL +CVR)∗

]
HPV

t (HPT
0,t +HPT

1,−1)
}
cosθ!, (34)

AP
3 = 4|CT |2|HPT

0,t +HPT
1,−1|2 sin2 θ! + |1+CVL +CVR|2(|HPV

0 |2 cos2 θ! −2HPV
0 HPV

T cosθ! + |HPV
t |2) , (35)

θ!
W∗+
with   being the angle between the charged lepton and the opposite direction of the final meson motion in the virtual

 rest frame.
D→ V!+ν!For   decay, we also have the similar result

d2Γ(D→ V!+ν!)
dq2 dcosθ!

=
G2

F |Vcq|2
√

Q+Q−
512π3m3

D


1−

m2
!

q2




2 [
q2AV

1 +4
√

q2mlAV
2 +m2

l AV
3

]
, (36)

with

AV
1 =|1+CVL|2

[
(1+ cosθ!)2|HV

−1|2+2sin2 θ! |HV
0 |2+ (1− cosθ!)2|HV

1 |2
]
+ |CVR|2

[
(1− cosθ!)2|HV

−1|2+2sin2 θ! |HV
0 |2

+ (1+ cosθ!)2|HV
1 |2

]
+16|CT |2

[
sin2 θ! |HT

−1|2+ |HT
1 |2+ cos2 θ!(2|HT

0 |2− |HT
1 |2)

]
+2|CS L −CS R|2|HS |2

+16Re
[
(CS L −CS R)C∗T

]
cosθ!HS HT

0 −4Re
[
CVLC∗VR

][
sin2 θ! |HV

0 |2+ (1+ cos2 θ!)HV
−1HV

1

]
, (37)

AV
2 =Re

[
(1+CVL −CVR)(CS L −CS R)∗

]
(HV

t HS −HV
0 HS cosθ!)−4Re

[
CT C∗VR

][
(cosθ! −1)HT

1 HV
−1−HT

0 HV
0

+ (cosθ! +1)HT
−1HV

1 + cosθ!HT
0 HV

t

]
+4Re

[
CT (1+CVL)∗

][
(cosθ! +1)HT

−1HV
−1−HT

0 HV
0

+ (cosθ! −1)HT
1 HV

1 + cosθ!HT
0 HV

t

]
, (38)
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Semi-Leptonic D Decays

AV
3 =16|CT |2

[
(1+ cosθ")2|HT

−1|2+2sin2 θ" |HT
0 |2+ (1− cosθ")2|HT

1 |2
]
+ (|1+CVL|2+ |CVR|2)

[
(1− cos2 θ")(|HV

−1|2+ |HV
1 |2)

]

+ |1+CVL −CVR|2
[
cos2 θ" |HV

0 |2+ |HV
t |2−2cosθ"HV

0 HV
t

]
−4Re

[
(1+CVL)C∗VR

]
sin2 θ"HV

1 HV
−1 .

(39)

cosθ"
dΓ(D→ F"+ν")/dq2

After integrating out    in Eqs.  (32) and (36),  we
obtain  the  differential  decay  rate  .
Then, the total branching fraction can be given as

B(D→ F"+ν") = τD

∫ M2
−

m2
l

dq2 dΓ(D→ F"+ν")
dq2 , (40)

τDwith   being the lifetime of the D meson.
In  addition  to  the  branching  fractions,  the  forward-

backward asymmetry in the lepton-side is defined as

AFB(q2) =

∫ 1

0
dcosθ"

d2Γ

dq2dcosθ"
−

∫ 0

−1
dcosθ"

d2Γ

dq2dcosθ"∫ 1

0
dcosθ"

d2Γ

dq2dcosθ"
+

∫ 0

−1
dcosθ"

d2Γ

dq2dcosθ"

.

(41)

B→ D∗"ν̄" q2Similar to   [50], the  -dependent longitud-
inal polarization of the vector meson can be defined as

PV
L (q2) =

dΓ(εV = 0)/dq2

dΓ/dq2 , (42)

and the helicity asymmetry of lepton is given as

P"F(q2) =

dΓ(λ" = 1/2)
dq2 − dΓ(λ" = −1/2)

dq2

dΓ(λ" = 1/2)
dq2 +

dΓ(λ" = −1/2)
dq2

, (43)

λ"where   denotes  the lepton helicity  in  the rest  frame of
the leptonic system.
 

