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Leptonic and semileptonic decays in the charm sector have been well studied in recent years. With
the largest data sample near DD̄ threshold, precision measurements of leptonic and semileptonic
decays of charm meson and baryon are perfromed at BESIII. Test for letpon flavor universality is
also performed. Sensitivity for rare leptonic and semileptonic charm decays is significantly improved
taking advantage of the huge statistics in LHCb and the B factories.

I. INTRODUCTION

Leponic and semileptonic decays are well described
in the Standard Model (SM). The decay amplitudes
are proportional to the product of the hadronic cur-
rent and the leptonic current. The hadronic current,
which describes the strong interaction in the bound
state for leptonic decays and in the hadronic transi-
tion in the semileptonic decays, can not be given di-
rectly. Instead, it can be written in terms of decay
constants and form factors. Usually, we have [1]

Hµ =< 0| −Aµ|D(p) >= fDp
µ (1)

for leptonic decays,

Hµ = < P (p2)|V µ|D(p1) >

= f+(q2)[pµ2 −
M2

1−M
2
2

q2 qµ] + f0(q2)
M2

1−M
2
2

q2 qµ

(2)
for semileptonic decays to pseudoscalar mesons, and

Hµ = < V (p2, ε2)|V µ −Aµ|D(p1) >

= −(M1 +M2)ε∗µ2 A1(q2) +
ε∗2q

M1+M2
PµA2(q2)

+2M2
ε∗2q
q2 q

µ[A3(q2)−A0(q2)]

+
2iεµνρσε

∗νpρ1p
σ
2

M1+M2
V (q2).

(3)
for semileptonic decays to vector mesons. Here, q is
the total four momentum of the lepton system. The
charm mesons and baryons are not light enough for ap-
plying perturbation method and not heavy enough for
heavy quark theory, so it’s important to measure the
decay constants and form factors in experiment. Since
qµLµ vanishes when the mass of the lepton equals
zero, the contributions from f0(q2) and A0(q2) are
negligible for decays to electron or muon and are usu-
ally ignored in experiment.

Meanwhile, some recent results [2–9] in the mea-
surements of B semileptonic decays have shown hints
of violation of lepton flavor universality (LFU), which
requires that different generations of leptons have the
same coupling strength with gauge bosons. For D me-
son leptonic decays and semileptonic decays to pseu-
doscalar mesons, the hadronic currents are almost
cancelled out when we calculate the ratio of decay

rates to different generations of leptons. With these
precisely determined SM prediction, we can test for
LFU in the charm sector at a very good precision,
which is important to understand the potential mech-
anism in the B anomaly.

One can also test the SM in rare charm leptonic
and semileptonic decays where the branching fractions
(BFs) may be enhanced by new physics beyond the
SM. In particular, the loop diagram of flavor changing
neutral current in the SM is heavily suppressed and
may receive contributions from various kinds of SM
extensions.

II. FACILITY WORKING ON CHARM
LEPTONIC AND SEMILEPTONIC DECAYS

Measurements of charm leptonic and semileptonic
decays are mainly carried out in the charm factory,
nowadays mostly at the BESIII detector [10] with
2.93 fb−1 and 3.19 fb−1 data collected at center mass
energy 3.773 GeV and 4.178 GeV, respectively. For
charm factories which work at the energy point of DD̄
threshold, the D mesons are produced in pair. If we
first fully reconstruct a D meson using hadronic de-
cays, the other D meson is then guaranteed to exist in
the recoiling system. One can also study these decays
at the B factories, e. g., Belle [11] and BaBar [12],
where the luminosity is much higher than the charm
factories. In this case, the D meson is often recon-
structed from D∗ decay, and the flavor of the D meson
can be determined from the accompanying soft pion.
Belle has collected about 1 ab−1 data near Υ(4S) res-
onance, and ultimately 50 ab−1 are expected at its
upgrade, BelleII. BaBar also collected about 550 fb−1

data at the similar energy point. The LHCb detec-
tor [13, 14], working at the Large Hadron Collider, is
also contributing data to charm physics. The statistic
is much higher benefiting from the huge cross section
at the hadron collider. However, the electron is hard
to reconstruct due to bremsstrahlung and it is very
difficult to reconstruct decay channels involving neu-
trinos. In 2018, LHCb has finished its run 2 data tak-
ing and in total about 9 fb−1 data has been collected.
Compared to the charm factories, study of charm lep-
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tonic and semileptonic decays at the B factories and
LHCb suffers from lower efficiency and higher back-
grounds. However, the high statistics make them su-
perior places for rare decay search.

