
ar
X

iv
:2

1
0
3
.0

6
4
9
6
v
3
  
[h

ep
-e

x
] 

 1
9
 M

ar
 2

0
2
1

Measurements of the branching fractions of semileptonic decays Ξ0
c
→ Ξ−

ℓ
+
νℓ and

asymmetry parameter of Ξ0
c
→ Ξ−

π
+ decay

Y. B. Li,12 C. P. Shen,12 I. Adachi,19, 15 K. Adamczyk,60 H. Aihara,83 S. Al Said,76, 37 D. M. Asner,3 T. Aushev,20

R. Ayad,76 V. Babu,8 P. Behera,26 J. Bennett,52 M. Bessner,18 V. Bhardwaj,23 B. Bhuyan,24 T. Bilka,5 J. Biswal,34
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Using a data sample of 89.5 fb−1 recorded at the energy
√
s = 10.52 GeV with the Belle detector

at the KEKB e+e− collider, we report measurements of branching fractions of semileptonic decays
Ξ0

c → Ξ−ℓ+νℓ (ℓ = e or µ). Furthermore, based on an additional data sample of 711 fb−1 at√
s = 10.58 GeV, the CP -asymmetry parameter of Ξ0

c → Ξ−π+ decay is extracted. The branching
fractions are measured to be B(Ξ0

c → Ξ−e+νe) = (1.72±0.10±0.12±0.50)% and B(Ξ0
c → Ξ−µ+νµ) =

(1.71± 0.17± 0.13± 0.50)% with much improved precision compared to the current world average.
The first and the second uncertainty are statistical and systematic, respectively, while the third
one arises due to the uncertainty of the Ξ0

c → Ξ−π+ branching fraction. The corresponding ratio
B(Ξ0

c → Ξ−e+νe)/B(Ξ0
c → Ξ−µ+νµ) is 1.00±0.11±0.09, which is consistent with the expectation of

lepton flavor universality. The first measured asymmetry parameter is found to be consistent with
zero, ACP = (αΞ−π+ + αΞ̄+π−)/(αΞ−π+ − αΞ̄+π−) = 0.015 ± 0.052 ± 0.017.

Charmed baryons play an important role in
studies of strong and weak interactions, especially
via investigations of their semileptonic decays [1–3]
and charge-parity violation (CPV) [4, 5]. Such decay
amplitudes are the product of a well-understood
leptonic current for the lepton system and a more
complicated hadronic current for the quark transition.
For semileptonic decays of SU(3) anti-triplets, Λ+

c and
Ξ+,0
c , thanks to the spin-zero light diquark constituents,

a simpler and more powerful theoretical calculation of
form factors, hadronic structures, and nonperturbative
aspects of strong interactions can be performed in a
relatively simple version of quantum chromodynamics
(QCD) [1].

Thus far only semileptonic decays of Λ+
c have been

comprehensively studied and are statistically limited
by low production rates and/or high background levels
of current experiments. Within uncertainties CP
symmetry and lepton flavor universality (LFU) are
found to be conserved [6–9]. A violation of LFU would
be a clear sign of new physics [10–14]. The tantalizing
deviation from Standard Model predictions in b→cℓν
and b→sℓℓ processes [15–17] inspires tests of LFU in
more semileptonic decays of heavy quarks. For Ξ0

c , the
ARGUS collaboration first observed 18.1±5.9 Ξ0

c → ΞℓX
events (ℓ = e or µ) [18]. Later, the CLEO collaboration
found 54± 10 Ξ0

c → Ξ−e+νe events [19]. The ratio of the
branching fractions, B(Ξ0

c → Ξ−e+νe)/B(Ξ0
c → Ξ−π+),

was 0.96±0.43±0.18 from ARGUS and 3.1±1.0+0.3
−0.5 from

CLEO measurements, respectively. With the absolute
branching fraction B(Ξ0

c → Ξ−π+) = (1.80 ± 0.52)%
measured by Belle recently [20], the averaged
B(Ξ0

c → Ξ−e+νe) is (2.34 ± 1.59)% [21]. A variety
of models have been developed to predict the decay
branching fraction for B(Ξ0

c → Ξ−e+νe) resulting in a
range from 1.35% to (7.28 ± 2.54)% [22–26]. A precise
measurement is crucial to test these models as well as to
constrain the model parameters.