III.  PARAMETERS

|Vcd | |Vcs|

When determining the effects of NP in D decays, we
should  pay  critical  attention  to  the  values  of  the  CKM
matrix  elements    and  .  In  general,  these  two
CKM matrix  elements  could  be  extracted  from  leptonic
or  semileptonic D  decays,  assuming  that  SM  is  correct,
similar to the discussions in [25]. In the current work, it is
paradoxical  to  adopt  CKM  matrix  elements  extracted
from the above experiments when investigating these de-
cays in the presence of NP contributions. To avoid such a
contradiction, we adopt the values as presented in [48] as

|Vcd | = 0.2242±0.0005, |Vcs| = 0.9736±0.0001, (44)

fD

which are obtained by using the unitary property of CKM
matrix  elements  and  combining  the  measurements  of B
decays  and  neutral  B-meson  mixing.  The  strategy  was
comprehensively  presented  in  Ref.  [48].  Similarly,  the
decay  constants    are  usually  determined  within  the
pure leptonic decays of D mesons. To prevent the similar
paradox,  we  directly  adopt  the  results  from  the  LQCD
[51], which are given as

fD+ = (209.0±2.4) MeV, fD+s = (248.0±1.6) MeV. (45)

Other parameters, such as the Fermi constant and life-
times of D mesons, are obtained from the PDG [26] 

IV.  LEPTONIC DECAYS

D→ "+ν"
" = e,µ,τ

Besides the  semi-leptonic  decays,  the  effective   Lag-
rangian  also  controls  the  pure  leptonic  decay 
( ), and the branching fraction is given by

B(D+→ "+ν") =τD
G2

F

8π
|Vcq|2 f 2

DmDm2
"


1−

m2
"

m2
D




2

×
∣∣∣∣∣∣1+C"VL −C"VR+

m2
D

m"(mc+mq)

× (C"S R−C"S L)
∣∣∣∣∣∣

2

(1+δ"em) . (46)

OT
µ ν

δ"em ∼ (0−3)%

Because  the  tensor  operator    is  antisymmetric  to
the    and    indices,  it  cannot  contribute  to  Eq.  (46).

  represents  electromagnetic  corrections,

D+sTable 5.      Branching ratios of leptonic   decays calculated
in the SM and comparison with the currently available experi-
mental values.

Decay SM Experiment

B(D+→ e+νe) (9.17±0.22)×10−9 < 8.8×10−6 [26]

B(D+→ µ+νµ) (3.89±0.09)×10−4 (3.74±0.17)×10−4 [26]

B(D+→ τ+ντ) (1.04±0.03)×10−3 (1.20±0.27)×10−3 [54]

B(D+s → e+νe) (1.24±0.02)×10−7 < 8.3×10−5 [26]

B(D+s → µ+νµ) (5.28±0.08)×10−3 (5.50±0.23)×10−3 [26]

B(D+s → τ+ντ) (5.14±0.08)×10−2 (5.48±0.23)×10−2 [26]
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0 HV
t
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in the SM and comparison with the currently available experi-
mental values.

Decay SM Experiment

B(D+→ e+νe) (9.17±0.22)×10−9 < 8.8×10−6 [26]

B(D+→ µ+νµ) (3.89±0.09)×10−4 (3.74±0.17)×10−4 [26]

B(D+→ τ+ντ) (1.04±0.03)×10−3 (1.20±0.27)×10−3 [54]

B(D+s → e+νe) (1.24±0.02)×10−7 < 8.3×10−5 [26]

B(D+s → µ+νµ) (5.28±0.08)×10−3 (5.50±0.23)×10−3 [26]

B(D+s → τ+ντ) (5.14±0.08)×10−2 (5.48±0.23)×10−2 [26]
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Semi-Leptonic D Decays
Table 6: Branching fractions for semileptonic D(Ds) decays calculated in the SM using LQCD

[27,28] and LCSR [29], and decay constants of D(Ds) come from LQCD [50]. And comparison

with the current experimental results given in Ref [23].