III. RECENT RESULTS

A. Leptonic decays

Leptonic decays give us direct access to the corre-
sponding decay constants and CKM matrix elements.
BESIII has recently published the measurement of the
BF of D+

s → µ+νµ [15]. Figure 1 shows the miss-
ing mass square of the neutrino, which is defined as
M2

miss =
√
E2

miss − p2miss, where Emiss and pmiss are
the missing energy and momentum of the candidate
event. The BF is measured to be

B(D+
s → µ+νµ) = (5.49± 0.16± 0.15)× 10−3.

Given the lifetime of D+
s meson [16], one obtains
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FIG. 1: Fit to the M2
miss distribution of D+

s → µ+νµ can-
didates, where the dots with error bars are data, the blue
solid curve shows the best fit and the red dashed curve
shows the background shape.

fD+
s
|Vcs| = 246.2± 3.6± 3.5 MeV.

If we input the CKM matrix element |Vcs| from a
global fit [16], we have

fD+
s

= 252.9± 3.7± 3.5 MeV.

In contrast, inputting fD+
s

from Lattice QCD calcu-

lation [17, 18] gives

|Vcs| = 0.985± 0.014± 0.014.

In any case, these are the most precise single mea-
surements to date. Averaging this measurement of

B(D+
s → µ+νµ) with the previous measurements [19–

22] and combining the world average of B(D+
s →

τ+ντ ) [16], we find

BD+
s →τ+ντ

B̄D+
s →µ+νµ

= 9.98± 0.52,

which is consistent with the SM prediction 9.74.
BESIII has also released the preliminary result of

the search for D+ → τ+ντ , as shown in Fig. 2. The
data sample is divided according to the energy de-
posited in the electromagnetic calorimeter into pion
and muon dominated samples to better constrain the
background from D+ → µ+νµ. We have

FIG. 2: Fit to M2
miss of D+ → τ+ντ candidates.

B(D+ → τ+ντ ) = (1.20± 0.24)× 10−3,

and

fD+ |Vcd| = 50.4± 5.0 MeV

using the world average D+ lifetime [16]. Here the un-
certainties are statistical only and the statistical sig-
nificance is 4σ.

Combined with the previous measurement of the
BF of D+ → µ+νµ from BESIII [23], we obtain

BD+→τ+ντ

BD+→µ+νµ

= 3.21± 0.64,

which is also consistent with the SM prediction 2.66.

B. Semileptonic decays

D meson semileptonic decays to pseudoscalar
mesons can be fully characterized by the single kine-
matic variable q2. The form factors, which describe
the hadronic transition, are usually parametrized as
the function of q2 with respect to its value q2 = 0.
The most widely used parametrizations include the
Single Pole Model [1], the Modified Pole Model [24],
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the ISGW2 Model [25] and the series expansion
parametrization [26]. In experiment, one usually di-
vide the q2 distribution into several intervals and mea-
sure the partial decay rate in each interval. The mea-
sured partial decay rates are then fitted using the the-
oretically expected form to extract the form factor at
q2 = 0.