Though the Standard Model accommodates CPV
which is one of the conditions needed to explain our
matter-dominated universe [27], the magnitude of
this effect as predicted by the KM mechanism is not
sufficient [28]. CPV has been established in many meson
decays [29–37], but for baryons, only a 3.3σ evidence for

CPV in Λ0
b → pπ−π+π+ has been found [38]. Studies of

CP -violating processes in charm baryon sector are very
scarce [8, 9]. Since there should be CPV sources other
than currently known, it is imperative to search for
those also in the charm baryon sector. Several models
predict both the decay rates and the degree of parity
violation in charmed baryon decays [39–46].
For the Ξ0

c → Ξ−π+ → Λπ−π+ process, the decay
parameter αΞ−π+ (denoted as α+) enters the angular
distribution expression,

dN

d cos θΞ
∝ 1 + αΞ−π+αΞ− cos θΞ. (1)

Here, θΞ is the angle between the Λ momentum vector
and the opposite of the Ξ0

c momentum in the Ξ− rest
frame [47], dN is the number of signal events in each
cos θΞ bin, and αΞ− is decay parameter of Ξ− [21]. The
definition of αΞ̄+π− (denoted as α−) is analogous to
the charge-conjugated decay mode. The only charge-
averaged measurement of the decay parameters αΞπ

is from CLEO with the result −0.56 ± 0.39+0.10
−0.09 [48],

which falls in the range of [−0.99,−0.38] from theoretical
predictions [42, 44, 45, 49–51]. The CP asymmetry
parameterACP = (α++α−)/(α+−α−) can be calculated
for Ξ0

c → Ξ−π+ and Ξ̄0
c → Ξ̄+π−.

In this Letter, we present the measurements of
the branching fractions for Ξ0

c → Ξ−ℓ+νℓ [52] with
significantly improved precision using a data sample
of 89.5 fb−1 collected at

√
s = 10.52 GeV by the

Belle detector [53] at the KEKB asymmetric-energy
collider [54]. Charm baryons are produced in processes
such as e+e− → cc̄→ Ξ0

c+anything. Ξ
− is reconstructed

via the Λπ− mode, and Λ decays into pπ−. LFU is
checked using measured results. Using an additional
data sample of 711 fb−1 at

√
s = 10.58 GeV, decay

parameters of α+ and α− and the CP -asymmetry
parameter ACP are first measured for Ξ0

c → Ξ−π+.
The data sample at

√
s = 10.58 GeV is not used in

the semileptonic decay analysis due to the complicated
backgrounds from B decays which can not be described
by a data-driven method.
To optimize the signal selection criteria and calculate

the signal reconstruction efficiency, we use Monte Carlo
(MC) simulated events. The e+e− → cc̄ process is
simulated with pythia [55], while the signal events of Ξ0

c
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semileptonic decays are generated using the form factor
from Lattice QCD calculation [56], and Ξ0

c → Ξ−π+

decays are generated with EvtGen [57]. The MC
events are processed with a detector simulation based
on geant3 [58]. Generic MC samples of Υ(4S) → BB̄
events with B = B+ or B0, and e+e− → qq̄ events with
q = u, d, s, c at

√
s = 10.52 GeV and 10.58 GeV are

used as background samples.

Except for the charged tracks from Λ → pπ− decay,
the impact parameters perpendicular to and along the
e+ beam direction with respect to the interaction point
are required to be less than 0.5 cm and 4 cm, respectively,
and transverse momentum is restricted to be higher
than 0.1 GeV/c. For charged tracks, information from
different detector subsystems is combined to form the
likelihood Li for species (i), where i = e, µ, π, K,
or p [59]. A track not from Λ with a likelihood ratio
Lπ/(LK + Lπ) > 0.6 is identified as a pion. With this
selection, the pion identification efficiency is about 94%,
while 5% of the kaons are misidentified as pions. A
track with a likelihood ratio Le/(Le + Lnon−e) > 0.9
is identified as an electron [60]. The γ conversions
are removed by examining all combinations of an e−

candidate with other positrons in the event, and requiring
e+e− invariant mass larger than 0.2 GeV/c2. Tracks
with Lµ/(Lµ + LK + Lπ) > 0.9 are considered as
muon candidates [61]. Furthermore, the muon tracks
are required to hit at least five layers of the K0

L and
muon subdetector, and not to be identified as kaons
with LK/(LK + Lπ) < 0.4 to suppress backgrounds
due to misidentification. With the above selections, the
efficiencies of electron and muon identifications are 96%
and 75%, respectively, with the pion fake rates less than
2%.

