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ABSTRACT
A comprehensive review of weak decays of charmed hadrons (D0/ +, D+

s and�+
c ) based on analyses of the

threshold data from e+e− annihilation in the BESIII experiment is presented. Current experimental
challenges and successes in understanding decays of the charmed hadrons are discussed. Precise
calibrations of quantum chromodynamics and tests of the standard model are provided by measurements of
purely leptonic and semi-leptonic decays of charmed hadrons, and lepton universality is probed in purely
leptonic decays of charmed mesons to three generations of leptons. Quantum correlations in threshold data
samples provide access to strong phases in the neutralDmeson decays and probe the decay dynamics of the
charmed�c baryon. Charm physics studies with near-threshold production of charmed particle pairs are
unique to BESIII, and provide many important opportunities and challenges.

Keywords: charmed mesons, charmed baryon, leptonic decay, semi-leptonic decay, lepton flavor
universality

INTRODUCTION
The discovery of the J/ψ in 1974 marked a new
era in particle physics. The arrival of the first heavy
quark indicated that the standard model (SM) pro-
vided a correct low-energy description of particle
physics. Four decades later, the charmed quark still
plays unique roles in studies of strong and weak in-
teractions [1]. Recent observation ofCP violation in
charmed meson decays has attracted significant and
renewed interest to charm physics [2,3]. It paves the
road to precise tests of the SM in interestingweak in-
teraction transitions and maybe even to searches for
new physics beyond the SM.

A distinctive feature of all the charmed hadrons is
that theirmasses place themat the edge of the region
where non-perturbative hadronic physics is opera-
tive, forcing us to develop new means to cope with
such scales. This point has been made in prescient
reviews [4,5] that posed many of the questions that
are still awaiting answers. While this fact does not
markedly affect the theoretical description of lep-
tonic and semi-leptonic decays of charmed hadrons,
it poses challenges to analyses of their hadronic tran-

sitions.We expect that detailed experimental studies
would provide some hints on the dynamics of charm
hadronic decays, so that eventually those problems
will beovercome. In this reviewwe focuson theweak
decays of ground-state charmed hadrons, i.e. three
charmed mesons D+(c d̄), D0(c ū) and D+

s (c s̄ ) as
well as one charmed baryon �+

c (c ud), with inter-
nal quark constituents as depicted in Fig. 1, that can
be extensively studied using data collected at the
BESIII experiment. There are mainly three classes
of charmed hadron decays: purely leptonic, semi-
leptonic and hadronic decays. Measurements of the
charmed hadron decays can be used to calibrate
lattice quantum chromodynamics (LQCD) calcu-
lations. In addition, BESIII data provide stringent
constraints on the Cabibbo-Kobayashi-Maskawa
(CKM) six-quark flavor-mixing matrix [7] via: (1)
precision measurements of the CKM matrix ele-
ments |Vcs| and |Vcd| that parameterize the strengths
of c → s and c → d weak transitions, respec-
tively; (2) determinations of the strong-interaction
phases in D-meson decays that are essential in-
puts to measurements of the CP-violating phase
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Figure 1.Quark constituents for the ground-state charmed hadrons of D +(cd̄ ), D 0(cū ),
D +
s (cs̄) and �+

c (cud ). Taken from [6].

γ of the CKM matrix element Vub in B-meson
decays [8].

ADVANTAGES NEAR THRESHOLD
PRODUCTION FROM e+e−

ANNIHILATION
Experiments at e+e− machines operating at the
ψ(3770) and ψ(4140) resonances and �+

c �̄−
c

threshold, such as CLEO-c and BESIII [9], have
several important advantages. First, the cross section
for charm production is relatively high, for exam-
ple, σ (e+e− → D0 D̄0) = (3.615 ± 0.010 ±
0.038) nb and σ (e+e− → D+D−) = (2.830 ±
0.011 ± 0.026) nb at the ψ(3770) peak [10].
Second, the D D̄ and �+

c �̄−
c pairs are produced in

the exclusive two-body channel with no additional
particles. Thus, one can employ a double-tag tech-
nique pioneered by the Mark III experiment [11]: a
full reconstruction of an anti-Dmeson on one side of
tagged events together with the known momentum
and energy of colliding beams provides a ‘beam’ of
D particles of known four-momentum on the other
side. The tag yield, which provides the normaliza-
tion for the branching fraction measurement, is
extracted from the distribution of beam-constrained
mass MBC =

√
E 2
beam − | �ptag|2, where �ptag is the

three-momentum of the tag D̄ candidate and Ebeam
is the beam energy, both evaluated in the e+e−
center-of-mass system. When a tagged D+ decays
to a muon and a muonic neutrino, μ+νμ, the mass
of the (missing) nearly zero-mass neutrino can be
inferred from energy-momentum conservation.
This tagging technique, which obviates the need for
knowledge of the luminosity or the production cross
section, is a powerful tool for charmed particle decay
measurements that is most accurately performed by
the near-threshold experiments.

Furthermore, the charmed hadron pairs
at BESIII are produced via e+e− annihilation
through a virtual photon (with spin, parity
and C parity of JPC = 1−−), e.g. in the pro-
cess e+e− → γ ∗ → ψ(3770) → D0 D̄0

(e+e− → γ ∗ → �+
c �̄−

c ). Hence, the wave
function of the produced charm hadron pairs is

analogous to that of photons in an aligned, spin-1
state with odd charge parityC= −1, and the D0 D̄0

(�+
c �̄−

c ) pair are in a quantum-entangled state.
This allows for unique probes of the structure of
decay amplitudes and relative phases between D0

and D̄0 decays, as well as novel measurements of
neutral D mixing and CP violation in D0 and �+

c
decays [12–15].

PRECISION TESTS OF THE
STANDARD MODEL
In the SM, quark-flavor mixing is characterized by
the unitary 3× 3 CKMmatrix [7]:

VCKM =
⎛
⎝Vud Vus Vub
Vcd Vc s Vcb
Vtd Vts Vtb

⎞
⎠ . (1)

The CKM matrix induces flavor-changing transi-
tions within and among generations in the charged
currents in tree-levelW±-exchange interactions. Ex-
periments have revealed a strong hierarchy among
the CKM matrix elements: transitions within the
same generation are described by VCKM elements of
O(1), whereas there is a suppression of O(10−1)
for transitions between the first and the second
generations, O(10−2) between the second and
the third, and O(10−3) between the first and the
third. Following the observation of this hierarchy,
Wolfenstein [16] proposed an expansion of the
CKMmatrix in terms of four parameters (whichwas
furthermodifiedbyBuras [17]),λ,A, ρ̄ and η̄, under
the relations

λ2 = |Vus |2
|Vud |2 + |Vus |2 ,

A2λ4 = |Vcb |2
|Vud |2 + |Vus |2 ,

ρ̄ + i η̄ = −Vud V ∗
ub

Vcd V ∗
c b

, (2)

which are used to fully characterize the matrix. Any
deviationofVCKM fromunitaritywould indicate new
physics beyond the SM. Therefore, improving our
knowledge of the CKMmatrix elements to test uni-
tarity is one of the principal goals of flavor physics.
BESIII data provide direct precise measurements of
the CKM matrix elements |Vcs| and |Vcd| using the
purely leptonic and semi-leptonic charmed-hadron
decay rates, as discussed in detail below.