One such example is shown in Fig. 3 for D0 →
K−e+νe published by BESIII [27]. In recent years,
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FIG. 3: Fit to partial decays rates in 18 q2 intervals for
D0 → K−e+νe.

similar analyses have been performed at BESIII for
D → πe+νe, D

0 → K−µ+νµ, and D → η(′)e+νe,
etc [27–32]. The measured BFs and the product of
form factors at q2 = 0 and CKM matrix elements are
summarized in Table I. Here the results listed in the
table are extracted using the 2-parameter series ex-
pansion parametrization. Most of the measurements
are consistent with the LQCD calculations [33–36].
We can also find that

f
D+
s →K

0

+ (0)

fD
+→π0

+ (0)
= 1.16± 0.14± 0.02,

which is consistent with U-spin symmetry.
As introduced before, the ratio of the decay rates for

D meson semileptonic decays to pseudoscalar mesons
with muon or with electron can be precisely deter-
mined in SM theory, which makes it an ideal place
for test of LFU. Such studies have been performed at
BESIII, yielding [28, 37, 38]

Γ(D0 → K−µ+νµ)

Γ(D0 → K−e+νe)
= 0.974± 0.014,

Γ(D+ → K̄0µ+νµ)

Γ(D+ → K̄0e+νe)
= 1.014± 0.017,

Γ(D0 → π−µ+νµ)

Γ(D0 → π−e+νe)
= 0.922± 0.037,

and

Γ(D+ → π0µ+νµ)

Γ(D+ → π0e+νe)
= 0.964± 0.045,

These are all consistent with the SM prediction within
2.5σ [39]. One may wish to look at the ratios in differ-
ent q2 intervals which give us better sensitivity to po-
tential LFU violation effect. Figure 4 shows the result
for D0 → K−`+ν`, D

0 → π−`+ν`, and D+ → π0`+ν`,
where the theoretical expectations are taken from a re-
cent LQCD calculation from ETM Collaboration [35].
No significant deviation is observed.

The situation is more complex in the case of
semileptonic decays to vector mesons with the pres-
ence of extra polarization vectors. As illustrated in
Fig. 5 for D+ → K̄∗0e+νe [40], the decay rate is de-
scribed by three extra angular variables in addition to
q2, including the angle between the π and the D di-
rection in the Kπ rest frame (θK), the angle between
the νe and the D direction in the eνe rest frame (θe),
and the angle between the two decay planes (χ).

Meanwhile, we now have four form factorsA0,1,2(q2)
and V (q2) (A3(q2) is not independent), where A0(q2)
is often ignored. Due to the limited statistics, these
form factors are usually modeled using the Single Pole
Model. What’s more, since A1(q2) appears in every
helicity amplitude, we often measure the form factor
ratios

rV =
V (0)

A1(0)
,

and

r2 =
A2(0)

A1(0)
,

as they do not require additional inputs like D meson
lifetime and CKM matrix elements. Figure 6 shows
the fit on q2 and the three angular variable distribu-
tions, as well as the Kπ invariant mass distribution
for D0 → K−π+e+νe candidate events. The BF of
the K̄∗0 contribution and the extracted form factor
ratios are summarized in Table II. With the input of
D+ lifetime [16] and |Vcs| [16], we obtain

A1(0) = 0.589± 0.010± 0.012.

Similar analyses are also performed for D0 →
K̄0π−e+νe [41], D+ → ωe+νe [42], D → ππe+νe [43]
and D+

s → K∗0e+νe [32] at BESIII and the results are
summarized in Table II. We also notice that significant
S-wave contribution is observed for f0(500) in D+ →
π−π+e+νe with B(D+ → f0(500)e+νe, f0(500) →
π+π−) = (0.630± 0.043± 0.032)× 10−3, while no evi-
dence for D+ → f0(980)e+νe is observed. The U-spin
symmetry is also found be conserved with

r
D+
s →K

∗0

V

rD
+→ρ0

V

= 1.13± 0.26± 0.11,
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TABLE I: The measured BFs and product of form factors at q2 = 0 and CKM matrix elements for some D meson
semileptonic decays to psuedoscalar mesons.