Candidate Λ baryons are reconstructed in the decay
Λ → pπ− and selected if |Mpπ− − mΛ| < 3 MeV/c2

(∼ 2.5 σ), where σ denotes the mass resolution. Here
and throughout the text, Mi represents a measured
invariant mass and mi denotes the nominal mass of the
particle i [21]. The proton track from Λ decay is required
to satisfy Lp/(Lπ + Lp) > 0.2 and Lp/(LK + Lp) > 0.2
with an efficiency of 95%. We define the Ξ− signal
region as |MΛπ− − mΞ− | < 6.5 MeV/c2 (∼ 3σ), and
Ξ− mass sidebands as 1.294 GeV/c2 < MΛπ− <
1.307 GeV/c2 and 1.337 GeV/c2 < MΛπ− < 1.350
GeV/c2. To suppress the combinational background,
we require the flight directions of Λ and Ξ− candidates,
which are reconstructed from their fitted production
and decay vertices, to be within five degrees of their
momentum directions. We also require the scaled
momentum p∗

Ξ−X
/p∗max > 0.45 (X = e+, µ+ or π+),

where p∗
Ξ−X

is the momentum of Ξ−X system in the

center-of-mass frame and p∗max ≡
√

E2
beam −m2

Ξ0
c

(Ebeam

is the beam energy). This requirement removes all
Ξ0
c → Ξ−π+ decays with Ξ0

c produced in B decays from

the
√
s = 10.58 GeV sample. For Ξ0

c → Ξ−ℓ+νℓ, the
cosine of the opening angle between Ξ− and ℓ+ is further
required to be larger than 0.25.

After the above selections, the obtained Ξ−e+, Ξ−µ+,
and Ξ0

c → Ξ−π+ mass spectra in p∗
Ξ−X

/p∗max regions
of [0.45, 0.55), [0.55, 0.65), [0.65, 0.75), and [0.75, 1]
are shown in Fig. 1 for the

√
s = 10.52 GeV data

sample. The Ξ0
c signals are extracted from maximum-

likelihood fits to these invariant mass spectra. For Ξ0
c

semileptonic decays, there are four kinds of background
sources: (1) Ξ− is reconstructed correctly, but ℓ+ is
identified incorrectly; (2) Ξ− is reconstructed incorrectly,
but ℓ+ is identified correctly; (3) both Ξ− and ℓ+ are
reconstructed/identified incorrectly; (4) both Ξ− and ℓ+

are reconstructed/identified correctly, but they are not
from the same Ξ0

c decay. The sum of the backgrounds
(2) and (3) can be described by the normalized Ξ−

mass sidebands. Invariant mass spectra of wrong-sign
Ξ−ℓ− candidates can describe the backgrounds (1),
(3), and (4), and the normalized Ξ− mass sidebands
from Ξ−ℓ− events can represent the background (3).
The possible background from Ω0

c → Ξ−ℓ+νℓ decay
is negligible since it is a c → d process and should
be suppressed strongly. Considering SU(3) symmetry
and the dominance of Λ+

c → Λe+νe in inclusive Λ+
c

semileptonic decay [62], we conservatively take the ratio
B(Ξ+

c → Ξ−π+ℓ+νℓ)/B(Ξ+
c → Ξ0ℓ+νℓ) to be 9%. The

differences of signal yields between the fits with and
without Ξ+

c → Ξ−π+ℓ+νℓ component are taken as
systematic uncertainties.

Thus, when extracting Ξ0
c → Ξ−ℓ+νℓ signal yields

by fitting Ξ−ℓ+ mass spectra in each p∗
Ξ−X

/p∗max bin,
as shown in Fig. 1, the signal shapes are directly
from the MC simulations, the sum of backgrounds
(2) and (3) is described by the normalized Ξ− mass
sidebands and the sum of backgrounds (1) and (4)
is described by the selected Ξ−ℓ− events with their
normalized Ξ− mass sidebands subtracted. In fitting
the Ξ−µ+ mass spectrum, an additional background of
simulated Ξ0,+

c → Ξ−π++anything events from generic
MC samples is added. In the fit above, the shapes
of all fit components are fixed while their yields are
floated. In fitting the Ξ−π+ mass spectrum, the Ξ0

c signal
shape is parameterized with a double-Gaussian function
with same mean value, while the background shape is
represented with a 1st-order polynomial. Figure 1 shows
the fitted results in each p∗

Ξ−X
/p∗max bin labelled at the

bottom for (a) Ξ0
c → Ξ−e+νe, (b) Ξ0

c → Ξ−µ+νµ, and
(c) Ξ0

c → Ξ−π+. The fitted result in each p∗
Ξ−X

/p∗max bin
together with the corresponding detection efficiency are
listed in Table I. The background sources and fit methods
are validated with generic MC samples.