Purely leptonic and semi-leptonic decays of
hadrons have a special characteristic advantage in
studies of the weak interaction [18,19]. A key fea-
ture is their relative simplicity, a consequence of the
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Figure 2.Diagrams for purely leptonic (left) and semi-leptonic (right) decays ofD(s) mesons. (Courtesy of Hao-Kai Sun, Institute
of High Energy Physics, Chinese Academy of Sciences.)

fact that in these processes the effects of the strong
interactions can be isolated. For each decay type,
the decay amplitude can be written as the prod-
uct of a well-understood leptonic current for the
process W+ → 
+ν
 (
 denotes charged leptons)
and a more complicated hadronic current for the
quark transition. Figure 2 shows the Feynman di-
agrams for the purely leptonic (left diagram) and
semi-leptonic (right diagram) decays. In purely lep-
tonic decays, the hadronic current describes an anni-
hilation of the quark and the anti-quark in the initial-
state charmedmesons,while in semi-leptonic decays
it describes the evolution from the initial-charmed
hadron to the final-state hadrons. Because strong in-
teractions affect only one of the two currents, purely
leptonic and semi-leptonic decays are relatively sim-
ple from a theoretical perspective; they provide bi-
lateral means both to measure fundamental SM pa-
rameters and toperformdetailed studiesof thedecay
dynamics [20].

A bridge between quarks and leptons:
decay constants and lepton flavor
universality
Purely leptonic decays of theD+ and D+

s mesons are
among the simplest and best-understood probes of
c → d and c → s quark transitions. In each case,
the effects of the strong interaction can be parame-
terized in terms of just one factor, called the decay
constant f D+

q
. In the SM, the corresponding decay

rate, ignoring radiative corrections, is given in a sim-
ple form:

�(D+
q → 
+ν
) =

G 2
F f 2D+

q

8π
|Vcq |2 m2


mD+
q

×
(
1 − m2




m2
D+

q

)2

. (3)

Here q = d or s quark and 
 = e, μ or τ (elec-
tron, muon or tau lepton), and ν
 stands for the
neutrino with the corresponding lepton flavor. The

D+
q mass (mD+

q
), the mass of the charged lepton

(m
) and the Fermi coupling constant (GF) are all
known to high precision [21]. Thus, the determina-
tion of�(D+

q → 
+ν
) directlymeasures the prod-
uct f D+

q
|Vcq |of the D+

q decay constant and themag-
nitude of the c → q CKMmatrix element. One can
then either extract |Vcq| by using the predicted value
of f D+

q
, e.g. fromLQCD[22], orobtain f D+

q
byusing

the experimentallymeasured |Vcq| to test the LQCD
prediction.

Since the purely leptonic decays of pseudoscalar
mesons are helicity suppressed, their decay rates
are proportional to the square of the charged lep-
ton mass. According to Equation (3), the SM-
expected relative decay widths for the τντ ,μνμ and
eνe modes are 2.67 : 1 : 2.35 × 10−5 for D+ and
9.75 : 1 : 2.35 × 10−5 for D+

s with negligible uncer-
tainties. Therefore, the SM D+

q → e+νe branching
fractions are expected to be Be+νe < 10−8 and not
yet experimentally observable.

Using a data sample with an integrated lumi-
nosity of 2.93 fb−1 collected with BESIII at the
ψ(3770) peak, a total of about 1.7 million single-
tag D− mesons are selected using nine hadronic de-
cay modes (summing up to 30% of all D− decays)
on the tagging side. Throughout this article, charge-
conjugate modes are implicitly assumed, unless oth-
erwise stated. Signal candidates of D+ → μ+νμ

are required to have a signature in which the tag-
ging D− mesons are accompanied by exactly one
track that is identified as a muon with charge op-
posite to that of the tagging D−. Since the mass-
less neutrino is undetected, the yields of the signal
D+ → μ+νμ decays are measured based on the
missing-mass-squared variable M 2

miss = (E beam −
Eμ)2 − (− �ptag − �pμ)2, where Eμ and �pμ are the
energy and three-momentum of the muon, respec-
tively, and �ptag is the three-momentumof the tagged
D− candidate. Here Mmiss corresponds to the in-
variant mass of the neutrino, and hence the sig-
nal for D+ → μ+νμ events is the peak around
M 2

miss = 0, as shown in Fig. 3(a), where a tiny back-
ground is smoothly distributed under the signal
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Figure 3. The missing-mass M 2
miss distribution of the selected (a) D

+ → μ+νμ and (b) D +
s → μ+νμ candidates from [23]

and [25], respectively. The error bars show the statistical uncertainty in experimental data. Arrows in plot (a) are the bound-
aries of the signal region, and the inset in plot (b) shows the same distribution on the logarithmic scale. Plots are from [23]
and [25].

Table 1. Measurements of D+ and D +
s purely leptonic decays with threshold data at BESIII, and comparisons between

experimental results and theoretical expectation or SM-global fit results. (Here, ‘–’ indicates not available.)

Observable Measurement Prediction/fit

B(D+ → μ+νμ) (3.71± 0.19stat ± 0.06syst)× 10−4 [23] –
f D+ |Vcd | (45.75± 1.20stat ± 0.39syst) MeV –
f D+ (203.8± 5.2stat ± 1.8syst) MeV (212.7± 0.6) MeV [22]
|Vcd| 0.2150± 0.0055stat ± 0.0020syst 0.22438± 0.00044 [21]

B(D+ → τ+ντ ) (1.20± 0.24stat ± 0.12syst)× 10−4 [24] –

�(D+ → τ+ντ )/�(D+ → μ+νμ) 3.21± 0.64stat ± 0.43syst [24] 2.67

B(D+
s → μ+νμ) (5.49± 0.16stat ± 0.15syst)× 10−3 [25] –

f D+
s
|Vcs | (246.2± 3.6stat ± 3.5syst) MeV –

f D+
s

(252.9± 3.7stat ± 3.6syst) MeV (249.9± 0.5) MeV [22,26]
|Vcs| 0.985± 0.014stat ± 0.014syst 0.97359± 0.00011 [21]

�(D+
s → τ+ντ )/�(D+

s → μ+νμ) 9.98± 0.52 [25] 9.74

f D+
s
/ f D+ 1.24± 0.04stat ± 0.02syst [25] 1.1783± 0.0016 [28]

peak. From this, BESIII obtained the world’s most
accurate branching fraction measurement for D+

→ μ+νμ decay [23], as shown in Table 1. By in-
putting either theLQCD-calculated value for the de-
cay constant [22] or the CKM matrix element val-
ues from a global SM fit [21], the |Vcd| or f D+ can
be extracted; the corresponding results are listed in
Table 1.Using the samedata sample,BESIII recently
reported the first measurement of the absolute de-
caybranching fraction forD+ → τ+ντ with a signifi-
cance of 5.1σ [24].The presence of additional final-
state neutrinos from the τ+ decays results in more
background and a relatively larger systematic uncer-
tainty than in theD+ →μ+νμ decaymeasurement.