Current Mode SM Experiment

c → se+νe

D0 → K−e+νe (3.49± 0.23)× 10−2 (3.542± 0.0035)× 10−2

D+ → K
0
e+νe (8.92± 0.59)× 10−2 (8.73± 0.10)× 10−2

D0 → K∗−e+νe (1.92± 0.17)× 10−2 (2.15± 0.16)× 10−2

D+ → K
∗0
e+νe (4.98± 0.45)× 10−2 (5.40± 0.10)× 10−2

D+
s → φe+νe (2.46± 0.42)× 10−2 (2.39± 0.16)× 10−2

D+
s → ηe+νe (1.55± 0.33)× 10−2 (2.29± 0.19)× 10−2

D+
s → η′e+νe (5.91± 1.26)× 10−3 (7.4± 1.4)× 10−3

c → sµ+νµ

D0 → K−µ+νµ (3.40± 0.22)× 10−2 (3.41± 0.04)× 10−2

D+ → K
0
µ+νµ (8.69± 0.57)× 10−2 (8.76± 0.19)× 10−2

D0 → K∗−µ+νµ (1.81± 0.16)× 10−2 (1.89± 0.24)× 10−2

D+ → K
∗0
µ+νµ (4.71± 0.42)× 10−2 (5.27± 0.15)× 10−2

D+
s → φµ+νµ (2.33± 0.40)× 10−2 (1.90± 0.50)× 10−2

D+
s → ηµ+νµ (1.52± 0.31)× 10−2 (2.4± 0.5)× 10−2

D+
s → η′µ+νµ (5.64± 1.10)× 10−3 (11.0± 5.0)× 10−3

c → de+νe

D0 → π−e+νe (2.63± 0.32)× 10−3 (2.91± 0.04)× 10−3

D+ → π0e+νe (3.41± 0.41)× 10−3 (3.72± 0.17)× 10−3

D0 → ρ−e+νe (1.74± 0.25)× 10−3 (1.77± 0.16)× 10−3

D+ → ρ0e+νe (2.25± 0.32)× 10−3 (2.18+0.17
−0.25)× 10−3

D+ → ω0e+νe (1.91± 0.27)× 10−3 (1.69± 0.11)× 10−3

D+ → ηe+νe (0.76± 0.16)× 10−3 (1.11± 0.07)× 10−3

D+ → η′e+νe (1.12± 0.24)× 10−4 (2.0± 0.4)× 10−4

D+
s → K0e+νe (3.93± 0.82)× 10−3 (3.9± 0.9)× 10−3

D+
s → K∗0e+νe (2.33± 0.34)× 10−3 (1.8± 0.4)× 10−3

c → dµ+νµ

D0 → π−µ+νµ (2.60± 0.31)× 10−3 (2.67± 0.12)× 10−3

D+ → π0µ+νµ (3.37± 0.40)× 10−3 (3.50± 0.15)× 10−3

D0 → ρ−µ+νµ (1.65± 0.23)× 10−3 −−
D+ → ρ0µ+νµ (2.14± 0.30)× 10−3 (2.4± 0.4)× 10−3

D+ → ω0µ+νµ (1.82± 0.26)× 10−3 −−
D+ → ηµ+νµ (0.75± 0.15)× 10−3 −−
D+ → η′µ+νµ (1.06± 0.20)× 10−4 −−
D+

s → K0µ+νµ (3.85± 0.76)× 10−3 −−
D+

s → K∗0µ+νµ (2.23± 0.32)× 10−3 −−

the χ2 as a function of the Wilson coefficient C!
X is defined as [51]

χ2(CX) =
data
∑

m=1

[Oth
m(C!

X)− Oexp
m ]2

σ2
Oth

m
+ σ2

Oexp
m

, (47)

where Oth
m(C!

X) are the theoretical predictions for different branching fractions, and Oexp
m are