The Ξ0
c semileptonic decay branching fractions are
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Figure 1: The fits to the MΞ−e+ , MΞ−µ+ , and MΞ−π+ distributions of the selected (a) Ξ0
c → Ξ−e+νe, (b) Ξ0

c → Ξ−µ+νµ,

and (c) Ξ0
c → Ξ−π+ candidates in each p∗Ξ−X/p∗max bin listed at the bottom. The points with error bars represent the data

from the
√
s = 10.52 GeV data sample, the solid blue lines are the best fits, and the violet dashed lines are the fitted total

backgrounds.

Table I: List of the fitted signal yields and the corresponding detection efficiencies in each p∗Ξ−X
/p∗max bin (NΞ−X

i /εΞ
−X

i ). The

last column gives the ratios of branching fractions
B(Ξ0

c
→Ξ−ℓ+νℓ)

B(Ξ0
c
→Ξ−π+)

in full p∗Ξ−X
/p∗max range. Quoted uncertainties are statistical

only.

p∗f/p
∗
max [0.45, 0.55) [0.55, 0.65) [0.65, 0.75) ≥ 0.75

B(Ξ0
c
→Ξ−ℓ+νℓ)

B(Ξ0
c
→Ξ−π+)

Ξ0
c → Ξ−e+νe (8.71 ± 0.74) × 102/15.79% (9.15± 0.77) × 102/18.87% (5.13 ± 0.56) × 102/21.60% (2.13± 0.30) × 102/22.54% 0.954 ± 0.055

Ξ0
c → Ξ−µ+νµ (3.10± 0.72) × 102/6.43% (5.24± 0.64) × 102/10.47% (4.34 ± 0.44) × 102/14.37% (2.05± 0.40) × 102/17.81% 0.952 ± 0.094

Ξ0
c → Ξ−π+ (9.41 ± 0.07) × 102/23.36% (1.29± 0.07) × 103/24.71% (1.51 ± 0.06) × 103/25.91% (1.22± 0.06) × 103/27.13% ...

calculated using

B(Ξ0
c → Ξ−ℓ+νℓ) ≡

εΞ
−π+

pop Σi
NΞ−

ℓ
+

i

εΞ
−ℓ+

i

εΞ−ℓ+
pop Σi

NΞ−π+

i

εΞ
−π+

i

× B(Ξ0
c → Ξ−π+),

where NΞ−X
i and εΞ

−X
i are the fitted signal yield and

detection efficiency, respectively, in each p∗
Ξ−X

/p∗max

bin; εΞ
−X

pop is the efficiency of the p∗
Ξ−X

/p∗max ≥ 0.45
requirement for each channel and is 0.783, 0.574,
and 0.588 for Ξ0

c → Ξ−π+, Ξ−e+νe, and Ξ−µ+νµ,
respectively.

Using the results listed in Table I, we obtain
B(Ξ0

c → Ξ−e+νe) = (1.72 ± 0.10 ± 0.50)%,
B(Ξ0

c → Ξ−µ+νµ) = (1.71 ± 0.17 ± 0.50)%, and
B(Ξ0

c → Ξ−e+νe)/B(Ξ0
c → Ξ−µ+νµ) = 1.00 ± 0.11.

Here, the first and second uncertainties are statistical
and from B(Ξ0

c → Ξ−π+) [20], respectively.

We use an additional data sample of 711 fb−1 at√
s = 10.58 GeV to extract the decay parameters of

α+ and α−, and ACP for Ξ0
c(Ξ̄

0
c) → Ξ−π+(Ξ̄+π−). In

the following, Ξ0
c → Ξ−π+ and Ξ̄0

c → Ξ̄+π− decays
are treated separately to extract α±. To obtain the
θΞ distribution, we divided the 2D plane of p∗Ξπ/p

∗
max
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versus cos θΞ into 4 × 5 bins with the bin edges for
p∗Ξπ/p

∗
max and cos θΞ set as (0.45, 0.55, 0.65, 0.75, 1.0)

and (−1.0, −0.6, −0.2, 0.2, 0.6, 1.0), respectively.
The detection efficiency in each 2D bin is calculated
individually. The number of Ξ0

c(Ξ̄
0
c) signal events in

each 2D bin is obtained by fitting the corresponding
MΞπ distribution with the method used in the branching
fraction measurements. The number of signal events
in each cos θΞ bin is the sum of the efficiency-corrected
signal yields in corresponding p∗Ξπ/p

∗
max bins. The fitting

method was checked using special MC samples with a
range of values of ACP . The final efficiency-corrected
cos θΞ distributions for (a) Ξ0

c → Ξ−π+ and (b) Ξ̄0
c →

Ξ̄+π− decays are shown in Fig. 2. Using Eq. (1) with
αΞ− = −0.401 ± 0.010 and αΞ̄+ = 0.389 ± 0.009 [21],
the fits yield α+ = −0.60 ± 0.04 and α− = 0.58 ± 0.04,
resulting in ACP = 0.015±0.052. Here, the uncertainties
are statistical only.