To study the D+
s → μ+νμ signal channel,

BESIII uses e+e− → D+
s D

∗−
s collisions at the

center-of-mass energy of 4178 MeV and performs
a similar analysis as was used for the D+ → μ+νμ

decay measurement [25]; the D+
s → μ+νμ signal

peak is shown in Fig. 3(b). The absolute branching
fraction and the product f D+

s
|Vcs | are obtained as

listed in Table 1. Taking the CKM matrix element
|Vcs| from the latest global SM fit [21], the D+

s
decay constant is determined. Alternatively, taking
the averaged decay constant from recent LQCD
calculations [22,26], the CKM matrix element is
extracted as listed in Table 1. These are the most
precise measurements to date, and provide an
important calibration of the theoretical calculations
of f D+

s
and a stringent test of the unitarity of the

CKMmatrix with an improved accuracy.
Using the world average values from the Particle

Data Group (PDG) [21], we determine the ratio

RD+
τ/μ = �(D+ → τ+ντ )/�(D+ → μ+νμ)

= 3.21 ± 0.64stat ± 0.43syst, (4)

Page 4 of 15



Natl Sci Rev, 2021, Vol. 8, nwab181

which, although still statistically limited, is consis-
tent with the SM prediction of 2.67. With BESIII’s
expected future 20 fb−1 data set at the ψ(3770)
peak, as discussed in [9] and approved by the col-
laboration, the precision on RD+

τ/μ will be statistically
improved to about 8%, which will provide an impor-
tant test of the lepton flavor universality (LFU). For
the D+

s , we obtain

RD+
s

τ/μ = �(D+
s → τ+ντ )/�(D+

s → μ+νμ)

= 9.98 ± 0.52, (5)

which agrees with the SM-predicted value of 9.74.
Meanwhile, D+

s → τ+ντ decays are currently be-
ing studied at BESIII with an expected result that
will have a precision comparable to that achieved for
the D+

s → μ+νμ decay mode. This result should
improve the accuracy of the f D+

s
|Vcs | measure-

ment and can also be used to test LFU in the ratio
RD+

s
τ/μ with a precision of 4.7% based on the current

data set [9]. With the expected 6 fb−1 data set at
4178MeV, as discussed in [9], the precisionon RD+

s
τ/μ

will be systematically limited at about 3% or less,
which will provide for the most stringent test of the
μ–τ LFU in heavy quark decays [27].

Finally, combining the measured f D+
s
|Vcs |

value with its f D+|Vcd | counterpart, along with the
|Vcd/Vcs| value from the global SM fit [21], BESIII
made a direct measurement of the f D+

s
/ f D+ decay

constant ratio [25] that is 1.5σ higher than the
Flavour Lattice Averaging Group (FLAG) world av-
erage value [28], as shown in Table 1. Since LQCD
can make a very accurate prediction of f D+

s
/ f D+ ,

which is a unique property of purely leptonic
D+/D+

s decays, BESIII can make unambiguous
measurements of fundamental SM parameters and
perform detailed studies of the charmed hadron
decay dynamics. For these purposes, more data
are needed at the D D̄ and D+

s D
∗−
s thresholds

to pursue high-precision calibrations of LQCD
calculations [9].

Precision measurements of the transition
form factors
In the SM, semi-leptonic decays of charmedhadrons
involve the interaction of a leptonic current with a
hadronic current. The latter is non-perturbative and
cannot be calculated from first principles; thus, it is
usually parameterized in terms of form factors. Still,
the weak and strong effects in semi-leptonic decays
can be well separated, since there are no strong final-
state interactions between the leptonic and hadronic
systems. Among the semi-leptonic decays, the sim-
plest case is D0/ + → P
+ν
 (where P denotes a

pseudoscalar meson), for which the differential par-
tial decay width is given, in the limit of negligible
charged lepton mass, by

d�(D0/+ → P 
+ν
)
dq 2 = G 2

F |Vcq |2
24π 3 p3P | f P+ (q 2)|2.

(6)
Here pP is the magnitude of the three-momentum
of the P meson in the D0/ + rest frame and f P+ (q 2)
is the form factor of the hadronic weak current de-
pending on q2 =|M(
+ν
)|2, the square of the four-
momentum transfer between the initial state D0/ +

and final state P. Thus, semi-leptonic decays can be
used to extract the product of a form factor normal-
ization chosen to be at q2 = 0 and a CKMmatrix el-
ement: |Vcq | f P+ (0).These decays allow for a robust
determination of the |Vcs| and |Vcd|CKMmatrix el-
ements in conjunctionwith form factors determined
fromLQCDcalculations. Alternatively, by inputting
CKM matrix elements one can determine the form
factors to provide high-precision tests of LQCD
calculations.

The CLEO experiment had made precision mea-
surements of semi-leptonic charm-decay rates using
a data set accumulated at the ψ(3770) peak [29].
With a three-times-larger data set, BESIII reported
improved measurements of the absolute decay rates
and the form factors, thereby assuming an important
role in the precision tests of LQCD calculations [9].

Notably, measurements of the exclusive D0 →
K−
+ν
 and π−
+ν
 decays, as well as D+ →
K̄ 0
+ν
 and π 0
+ν
 decay modes, with 
 = e
or μ, have been reported [30,31]. Results for the
absolute branching fractions are summarized in
Table 2. From studies of the differential decay rates
(see Equation (6)), the products of the hadronic
form factor at q2 = 0 and themagnitude of theCKM
matrix element, |Vcs | f K+ (0) and |Vcd | f π

+ (0), are
shown in Table 2. Combining these products with
the values of |Vcs| and |Vcd| from theSM-constrained
fit [21], we extract the transition form factors

f K+ (0) = 0.7368 ± 0.0026stat ± 0.0036syst

and

f π
+ (0) = 0.6372 ± 0.0080stat ± 0.0044syst,

and their ratio

f π
+ (0)
f K+ (0)

= 0.865 ± 0.013,

which is in good agreement with the present aver-
age (0.834 ± 0.023) of LQCD calculations [27,28]
and a light cone sum rule value 0.84 ± 0.04 [32].
The experimental precision is better than that of the
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Table 2. Measurements of D0/D+, D +
s and �c semi-leptonic decays with near-threshold data at BESIII, and comparisons

between experimental results and theoretical expectation or SM-global fit results. (Here ‘–’ indicates not available.)