16

24



Semi-Leptonic D Decays

D→ V!+ν!
D0→ K∗−e+νe D0→ K∗−µ+νµ D0→ ρ−e+νe,

D+→ ρ0e+νe

D+→ K
∗0

e+νe D+→ K
∗0
µ+νµ

D+s → φµ+νµ D+s → K
∗0

e+νe

D→ K∗

D+→ K
∗0

e+νe D+→ K
∗0
µ+νµ

D→ V

D→ V

the   decays,  the  predicted  branching  fractions
of  ,  ,    and

  in  SM  agree  well  with  experimental  data,
even  for  center  values.  However,  for  the  decays,

  and  ,  the  SM  results  are
slightly smaller than the data with more significant theor-
etical  uncertainties.  In  contrast,  the  predicted  branching
fractions  of    and    are  larger
than the experimental  data,  although there are  larger  un-
certainties on both theoretical and experimental sides. We
also  note  that  for  the  form factors  of    transition,
there  are  large  differences  between  results  calculated
within  different  approaches,  which  triggers  significant
theoretical  uncertainties.  For  example,  for  the  decays

  and  , the  branching   frac-
tions based on LQCD [46] are larger than those based on
LCSR  [32]  by  25%.  Because  many  form  factors  of

 of LQCD are presently absent,  we adopt the res-
ults of LCSR to maintain consistency. Based on this, the
reliable  calculations  of    are  needed,  especially
from LQCD, to match the more precise experimental data. 

B.    Constraints on new physics
As  already  mentioned,  all  decays  are  induced  by

c→ se+νe c→ sµ+νµ c→ de+νe, c→ dµ+νµ

c→ d!+ν! c→ s!+ν!

,  ,   and   currents.
To  study  the  contributions  of  new  physics,  we  discuss
two cases. For Case-I, we maintain the LFU and assume
that the Wilson coefficients of new physics operators are
the same for the muon and electron. However,  for Case-
II, we assume that  NP violates  LFU and contributes dif-
ferently  to  the  electron  and  muon  sectors.  Differences
between    and    were not  further   dis-
cussed.

χ2 1σ

χ2 χ2,

C!X ,

Considering  all  existing  data,  including  those  of
leptonic  and  semileptonic  decays,  we  can  constrain  the
Wilson coefficients of each new physics operator under a
single  operator  scenario.  In  the  calculation,  we  perform
the least    fit  of  the Wilson coefficients at  the   C.L.
of the experiment and theory. In our methodology of the
least    fit,  the    as a  function  of  the  Wilson   coeffi-
cient   is defined as [58]

χ2(CX) =
data∑

m=1

[Oth
m(C!X)−Oexp

m ]2

σ2
Oth

m
+σ2

Oexp
m

, (48)

Oth
m(C!X)

Oexp
m

where    represents  the  theoretical  predictions  for
different branching fractions, and   represents the cor-

q2 dB/dq2

AFB(q2)
Fig.  5.      (color  online)  The  -dependence  of  the  branching  fractions  ,  forward-backward  asymmetries  of  the  leptonic  side

, and longitudinal polarization components of the vector mesons in SM.
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Semi-Leptonic D Decays
Table 7: Fitted values of the Wilson coefficients for different cases.

Case Wilson Coefficient Fitted Results χ2
1σ

Case-I

C"
V L (4.3± 9.6)× 10−3 10.1

C"
V R (2.7± 9.8)× 10−3 10.2

C"
SL (0.3± 0.6)× 10−3 10.0

C"
SR (−0.3± 0.6)× 10−3 10.0

C"
T (1.1± 2.9)× 10−3 7.2

Case-II

Ce
V L (9.9± 16.2)× 10−3 4.4

Ce
V R (2.6± 16.9)× 10−3 4.8

Ce
SL (0.4± 0.6)× 10−3 4.8

Ce
SR −(0.4± 0.6)× 10−3 4.8

Ce
T (1.3± 3.5)× 10−3 4.6

Cµ
V L (1.4± 11.9)× 10−3 5.5

Cµ
V R (2.7± 12.0)× 10−3 5.4

Cµ
SL (70.2± 0.6)× 10−3 3.3

Cµ
SR −(70.2± 0.6)× 10−3 3.3

Cµ
T (0.6± 4.9)× 10−3 2.5

the corresponding experimental measurements, which are all listed in Table. 5 and 6. σOth
m

and

σOexp
m

are the theoretical and experimental errors, respectively. In addition, since there are large

theoretical uncertainties in the form factors of D → η(′), we will not use the data of D → η(′)$ν"
in the fitting.

In Table. 7, we present the fitted Wilson coefficients for two different cases with single

operator. For the operators OV L and OV R, the related Wilson coefficients CV L and CV R are

at the order of O(10−3) in both two cases. The results of case-II indicate the violation of LFU

for the operator OV L, but such small effects are buried in the theoretical and experimental

uncertainties. For the operators OSL and OSR, their Wilson coefficients are also at the order of

O(10−3) in case-I, the effects of which cannot be measured in the current experiments, either.