B(D0 → K−e+νe) (3.505± 0.014± 0.033)% fD
0→K−

+ (0)|Vcs| 0.7172± 0.0025± 0.0035

B(D0 → K−µ+νµ) (3.431± 0.019± 0.035)% fD
0→K−

+ (0)|Vcs| 0.7133± 0.0038± 0.0030

B(D+ → K̄0e+νe) (8.60± 0.06± 0.015)% fD
+→K̄0

+ (0)|Vcs| 0.7053± 0.0040± 0.0112

B(D+
s → K0e+νe) (3.25± 0.38± 0.16)× 10−3 f

D+
s →K

0

+ (0)|Vcd| 0.162± 0.019± 0.003

B(D0 → π−e+νe) (2.95± 0.04± 0.03)× 10−3 fD
0→π−

+ (0)|Vcd| 0.1435± 0.0018± 0.0009

B(D+ → π0e+νe) (3.63± 0.08± 0.05)× 10−3 fD
+→π0

+ (0)|Vcd| 0.1400± 0.0026± 0.0007

B(D+ → ηe+νe) (10.74± 0.81± 0.51)× 10−4 fD
+→η

+ (0)|Vcd| 0.0786± 0.0064± 0.0021

B(D+
s → ηe+νe) (2.323± 0.063± 0.063)% f

D+
s →η

+ (0)|Vcs| 0.4455± 0.0053± 0.0044

B(D+
s → η′e+νe) (0.824± 0.073± 0.027)% f

D+
s →η

′

+ (0)|Vcs| 0.477± 0.049± 0.011
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FIG. 4: Test for LFU in different q2 intervals, where the points with error bars are data and the solid curves are the SM
predictions.

FIG. 5: Definition of the angular variables.

r
D+
s →K

∗0

2

rD
+→ρ0

2

= 0.93± 0.36± 0.10.

It is also interesting to search for D meson semilep-
tonic decays to scalar mesons which may help us
understand the internal structure of the light scalar
mesons. BESIII has recently searched for D →
a0(980)e+νe [44], where D0 → a0(980)−e+νe is ob-

served for the first with 6.4σ significance. The BF is
measured to be B(D0 → a0(980)−e+νe, a0(980)− →
ηπ−) = (1.33+0.33

−0.29 ± 0.09) × 10−4. The signifi-

cance for D+ → a0(980)0e+νe is 2.9σ with B(D+ →
a0(980)0e+νe, a0(980)0 → ηπ0) = (1.66+0.81

−0.66± 0.11)×
10−4, and less than 3.0×10−4 at 90% confidence level.
Ref. [45] proposed a model-independent method to
study the nature of light scalar mesons with

R =
B(D+ → f0(980)e+νe) + B(D+ → f0(500)e+νe)

B(D+ → a0(980)0e+νe)
.

R is estimated to be 1.0±0.3 for two-quark description
of these scalar mesons, and 3.0 ± 0.9 for tetraquark
description. With BESIII’s results [43] we have R >
2.7 at 90% confidence level, which favors the SU(3)
nonet tetraquark description of the f0(500), f0(980),
and a0(980).

The first measurements of the absolute BFs of
charm baryon semileptonic decays are also performed
at BESIII using 567 fb−1 data taken at center mass
energy

√
s = 4.6 GeV [46, 47]. We find

B(Λ+
c → Λe+νe) = (3.63± 0.38± 0.20)%,

B(Λ+
c → Λµ+νµ) = (3.49± 0.46± 0.26)%,
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TABLE II: The measured BFs and form factor ratios for some of the D meson decays to vector mesons.

Decay BF rV r2

D+ → K̄∗0e+νe (3.54± 0.03± 0.08)% 1.41± 0.06± 0.01 0.79± 0.04± 0.01

D0 → K̄∗−e+νe (1.36± 0.03± 0.03)% 1.46± 0.07± 0.02 0.67± 0.06± 0.01

D+ → ωe+νe (1.63± 0.11± 0.08)× 10−3 1.24± 0.09± 0.06 1.06± 0.15± 0.05

D0 → ρ−e+νe (1.45± 0.05± 0.04)× 10−3 1.70± 0.08± 0.05 0.85± 0.06± 0.04

D+ → ρ0e+νe (1.86± 0.07± 0.06)× 10−3 1.70± 0.08± 0.05 0.85± 0.06± 0.04

D+
s → K∗0e+νe (2.37± 0.26± 0.20)× 10−3 1.67± 0.34± 0.16 0.77± 0.28± 0.07
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FIG. 6: Projections of the fit to the five kinematic vari-
ables.

and

Γ(Λ+
c → Λµ+νµ)

Γ(Λ+
c → Λe+νe)

= 0.96± 0.16± 0.04.