Observable Measurement Prediction/fit

B(D0 → K −e+νe ) (3.505 ± 0.014stat ± 0.033syst)% [30] –
|Vcs | f K+ (0) 0.7172± 0.0025stat ± 0.0035syst [30] –
f K+ (0) 0.7368± 0.0026stat ± 0.0036syst [30] 0.747± 0.011± 0.015 [28]

B(D0 → π−e+νe ) (0.295 ± 0.004stat ± 0.003syst)% [30] –
|Vcd | f π+ (0) 0.1435± 0.0018stat ± 0.0009syst [30] –
f π+ (0) 0.6372± 0.0080stat ± 0.0044syst [30] 0.66± 0.02± 0.02 [28]

B(D+ → K̄ 0e+νe ) (8.60 ± 0.06stat ± 0.15syst)% [31] –
f K+ (0) 0.725± 0.004stat ± 0.012syst [31] 0.747± 0.011± 0.015 [28]

B(D+ → π0e+νe ) (0.363 ± 0.008stat ± 0.005syst)% [31] –
f π+ (0) 0.622± 0.012stat ± 0.003syst [31] 0.66± 0.02± 0.02 [28]

f π+ (0)/ f K+ (0) 0.865± 0.013 [31] 0.84± 0.04 [32]

B(�+
c → �e+νe ) (3.63 ± 0.38stat ± 0.20syst)% [33] –

B(�+
c → �μ+νμ) (3.49 ± 0.46stat ± 0.27syst)% [34] –

B(�+
c → �μ+νμ)/B(�+

c → �e+νe ) 0.96± 0.16stat ± 0.04syst [34] ≈1.0

K

0.2 0.3 0.4 0.5 0.6 0.7

BESIII ν+e-K→0), D-1Expected (20fb 0.0033±0.0009±     0.7368
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CLEO  ν+eK→PRD80,032005, D 0.005±0.007±     0.739

BaBar  ν+e-K→0PRD76,052005, D 0.009±0.007±     0.727

Belle  ν+l-K→0PRL97,061804, D 0.022±0.007±     0.695

HPQCD PRD82,114506 0.015±0.011±     0.747

f + (0)
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BESIII  ν

ν
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HPQCD PRD84,114505 0.021±0.02±     0.666

πf + (0)

(a) (b)

Figure 4. Comparison of the results for (a) f K+ (0) and (b) f π
+ (0) measured by the Belle, BaBar, CLEO-c and BESIII experiments.

The green bands present the LQCD uncertainties. The value marked in red denotes the best measurement from BESIII, and
the value marked in dark blue denotes the expected precision from BESIII with ten times the current data set [9]. (Courtesy
of Hai-Long Ma, Institute of High Energy Physics, Chinese Academy of Sciences.)

theoretical calculation. The measurement of f π
+ (0)

is dominated by statistical uncertainties. More data
will reduce these uncertainties as discussed in the
BESIII future physics programme [9]. Figure 4
shows the form factors f K+ (0) and f π

+ (0)measured
by various experiments together with results from
LQCD calculations [27,28].

Based on a 567 pb−1 data set collected at
4.6 GeV, an energy point slightly above the �+

c �̄−
c

production threshold, BESIII made the first ab-
solute branching fraction measurement of �+

c →
�e+νe [33]. Similar to the tagging technique em-

ployed in the D D̄ threshold production, the �̄−
c is

tagged via its hadronic decay modes. As an exam-
ple, Fig. 5 shows the beam-constrained mass MBC
distribution for the �̄−

c → p̄ K +π− tagging mode,
where the background level is very low. This is typ-
ical for most tagging modes and demonstrates that
the threshold data sets provide unique opportuni-
ties for nearly background-free charmed baryon de-
cay measurements. Since the massless neutrino is
undetected, the kinematic variableUmiss = Emiss −
c | �pmiss| is used to infer its presence, where Emiss
and �pmiss are the missing energy and missing
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Figure 5. Fit to the MBC distribution for �̄−
c → p̄ K +π−

decay in the tag side. The points with error bars are data, the
solid curves show the total fits and the dashed curves are
the background shapes. (Courtesy of Pei-Rong Li, Lanzhou
University.)

Figure 6. Fit to the Umiss distribution within the� signal re-
gion [33]. The points with error bars are data, the solid curves
show the total fits and the dashed curves are the background
shapes. Plot is from [33].

momentum carried by the neutrino, respectively.
The calculation methods of Emiss and �pmiss can be
found in [33]. TheUmiss distribution is presented in
Fig. 6, and a tiny background under the signal peak
is inferred. From this, the absolute branching frac-
tions for �+

c → �e+νe and �+
c → �μ+νμ de-

cays are determined. For the �+
c → �e+νe case,

the BESIII result listed in Table 2 corresponds to
a two-fold improvement in the precision of the
world average value. Since the branching fraction
for�+

c → �e+νe is the benchmark and serves as a
normalization mode for all other �+

c semi-leptonic
channels, the BESIII result allows for stringent tests
of different theoretical models. For the muonic de-
cay�+

c → �μ+νμ, the BESIII result is the first di-
rect measurement [34], and with it the branching
fraction ratio is determined to be

B(�+
c → �μ+νμ)/B(�+

c → �e+νe )

= 0.96 ± 0.16stat ± 0.04syst,

which is consistent with e − μ LFU. The form
factors for charmed baryon transition to light hy-
perons/baryons will be studied with high precision
when more threshold data samples are collected by
BESIII [9]. The detailed q2-dependent transition
form factors can be studied at BESIII, and will pro-
vide unique calibrations of LQCD calculations. Al-
ternatively, with LQCDpredictions as input, BESIII
measurements can be used to test LFU at any given
q2 value.

Impact on CKM matrix elements:
|Vcs| and |Vcd|
If precision LQCD calculations of the decay con-
stants and form factors are taken as inputs, measure-
ments of branching fractions for the purely leptonic
and semi-leptonic decays can be used to confront
weak-interaction physics. In the past decade, great
progress has beenmade in the LQCDcalculations of
decay constants.Theuncertainties of the results have
been reduced from the level of 1%–2% to 0.2% [28].
With these, the BESIII leptonic-decay measure-
ments have uncertainties of 2.5% and 1.5% for |Vcd|
and |Vcs|, respectively, and dominate the PDGworld
average values. For leptonic decays, the statistical er-
ror on |Vcd| is larger than the systematic error, while
the statistical and systematic uncertainties of |Vcs|
are comparable, as shown in Fig. 7.TheBESIII result
for |Vcd| listed in Fig. 7(a) is within 1.7σ of the value
obtained from a global SM fit to the other CKMma-
trix element measurements that assumes unitarity.

With additional data from the next 10-year
physics programme for BESIII [9], the relative er-
rors on the |Vcs| and |Vcd| determinations with
purely leptonic decayswill both reach the 1% level; if
the |Vcd| result is the same as its current central value,
the significance of the discrepancywould increase to
about the 4σ level, as shown in Fig. 7(a).