In fact, the most stringent constraints are from the pure leptonic decays. Therefore, in case-II

the Cµ
SL and Cµ

SR at the order of O(10−2) and have rather small uncertainties. However, for the

decays D → e+νe, only the upper limit are available, the fitted Ce
SL and Ce

SR are at the order

of O(10−4) with very large uncertainties. As for the Wilson coefficients of the tensor operators

that are only constrained by the semi-leptonic D decays, C"
T is at the order of O(10−3) or even

small. From above results, all new Wilson coefficients are less than 8%, which provides the

stringent constraints on new physics models, W ′ models [6, 7], leptoquark models [8–10], and

models with charged Higgs [11–13]. Moreover, we remark that LFU might be violated by the

operators O"
SL and O"

SR, which can be further tested in other observables. We acknowledge

that our analyses are dependent on the D → V form factors, and the more precise form factors

in future will help us to improve our results.
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Semi-Leptonic D Decays

dℬ(D → Pℓ̄νℓ)
dq2

=
dℬ(D → Pℓ̄νℓ)

dq2
SM

1 + Cℓ
VL(R)

2
.

If we only consider the LH or RH vector NP interactions

We can define Re
μ;π0 ≡

ℬ(D+ → π0e+νe)
ℬ(D+ → π0μ+νμ)

, Re
μ;π− ≡

ℬ(D0 → π−e+νe)
ℬ(D0 → π−μ+νμ)

,

Re
μ;K0 ≡

ℬ(D+ → K 0e+νe)
ℬ(D+ → K0μ+νμ)

, Re
μ;K− ≡

ℬ(D0 → K−e+νe)
ℬ(D0 → K−μ+νμ)

.

27

These observables are independent of CKM matrix elements and sensitive to 

the coefficients. Hence, they provide interesting opportunities to test lepton 

flavour universality in D decays. 



28
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Re
μ;π0 = 1.06 ± 0.07, Re

μ;π− = 1.09 ± 0.05,



29

Re
μ;K0 = (9.97 ± 0.24) × 10−1, Re

μ;K− = 1.04 ± 0.01.

Semi-Leptonic D Decays
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Re
μ;ρ ≡

ℬ(D+ → ρ0e+νe)
ℬ(D+ → ρ0μ+νμ)

= 0.908 ± 0.175 Re
μ;K* ≡

ℬ(D+ → K*(892)0e+νe)
ℬ(D+ → K*(892)0μ+νμ)

= 1.02 ± 0.03

Semi-Leptonic D Decays



Predictions

σOth
m

σOexp
m

D→ η(′)

D→ η(′)#ν#

responding  experimental  measurements,  which  are  all
presented in Tables 5 and 6.   and    represent  the
theoretical and experimental errors, respectively. In addi-
tion, because of the significant theoretical uncertainties in
the  form  factors  of  ,  we  will  not  adopt  the

 data in the fitting.

OVL OVR CVL
CVR O(10−3)

OVL

OS L OS R

In Table  7,  we  present  the  fitted  Wilson  coefficients
for two different cases with a single operator. For the op-
erators   and  , the related Wilson coefficients 
and  , respectively, are in the order of   in both
cases. The results of Case-II indicate the violation of LFU
for the operator  ; however, such small effects are bur-
ied in the theoretical  and experimental  uncertainties.  For
the operators   and   in Case-I, their Wilson coeffi-

O(10−3)

CµS L CµS R O(10−2)

D→ e+νe
Ce

S L Ce
S R O(10−4)

C#T O(10−2)

W′

cients are also in the order of  , and the effects of
this phenomenon cannot be determined in the current ex-
periments. In  fact,  the  most  stringent  constraints   origin-
ate  from  the  pure  leptonic  decays.  Therefore,  in  Case-
II,  and   are in the order of   and have relat-
ively  small  uncertainties.  However,  for  the  decays