These are consistent with a recent LQCD calcula-
tion [48].

C. Rare decays

Some decays which are heavily suppressed in the SM
may be enhanced by new physics mechanisms, which
may be within the sensitivity of current experiments.

BESIII has searched for the radiative leptonic de-
cays D → γe+νe [49, 50]. Unlike the pure leptonic
decays D → e+νe, these decays do not subject to
helicity suppression and the BFs are predicted to be
about 10−4-10−5 [51–54]. No signal is observed at BE-
SIII with photon energy larger than 10 MeV and the

upper limits are set at 90% confidence level with

B(D+ → γe+νe) < 3.0× 10−5,

B(D+
s → γe+νe) < 1.3× 10−4.

Among all of the rare charm leptonic and semilep-
tonic decays, perhaps decays with FCNC are of the
most concern since the loop diagrams (e.g. , Fig. 7 for
D0 → `+`−) are expected to receive large contribution
from physics beyond the SM. The BF of D0 → µ+µ−

c

ū

q

W+

W−

νℓ

ℓ+

ℓ−

c

ū

W+

q

γ

ℓ+

ℓ−

FIG. 7: Loop level feynman diagrams for D0 → `+`−.

are expected to be enhanced by SUSY or leptoquark
to 10−8 [55] and 10−7 [56]. Currently the strongest
limit is set by LHCb to be [57]

B(D0 → µ+µ−) < 6.2× 10−9@90% C. L.,

which can heavily constrain new physics beyond the
SM.

For charm semileptonic FCNC decays, the BFs may
be enhanced by long distance contribution mediated
via vector mesons to 10−6 [58–60]. In 2016, LHCb
reported the BF [61]

B(D0 → K−π+µ+µ−) = (4.17± 0.12± 0.40)× 10−6,

which is consistent with this prediction. Recently,
BaBar reported the result for D0 → K−π+e+e− [62]
and found that

B(D0 → K−π+e+e−) = (4.0± 0.5± 0.2± 0.1)× 10−6

in ρ/ω resonance region, which agrees with LHCb’s
measurement, and

B(D0 → K−π+e+e−) < 3.1× 10−6@90% C. L.

at the continuum region.
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To search for new physics effect in semilptonic
FCNC decays, one has to avoid the resonance re-
gion where the long distance contributions dominate.
Such analyses have been performed at LHCb for
D0 → π+π−µ+µ−, D0 → K+K−µ+µ− [63], and
Λ+
c → pµ+µ− [64]. While significant signals are ob-

served in the resonance region, no evidence is observed
in the continuum region, which is consistent with the
SM prediction.

Another method to search for new physics is to
look at the asymmetry effect, such as the forward-
backward asymmetry, triple-product asymmetry and
CP asymmetry. These observables are expected to be
symmetric in the SM while several percent of asym-
metry may be expected in physics beyond the SM.
LHCb has searched for this kind of asymmetry in
D0 → π+π−µ+µ− and D0 → K+K−µ+µ− [65] and
no asymmetry is observed at current statistics.

IV. SUMMARY

In summary, BESIII has improved the precision of
decay constants, form factors and CKM matrix ele-
ments in the charm sector with recent measurements.

Meanwhile, LFU test at a very high precision (1.5%
for Cabbibo favoured decays and 4% for Cabbibo sup-
pressed decays) has been performed while no evidence
of violation is found. Search for charm semileptonic
decays to scalar mesons were performed at BESIII
and the current results are in favor of the SU(3)
nonet tetraquark description of a0(980), f0(500) and
f0(980). Moreover, our sensitivity to rare charm lep-
tonic and semileptonic decays has been improved by
several magnitudes with the huge statistics at LHCb,
and strong constraints have been set for various new
physics models with recent measurements. With more
data coming from BESIII, LHCb and BelleII, experi-
ment study of charm leptonic and semileptonic decays
will be further improved in the future.
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