In addition, with the FLAG [28] world aver-
age value for ( f D+

s
/ f D+)FLAG = 1.1783 ± 0.0016,

BESIII obtained |Vcd/Vcs|2 = 0.048 ± 0.003stat ±
0.001syst, which is consistent with that expectedwith
the values of |Vcs| and |Vcd| given by the CKMfit-
ter group to within 2σ [36]. The error on the ra-
tio |Vcd/Vcs|2 is currently dominated by the limited
experimental statistics, and with the planned BE-
SIII final data sample, we expect that the statistical
uncertainty will be comparable to the systematic
uncertainty that arisesmainly from theLQCDdecay
constant calculations.

The matrix elements |Vcs| and |Vcd| can also
be determined from the measured partial widths
for the semi-leptonic decays D0(+) → K̄ 
ν
 and
D0(+) →π
ν
with the computedvaluesof the form
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|V cd|

0.05 0.1 0.15 0.2

BESIII νμ→+), D-1Expected (20fb 0.0017±0.0021±     0.2150

BESIII νμ→+PRD89,051104, D 0.0020±0.0055±     0.2150

CLEO ν�+ν�→+PRD78,052003, D 0.003±0.009±     0.218

PDG ν+l-(0)π→
0(+)PDG18, D 0.009±0.003±     0.214

SM fit PDG18 0.00044±     0.22438

|V cs|
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BESIII νμ→s
+), D-1Expected (6fb 0.012±0.010±     0.985

BESIII νμ→s
+PRL122,071802, D 0.014±0.014±     0.985
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+JHEP1309,139, D 0.019±0.026±     0.969

BaBar νμ→s
+PRD82,091103, D 0.029±0.033±     1.032

CLEO νμ→s
+PRD79,052001, D 0.016±0.040±     1.000

PDG ν+lK→PDG18, D 0.025±0.007±     0.975

SM fit PDG18 0.00011±     0.97359

(a) (b)

Figure 7. Precision of the measurements of (a) |Vcd| and (b) |Vcs|. The green bands indicate the uncertainties of the average
values from the global fit in the SM [35]. The circles, dots and rectangles with error bars are results derived from semi-leptonic
D decays, purely leptonicD decays and other methods, respectively. The results marked in red denote the best measurements,
and the values marked in light blue denote the expected precisions with the BESIII data sets that will be accumulated in the
future [9]. (Courtesy of Hai-Long Ma, Institute of High Energy Physics, Chinese Academy of Sciences.)

factors from LQCD taken as inputs [28]. The re-
sults using this method are also shown in Fig. 7. At
present, the uncertainties from LQCD calculations
are 2.4% for f K+ (0) and 4.4% for f π

+ (0), which are
significantly larger than the uncertainties from the
associated experimental measurements, and, there-
fore, limit the determinations of |Vcs| and |Vcd| with
this approach.

With the future BESIII data and improvements
in the LQCD calculations on the decay constants
and form factors that are expected circa 2025, we can
anticipate significantly improved constraints on the
(|Vcs|, |Vcd|) plane as shown in Fig. 8 [9], where di-
rect contributions from the BESIII experiment are
indicated. This will allow for precise tests of the
consistency of CKM determinations from different
quark sectors [9,36].

Impact on the charm lifetime and SU(3)F
symmetry from inclusive
semi-leptonic decays
Isospin symmetry requires that the charged andneu-
tralDmesons have the same inclusive semi-leptonic
partial widths for Cabibbo-favored decays [37],
and this is confirmed by experiments within mea-
surement uncertainties [21]. This prediction is ex-
pected to be reliable, since the lepton cannot in-
teract strongly with the final-state hadrons, and the
charged and neutral D mesons differ only in the
isospin of the light quark. Therefore, a precise mea-
surement of the�(D0 →Xe+νe)/�(D+ →Xe+νe)
ratio (X refers to any accessible hadronic system)
provides a test of isospin symmetry. With current

Direct

Nucleon & Kaon

B physics

Indirect

|Vcd|

|V
cs

|

0.19
0.90

0.92
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1.00

Excluded area has CL > 0.95Phase I

CKM
f i t t e r

0.20 0.21 0.22 0.23 0.24 0.25 0.26

Figure 8. Constraints on the (|Vcs|, |Vcd|) plane expected
with the future BESIII data-taking plan as described in the
BESIII white paper [9]. The indirect (green) constraints (from
B decays) are related to |Vcs| and |Vcd| by unitarity [36]. The
direct (gray) constraints combine purely leptonic and semi-
leptonic D(s) decays from the BESIII experiment. The red cir-
cled region of the global combination corresponds to the
68% confidence level. Plot is from [9].

values from the PDG[21], one has�(D0 →Xe+νe)
= (1.583±0.027)×1011 s−1 and�(D+ →Xe+νe)
= (1.545 ± 0.031) × 1011 s−1, and the observed
ratio is

RD0/D+
Xeν = �(D0 → Xe+νe )

�(D+ → Xe+νe )
= 1.025 ± 0.027.

(7)
It indicates the need for reduction of experimen-
tal uncertainties on the branching fraction measure-
ments before the predicted deviations of this ratio
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from unity can be identified. On the other hand,
assuming the equality of semi-leptonic D0 and D+

partial widths, one obtains

τD+

τD0
= �(D0 → all)

�(D+ → all)
= �(D0 → all)

�(D0 → Xe+νe )

× �(D+ → Xe+νe )
�(D+ → all)

= BD+
SL

BD0

SL
,

where BD+
SL (BD0

SL ) is the inclusive semi-leptonic
branching fraction forD+ (D0).Therefore, compar-
ison ofBD+

SL /BD0

SL with τD+/τD0 from direct lifetime
measurements from other experiments provides a
test of isospin symmetry in charm decays and QCD
calculations. This analysis is currently ongoing at
BESIII with triple the amount of CLEO-c data, and
the sensitivity will be significantly improved.

Furthermore, inclusive semi-leptonic widthmea-
surements of strange and non-strange D mesons
have revealed a clean determination of SU(3) break-
ing effects. According to the operator product ex-
pansion methods [38], the partial widths for the
inclusive semi-leptonic decays of the D+, D0 and
D+

s mesons should be equal up to SU(3)F sym-
metry breaking and non-factorizable contributions
(although their phase-space differences may not
be trivial [38]). With the current values from the
PDG[21], one has�(D+

s → Xe+νe ) = (1.300 ±
0.082) × 1011 s−1, and the observed ratio is

RDs /D
Xeν = �(D+

s → Xe+νe )
�(D → Xe+νe )

= 0.830 ± 0.053.

(8)
Thus, the semi-leptonic D+

s decay rate is (17.0 ±
5.3)% lower than the charge-averaged non-strange
D semi-leptonic rate. This difference not only sheds
light on strong-interaction dynamics, but can serve
as a useful calibration for measurements using D+

s
decays [38]. Inclusive D+

s → Xe+νe decay is cur-
rently being studied at BESIII with an expected pre-
cision that will be comparable to that achieved for
the correspondingD→ Xe+νe mode.