,  only  the  upper  limits  are  available,  the  fitted
 and   are in the order of  , with very signi-

ficant uncertainties. Regarding the Wilson coefficients of
the tensor operators that are only constrained by the semi-
leptonic D  decays,    can  be  in  the  order  of  .
From  these  results,  all  new  Wilson  coefficients  are  less
than 8%, which poses stringent constraints on new phys-
ics  models,   models  [6,7],  leptoquark  models  [9-11],

q2 dB/dq2 D0→ K−µ+νµ D0→ K∗−µ+νµ D0→ π−µ+νµ
D0→ ρ−µ+νµ D+s → K0µ+νµ D+s → K∗0µ+νµ D+s → φµ+νµ

OS L OS R OT

Fig. 6.    (color online) The  -dependence of the differential branching fractions   of  ,  ,  ,
,  ,   and   with fitted values for decays. The solid (black) lines depict the predictions

of  SM,  whereas  the  dotted  (blue),  dashed  (red),  and  dot-dashed  (purple)  lines  denote  NP  predictions  corresponding  to  the  best-fit
Wilson coefficients of  ,  , and  , respectively.
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O!S L
O!S R

D→ V

and  models  with  charged  Higgs  [13-15].  Moreover,  we
note  that  LFU  might  be  violated  by  the  operators, 
and  , which  can  be  investigated  further  in  other   ob-
servables.  We acknowledge  that  our  analyses  depend on
the    form  factors,  and  that  more  precise  form
factors in future will help us to improve our results. 

C.    Predictions

Oe
S L Oe

S R
1/me

Oe
S L Oe

S R

First,  we  study  the  pure  leptonic D  decays  with  the
electron final state. As expressed in Eq. (46), the branch-
ing fractions are very sensitive to the   and   oper-
ators because their contributions are related to  . With
the  contributions  from interactions  with  the   or 

operator, the branching fractions of these pure leptonic D
decays are predicted to be

B(D+→ e+νe) = (1.6+19.6
−0.7 )×10−8; (49)

B(D+s → e+νe) = (2.4+27.6
−1.2 )×10−7, (50)

where  the  uncertainties  solely  originate  from  the  fitted
Wilson  coefficients.  Compared  to  the  SM  results  in
Table  5, the  current  branching  fractions  are   approxim-
ately twice as large as the SM predictions with relatively
significant uncertainties.  According  to  Eq.  (47),  the   ra-

q2 D0→ K−µ+νµ D0→ K∗−µ+νµ D0→ π−µ+νµ
D0→ ρ−µ+νµ D+s → K0µ+νµ D+s → K∗0µ+νµ D+s → φµ+νµ

OS L OS R OT

Fig. 7.    (color online) Predicted  -dependence of the forward-backward asymmetries of  ,  ,  ,
,  ,   and   with fitted values for decays. The solid (black) lines depict the predictions

of  SM,  whereas  the  dotted  (blue),  dashed  (red),  and  dot-dashed  (purple)  lines  denote  NP  predictions  corresponding  to  the  best-fit
Wilson coefficients of  ,  , and  , respectively.
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tering  their  shapes,  and  the  Wilson  coefficients  of  other
operators  barely  affect  these  observables.  Therefore,  if
significant deviations were measured in the future, inter-
actions with tensor operator would be preferable.

D→ P!+ν!

AFB(q2)
P!F(q2)

D0→ K−µ+νµ c→ sµ+νµ
AFB(q2)

Regarding  the    decays,  the  differential
widths are  also  not  sensitive  to  the  fitted  Wilson  coeffi-
cients  of  NP  operators.  In  contrast,  the  forward-back-
ward  asymmetries    and muon  helicity   asymmet-
ries   are very sensitive to the fitted Wilson coeffi-
cients, especially to those of the scalar and tensor operat-
ors, as illustrated in Figs. 7 and 9. We consider the decay

 induced by   as an example for il-
lustration. For the forward-backward asymmetry  ,
it is always positive in SM. In the decay distribution ex-