Similar to the cases for the charmed mesons
(D0/D+/D+

s ), the lifetime of the �+
c charmed

baryon is dominated by the weak decay of the
charm quark, but is somewhat affected by the in-
fluence of the two accompanying light quarks (u
and d) in the hadron state in contrast to the single
light quark component in the meson case. There-
fore, it will be interesting to make a comparison
between the partial widths of the inclusive semi-
leptonic decays�+

c → Xe+νe andD→ Xe+νe, so
that one can further understand the internal inter-
actions and structures in the charmed baryon and
mesons. Information about exclusive semi-leptonic

decays of the �+
c is sparse [21], and only the

�+
c → �
+ν
 (
 = e and μ) decay mode has

been measured. The measurement of the branch-
ing fraction of �+

c → �
+ν
 was first performed
by the ARGUS collaboration [39] and subsequently
by the CLEO collaboration [40]. Recently, the
BESIII collaborationmeasured the absolute branch-
ing fraction of �+

c → �
+ν
, as discussed in the
section entitled ‘Precision measurements of the
transition form factors’ [33,34]. A comparison of
the exclusive semi-leptonic decay and the inclu-
sive semi-leptonic decay will guide searches for new
semi-leptonic decay modes. Based on the thres-
hold data at BESIII, the absolute branching frac-
tion of the inclusive semi-leptonic decays of the�+

c
baryon is determined to be B(�+

c → Xe+νe ) =
(3.95 ± 0.34stat ± 0.09syst)% [41], from which we
obtain [41]

B(�+
c → �e+νe )/B(�+

c → Xe+νe )

= (91.9 ± 12.5stat ± 5.4syst)%

and determine the ratio

�(�+
c → Xe+νe )/�(D → Xe+νe )

= 1.26 ± 0.12,

which can be used to restrict different QCDmodels
and understand the internal interactions and struc-
tures in the charmed baryon andmesons [38,42,43].

UNIQUE PROBES WITH QUANTUM
ENTANGLED D0 D̄0 AND �+

c �̄−
c STATES

BESIII operating at the ψ(3770) resonance is a
‘charm factory’ that produces D0 D̄0 pairs in a state
of definite charge-conjugation eigenvalue C = −.
The antisymmetry of thewave function of the D0 D̄0

state induces quantum entanglement between the
decay amplitudes of two D mesons. In particular, if
one D meson is reconstructed in a CP eigenstate,
the other D meson is required to have the opposite
CP quantumnumber, providedCP is conserved inD
decays.Thus, the transitionψ(3770) → D0 D̄0 oc-
cupies a special place in the charm experimentalist’s
and theorist’s arsenal [44]. BESIII data at ψ(3770)
offer crucial experimental advantages for the deter-
mination of absolute branching fractions and inter-
ference between the two decay amplitudes from the
entangled D0 and D̄0 mesons [45–48], that can be
used to access their relative strong phases [12].This
suite of measurements is important to the interna-
tional program in precision flavor physics andwidely
considered to be one of the main motivations for
a charm factory [9]. Particularly pertinent to this
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review, BESIII offers unique opportunities to search
forCP violation by exploiting quantum coherence in
an almost background-free environment.

Analogously, the reaction e+e− → �+
c �̄−

c pro-
duces charmed and anti-charmed baryon pairs. The
�+

c �̄−
c pair must be in a C-odd quantum entangled

state, which provides a unique opportunity to study
the spin observables in the charmed baryon decays
at BESIII.

In this section, we discuss some selected mea-
surements, including: (1) the unique quantum-
coherent measurement of strong phases in neutral
D0 hadronic decays and (2) the absolute branching
fraction measurements of the �+

c hadronic decays
firstly implemented in the cleanest way near thres-
hold. Both of these topics are highlight results in
charm physics at BESIII.

Relative strong phase and constraints
on the CP-violation phase γ

The complex phases that result from the strong
interactions between the hadrons in the final states
cannot be reliably calculated in theory and must
be determined experimentally [12]. The values of
the strong phase differences between the Cabibbo-
favored (CF) and doubly Cabbibo-suppressed
(DCS) amplitudes in charmed meson decays are
crucial inputs for the extraction of the CP-violation
phase angle γ , i.e. the phase of the CKMmatrix ele-
ment Vub [16,49], determined from measurements
of b-hadron decays. A precise measurement of γ

provides a benchmark for tests of the SM that can
be used as a probe to search for evidence of physics
beyond the SM [36,50,51]. Three methods have so
far been proposed to determine γ : GLW [52,53],
ADS [54,55] andDalitz (GGSZ) [56] analyses.One
of the most sensitive decay modes for measuring γ

is B− → DK− with D → KSπ
+π− [56], where D

represents a superposition of D0 and D̄0 mesons.
The model-independent approach [57,58] requires
a binned Dalitz plot analysis of the amplitude-
weighted average cosine and sine of the relative
strong phase between D0 and D̄0 → KSπ

+π−

decay amplitudes to determine γ . These relative
strong phases can be uniquely determined from
quantum-correlatedψ(3770) → D0 D̄0 decays.

In 2009 and 2010, the CLEO experiment pre-
sented first measurements of the strong-phase pa-
rameters by using 0.82fb−1 of data [59,60]. The
limited precision of these strong phase parameters
translates into a systematic uncertainty for the mea-
surement of γ of approximately 4◦ [61]. In the com-
ing decade, the statistical uncertainty of γ is ex-
pected to be 1.5◦ or less, in which case the overall
precision will be limited by the strong-phase inputs.
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Figure 9. Evolving constraints and the global fit in the (ρ̄, η̄)
plane (for ρ̄ and η̄, see Equation (2)) with the anticipated
improvements by considering the LHCb upgrade [1] and final
data set from the Belle II experiment [65]. The CP-violation
phase γ is expected to have an accuracy around 0.4◦, with
the input from 20 fb−1 of data accumulated at the D D̄
threshold [9] at BESIII. The shaded areas have the 95% con-
fidence level. The plot is from the CKM fitter group [36] for
the BESIII future physics programme [9]. Plot is from [9].

Hence, measurements of the relative strong-phase
parameters with improved precision are a high pri-
ority activity that is critical for a range of CP-phase
measurements. At present, BESIII is the only run-
ning experiment that can takedata at the D0 D̄0-pair-
production threshold. Based on 2.93fb−1 of data,
BESIII recently explored several methods to im-
prove the analysis by incorporating more hadronic
D0 decays to increase statistics, including the devel-
opment of partial reconstruction techniques to im-
prove signal efficiency, and taking the effects of bin
migration into account to reduce possible deviations
of the results [62–64].These improvements are crit-
ical to provide better precision and accuracy com-
pared to previous measurements [61]. Using the
newBESIII results, the effect of the strong-phase un-
certainty on the value of γ will be reduced to around
1.0◦, which is approximately a factor of 3 smaller
than what was possible with the CLEO measure-
ments [59,60]. This will ensure that the anticipated
statistical improvements in themeasurementsofCP-
phase γ at the LHCb and Belle II experiments over
the next decade will have a deep impact on precision
tests of the SM.

Given the future sensitivities resulting from the
LHCb upgrade [1] and the final data set from
Belle II [65], the overall constraints and the global
CKM fit on the (ρ̄, η̄) plane (for ρ̄ and η̄, see Equa-
tion (2)) are shown in Fig. 9. The CP-phase γ is
expected to have an accuracy of around 0.4◦ [66],
thanks to the BESIII charm input that will be
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available with the full data sample of 20fb−1 at the
D D̄ mass threshold that is part of the experiment’s
future running plan [9]. Based on the future largest
D D̄ sample, quantum-coherence measurements of
strong phases of more charm decay modes, as stated
in [9], facilitate stringent cross checks of indepen-
dent approaches of determining theγ angle andpro-
vide constraints in worldwide averaging the D0–D̄0

mixing parameters and the involved indirect CP vi-
olation.The future high-statistics B decay data at fu-
ture LHCb upgrade provide sensitivity in accessing
the strong phase parameters in principle. However,
the final BESIIImeasurement is a necessary input for
reaching the target γ sensitivity.

Absolute branching fraction
measurements of the �c decays
Measurements of weak decays of charmed baryons
provide useful information for understanding the
interplay of weak and strong interactions, and are
complementary to the information obtained from
charmed mesons. The lightest charmed baryon�+

c ,
with quark configuration udc, serves as the corner-
stone of charmed baryon spectroscopy. However,
the progress of the theoretical understanding of�+

c
decays has been slow [51,67–73],mostly due to lim-
ited understanding of the non-perturbative effects in
QCD theory in the charmed baryon sector.

Before 2014, most �+
c decay branching frac-

tions were obtained by measuring their ratios to the
reference mode �+

c → pK −π+, thus introducing
strong correlations and compounding uncertainties.
Theold, experimentally averagedbranching fraction,
B(�+

c → pK −π+) = (5.0 ± 1.3)%, had a large
uncertainty due to the introduction of model as-
sumptions on�+

c inclusive decays in thesemeasure-
ments [74]. Furthermore, only about 40% of the to-
tal decay rate had been measured and many modes
were not identified, such as those with final-state
neutrons. Therefore, comprehensive experimental
measurements of various �+

c hadronic decays play
an important role in improving different theoretical
calculations [75] and developing theQCDmethod-
ology in handling non-perturbative effects.

Based on a 567 pb−1 data sample accumulated
at 4.6 GeV, BESIII has systematically investigated
the production and decays of the �+

c [9] for the
first time using near-threshold data, which guar-
antee clean background and controllable system-
atics. BESIII provided absolute measurement of
B(�+

c → pK −π+) by counting the relative yields
of the detected �+

c �̄−
c pairs over the single �+

c ,
with the result (5.84 ± 0.27stat ± 0.23syst)% [76].
This has competitive precision to the result (6.84 ±
0.24+0.21

−0.27)% reported by Belle [77] at nearly the

same time, and the combined precision of the two
measurements is 5.2%, a five-fold reduction of the
previous uncertainty [78]. Since this mode is the
golden channel for detecting�+

c baryons in hadron
collider experiments, theBESIII result impactsmany
aspects of heavy flavor physics. For instance, since
the�0

b decays primarily to�+
c [42,79], it constrains

the measurement of |Vub| via �0
b → �+

c μ−ν. Im-
provedmeasurements of�+

c hadronic decays canbe
used to constrain charm and bottomquark fragmen-
tation functions by counting inclusive heavy flavor
baryons [80].

In addition, BESIII reported numerous absolute
branching fraction measurements of two-body CF
and singly Cabibbo-suppressed (SCS) decays with
improved precision, as listed in Table 3. The calcu-
lated branching fractions for these modes still have
large uncertainties, and precise experimental mea-
surements are essential to calibrate different models
and explore the dynamics in charmedbaryondecays.
For instance, the improved precision provides cru-
cial input to the theoretical predictions [88] for the
observation channels of the doubly charmed baryon
�++

c c at LHCb [89]. In particular, the improved pre-
cision of the SCSmodes is useful for testing SU(3)F
symmetry in the charm sector and provides insight
of the size of CP violation in the charmed baryon
sector [90].

Moreover, BESIII observed, for the first time, de-
caymodes with a neutron in the final state, including
�+

c → nK 0
Sπ

+ [84] and�−π+π+π 0 with�− →
nπ− [85]. These analyses were carried out by using
the missing-mass technique to infer the presence of
a final-state neutron that is only possible because of
the kinematic constrains of pair production in near-
threshold data at BESIII. The results provide use-
ful input to tests of isospin symmetry in the charm
sector.

The hadronic weak decays of charmed baryons
are expected to violate parity conservation. For in-
stance, in a two-body decay �+

c → B P (B de-
notes a J P = 1

2
+ baryon and P denotes a JP =

0− pseudoscalar meson) the parity asymmetry is
defined as α+

B P ≡ 2Re(s ∗ p)/(|s |2 + |p|2), where
s and p stand for the parity-violating s-wave and
parity-conserving p-wave amplitudes in the decay,
respectively. For the process �+

c → �π+, which
proceeds via a W interaction, c → W+ + s, the
effects of parity violation are mainly determined
by studying the polarization of the produced �

via its decays to pπ− from the initially (polarized)
charmed baryons [75,91]. If CP is violated, the de-
cay asymmetry parameters α+

B P for �+
c and ᾱ−

B̄ P̄
for �̄−

c have different magnitudes but are opposite
in sign. Hence, separate determinations of α+

B P and
ᾱ−
B̄ P̄ would facilitate searching for the effects of CP
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Table 3. Measurements of the �+
c hadronic decays (two-body CF, neutron-involved

and SCS decays) at BESIII, and their comparisons to the previous world averages. For
BESIII results, the first uncertainties are statistical and the second are systematic.