AP
3 q2

AP
3

q2

AP
1 AP

1
|CS L +CS R|2 |CT |2

q2

CµS R
D0→ K−µ+νµ

D0→ π−µ+νµ, D+s → K0µ+νµ
q2 = 1.57 GeV2 1.71 GeV2, 1.76 GeV2

D0→ K−µ+νµ D0→ π−µ+νµ, D+s → K0µ+νµ
q2 > 0.5 GeV2

pressed in Eq. (32),   is dominant in the low   region.
Because   is not related to the NP operators, their con-
tributions are not significant. However, in the large   re-
gion,    becomes  significant.  Because    depends  on

  and  ,  the  large  deviation  from  the  SM
prediction in  the large    region is  logical.  Furthermore,
it  is  determined  that  with  the  fitted  ,  the  forward-
backward  asymmetries  of  decays  ,

  and    cross  the  zero  points,
when  ,   and  , respect-
ively.  This  unique  behavior  can  be  used  to  probe  the
right-handed  scalar  current.  Similarly,  for  the

,    and    decays,
when  , the contributions of scalar operators

q2 D0→ K−µ+νµ D0→ K∗−µ+νµ D0→ π−µ+νµ
D0→ ρ−µ+νµ D+s → K0µ+νµ D+s → K∗0µ+νµ D+s → φµ+νµ

OS L OS R OT

Fig.  9.      (color  online)  Predicted  -dependence  of  the  lepton  helicity  asymmetries  of  ,  ,  ,
,  ,   and   with fitted values for decays. The solid (black) lines denote the predictions

of SM, while the dotted (blue), dashed (red) and dotdashed (purple) lines represent NP predictions corresponding to the best-fit Wilson
coefficients of  ,  , and  , respectively.
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5.3 Predictions

At first, we shall study the pure leptonic D decays with the electron. As shown in eq.(45), the

branching fractions are very sensitive to the operators Oe
SL and Oe

SR, because their contributions

are related to 1/me. With the contribution of Oe
SL or Oe

SR, the branching fractions of these

pure leptonic D decays are predicted to be

B(D+ → e+νe) = (1.6+19.6
−0.7 )× 10−8; (48)

B(D+
s → e+νe) = (2.4+27.6

−1.2 )× 10−7, (49)

where the uncertainties are only from the uncertainties of the fitted Wilson coefficients. Com-

paring the above results with ones of SM in Table. 5, the current branching fractions are about

twice as large as the SM predictions with rather large uncertainties. According to eq.(46), one
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However, the orders of this magnitude are too small to be measured now. We hope the future
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Secondly, we turn to study the contributions of NP in semileptonic D decays. From Table. 7,

it is found that for the decays with electron, the Wilson coefficients in both cases are too small

to affect the branching fractions and other observables, such as the differential widths, the
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of the above mentioned observables. Because the mass of electron is negligible, its polarization

is almost −1. So, any obvious deviations from -1 would be the signals of NP. We hope these

predictions can be well tested in BESIII, Belle II and other future high luminosity experiments.

Lastly, we shall investigate the NP effects in the semileptonic D decays with muon lepton.

Again, it was seen from Table. 7 that for the processes c → (d, s)µ+νµ the Wilson coefficients

of the scalar operators OSL,SR are at the order of 10−2, and that of the tensor operator OT can
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remarkably, but may affects other observables. In order to check their effects, we take the decays
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The branching fractions of the pure leptonic D decays with the electron are very 

sensitive to the operators, because their contributions are related to 1/me. With 

the contribution of scalar operators, the branching fractions of these pure leptonic 

D decays are predicted to be 

And 

 which are larger than predictions of SM

However, the orders of this magnitude are too small to be measured now. We 

hope the future high intensity experiments can test above results. 



35

Summary
We have presented a comprehensive analysis of (semi)- leptonic D-meson decays to constrain possible 

effects of physics from beyond the SM arising from new (pseudo)- scalar, vector and tensor operators, 

allowing also for violations of LFU.


We obtain a picture in agreement with the SM, including a few deviations at the 1 σ level. These results 

can be used to constrain the NP models.


We extended the SM by assuming general effective Hamiltonians describing the  transitions, 

which consists of the full set of the four-fermion operators. Within the latest experimental data, we 

performed a minimum χ2 fit of the Wilson coefficient corresponding to each operator in two different 

cases. 


 The leptonic  decays are hugely helicity suppressed in the SM. However, this suppression may 

be lifted through new pseudoscalar interactions.


 For the semileptonic decays with electron, the effects of NP are negligible, and any deviations from SM 

predictions would be large challenges for SM and its extensions.


We have identified various form factors with interesting potential for future improvement through lattice 

QCD calculations. 

c → sl+ν

D+
(s) → e+νe