Previous world
Decay channel BESIII (%) averages (%) [78]

Two-bodyCF
pK 0

S 1.52± 0.08± 0.03 [76] 1.15± 0.30
�π+ 1.24± 0.07± 0.03 [76] 1.07± 0.28
�0π+ 1.27± 0.08± 0.03 [76] 1.05± 0.28
�+π0 1.18± 0.10± 0.03 [76] 1.00± 0.34
�+ω 1.56± 0.20± 0.07 [76] 2.7± 1.0
�0K+ 0.590± 0.086± 0.039 [81] 0.50± 0.12
�(1530)0K+ 0.502± 0.099± 0.031 [81] 0.4± 0.1
�+η 0.41± 0.19± 0.05 [82] 0.70± 0.23
�+η′ 1.34± 0.53± 0.19 [82] First evidence
�(1385)+η 0.91± 0.18± 0.09 [83] 1.22± 0.37

Neutron-involved
nK 0

Sπ
+ 1.82± 0.23± 0.11 [84] First observation

�−π+π+ 1.81± 0.17± 0.09 [85] 2.1± 0.4
�−π+π+π0 2.11± 0.33± 0.14 [85] First observation

SCS
pφ 0.106± 0.019± 0.014 [86] 0.082± 0.027
pη 0.124± 0.028± 0.010 [87] First evidence
pπ0 <0.027at90%˜C.L. [87] First measurement
pπ+π− 0.391± 0.028± 0.039 [86] 0.35± 0.2
pK+K− (non-φ) 0.0547± 0.0130± 0.0074 [86] 0.035± 0.017

violation. So far, only a few decay asymmetry pa-
rameters, e.g. α�π for �+

c → �π+, and α�+π0 for
�+

c → �+π 0, have been studied, and even those
with limited precision [21]. Therefore, improved or
new decay asymmetry measurements are desirable,
as they could shed light on the decaymechanismand
allow searches for CP asymmetries in the charmed
baryon sector. In addition the decay asymmetry val-
ues allow for discrimination between different theo-
retical models, as listed in [75,92].

In thenear-thresholdproductionof�+
c �̄−

c pairs,
non-zero transverse polarization of the �+

c will aid
the determinations of the decay asymmetries. The
decay asymmetry parameters are determined by
analyzing the multi-dimensional angular distribu-
tions, where the full cascade decay chains are con-
sidered. The detailed method can be found in [93],
in which a joint extraction of the four decay parame-
ters ofα�π ,α�+π0 ,α�0π+ andαp K̄ 0 at the same time
was carried out based on the�+

c sample at 4.6 GeV.
An indiction of a non-zero transverse polarization is
seen with a significance of 2.1σ , as shown in Fig. 10,
whichmakes themeasurement of the asymmetry pa-
rameter αp K̄ 0 accessible experimentally for the first
time. The asymmetry parameters [93] for the p K̄ 0,
�π+,�+π 0 and�0π+ modes are measured to be
0.18±0.43stat ±0.14syst,−0.80±0.11stat ±0.02syst,

cosθ0

-1
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Figure 10. The effect of the�+
c transverse polarization ver-

sus cos θ 0 in e+e− → �c�̄c at a center-of-mass energy of
4.6 GeV. Here θ 0 is the �+

c production angle relative to the
e−-beam direction. The solid curve is a fit to the data; the
dotted line is the expectation for zero polarization. Detailed
description can be found in [93]. Plot is from [9].

−0.57 ± 0.10stat ± 0.07syst and −0.73 ± 0.17stat ±
0.07syst, respectively. In comparison with previous
results, the measurements for the �π+ and �+π 0

modes are consistent but have an improved preci-
sion, while the parameters for the p K̄ 0 and �0π+

modes are measured for the first time. At present,
no theoretical model provides predictions that are
fully consistent with all these measurements and
BESIII measurements have become benchmarks to
calibrate the QCD-derived theoretical models. Dur-
ing BESIII’s 2020 data taking, about 10 times larger
�+

c sampleswere accumulated at the center-of-mass
energies between 4.6 and 4.7 GeV, and the signif-
icance of �+

c polarization could improve to more
than 5σ . In this case the precision of the decay asym-
metrieswill be improvedat least by a factorof 3.With
this information, tests of CP violations can be pur-
sued for the two-body decays by comparing decay
asymmetry parameters measured separately for �+

c
and �̄−

c .

SUMMARY AND PROSPECTS
Charm particle weak decays remain an exciting field
for both theoretical and experimental investigations.
In this article, we summarize results on charmdecays
that have been obtained in the BESIII experiment
with data sets collected at the production thres-
holds of D D̄ , D∗+

s D−
s and�+

c �̄−
c .These data sam-

ples allow the application of double-tag methods to
fully reconstruct events even when invisible parti-
cles, such as neutrons or neutrinos, are present in the
final states. This provides a unique environment to
obtain the absolute branching fractions of charmed
hadron decays to purely leptonic, semi-leptonic
and hadronic final states with very low background
levels.These BESIIImeasurements provide rigorous

Page 12 of 15



Natl Sci Rev, 2021, Vol. 8, nwab181

Table 4. Prospects of some key measurements with the
future data-taking plan in the BESIII white paper [9].

Observable Measurement BESIII [9]

B(D+ → 
+ν
) f D+ |Vcd | 1.1%
B(D+

s → 
+ν
) f D+
s
|Vcs | 1.0%

d�(D0/+ → K̄ 
+ν
)/dq 2 f K+ (0)|Vcs | 0.5%
d�(D0/ + → π
+ν
)/dq2 f π+ (0)|Vcd | 0.6%
d�(D+

s → η
+ν
)/dq 2 f η
+(0)|Vcs | 0.8%

Strong phases inD0 Constraint on γ <0.4◦

�+
c → pK −π+ B(�+

c → pK −π+) 2%
�+

c → �
+ν
 B(�+
c → �
+ν
) 3.3%

tests of QCD-based models and measurements of
the CKMmatrix elements |Vcs| and |Vcd|, supply in-
puts to CKM weak phase measurements and test
leptonic-flavor universality.

Charmed hadron studies will continue during
the future upgrade of the BESIII experiment. By the
end of the BESIII program, which will include some
important machine upgrades, 10 times the current
amount of data will be collected [9], and this will
usher in a precision charm flavor era. High statistics
data near the production thresholds with quantum-
coherent initial states at BESIII will provide key
measurements of the phase differences between
the decay amplitudes while no reliable QCD-based
computation is available.This suite ofmeasurements
is important to the worldwide flavor physics pro-
gram.New inputs from future BESIII analyses based
on larger data samples will deepen our understand-
ing of the detailed dynamics of charm decays and
hopefully facilitate reliable theoretical predictions
for theCP asymmetry in the charm sector [3], there-
fore allowing us to search for new physics beyond
the SM.

In addition, other experiments, such as LHCb
and Belle II, are running and will produce huge
statistics of charm hadrons, providing stringent
constraints on CP-violation observables [3].
The sensitivity of the observed CP asymmetry
in charmed meson decays by LHCb is about
3 × 10−4 [2], which is consistent with the SM
expectation O(10−4 − 10−3) [94]. BESIII, with
20 fb−1 of data at the ψ(3770) peak, can only
reach a sensitivity level of a few percent on the
CP-violation measurements, and the corresponding
sensitivity at a super-τ -charm factory [95,96] is
onlyO(10−3), which is still one order of magnitude
lower than that for the current LHCb data set [97].
However, a super-τ -charm factory has the potential
to provide constraints on the decay dynamics of
charmed hadrons [98]. All these experiments plus
their future upgrades will continue the studies
of charmed hadron physics that will deepen our
understanding of strong interactions in the charm

sector, and constrain the SM parameters. Finally,
Table 4 presents the precision prospects for some
key charmed hadron measurements that are based
on the BESIII future data-taking plan.
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