1− 0.5− 0

cosθΞ

0.5 1

 E
v
e

n
ts

/ 
0

.4

0

5000

10000

15000

20000

+π
-

Ξ → 
0

cΞ

1− 0.5− 0

cosθΞ

0.5 1

 E
v
e

n
ts

/ 
0

.4

0

5000

10000

15000

20000

-π+Ξ→
0

cΞ

(a) (b)

Figure 2: The fits to the efficiency-corrected cos θΞ
distributions of data to extract (a) αΞ−π+ and (b) αΞ̄+π− for
Ξ0

c → Ξ−π+ and Ξ̄0
c → Ξ̄+π− decays. The points with error

bars represent data from the combined samples at
√
s = 10.52

GeV and 10.58 GeV, and the red solid lines are the best fits.

There are several sources of systematic uncertainties
contributing to the branching fraction measurements.
Using the D∗+ → D0π+, D0 → K−π+, Λ → pπ, and
J/ψ → ℓℓ control samples, the particle identification
uncertainties (σPID) are 0.51% − 0.55% per pion,
0.55% − 0.93% per electron, and 0.44% − 0.84% per
muon, depending on the p∗

Ξ−X
/p∗max region. The

systematic uncertainties associated with tracking
efficiency and Ξ− selection cancel in the branching
fraction ratio measurements. We estimate the systematic
uncertainties associated with the fitting procedures (σfit)
for Ξ0

c → Ξ−ℓ+νℓ and Ξ0
c → Ξ−π+ separately. For

Ξ0
c → Ξ−ℓ+νℓ decays, we change the bin width of

MΞ−ℓ+ spectra by ±5 MeV/c2, change the Ξ− mass
sidebands from two times that of the signal region
to three times that of the signal region, or add the
background component from Ξ+

c → Ξ−π+ℓ+νℓ, and take
the difference of the fitted signal yields as σfit for each
p∗
Ξ−ℓ+

/p∗max bin (4.9%−6.29% for the electron mode and
5.54%−9.30% for the muon mode). For Ξ0

c → Ξ−π+, we
estimate σfit by enlarging the mass resolution of signal

shape by 10%, changing the range of the fit and the order
of the background polynomial, and take the differences
of the fitted signal yields as systematic uncertainties
(2.33% − 2.83% depending on the p∗

Ξ−π+/p∗max region).
By using the control sample Ξ0

c → Ξ−π+, the
maximum difference in selection efficiency of the
requirement p∗

Ξ−X
/p∗max > 0.45 between weighted MC

simulation based on p∗
Ξ−X

/p∗max distribution from data
and different signal MC simulations with different
fragmentation functions in PYTHIA generator [55]
is 3.0%, which is taken as the systematic uncertainty
(σεpop ). For semileptonic decays, the uncertainties
of the form factors in Ref. [56] introduce a 3.1%
(3.6% uncertainty in the electron (muon) mode (σFF).
The systematic uncertainties σPID (σfit) are added

linearly (in quadrature) weighted by
NΞ−

X

i

εΞ
−X

i

and then

summed with σεpop and σFF in quadrature to yield
the total systematic uncertainty (σB) for each Ξ0

c

decay mode, which yields 5.8%, 6.3%, and 4.2% for
the electron, muon, and pion mode, respectively. The
final systematic uncertainty of the branching fraction
is the sum of the corresponding two σBs in quadrature,
which yields 7.2% for B(Ξ0

c → Ξ−e+νe), and 7.6%
for B(Ξ0

c → Ξ−µ+νµ). The uncertainty of 28.9%
on B(Ξ0

c → Ξ−π+) [20] is treated as an independent
systematic uncertainty. The total systematic uncertainty
for B(Ξ0

c → Ξ−e+νe)/B(Ξ0
c → Ξ−µ+νµ) is 8.5%.

The sources of systematic uncertainties in α± include
fitting procedures (σα±

fit ) and uncertainties on αΞ± values

(σα±

α
Ξ∓

). σα±

fit are estimated with a toy MC method. We
use an ensemble of simulated experiments to generate
cos θΞ distributions corresponding to Fig. 2(a) or (b).
The number of signal events in each bin is obtained
by Gaussian sampling with the mean and width of the
Gaussian function set to be the corresponding fitted
signal yields and the fitting uncertainty, respectively.
After 10,000 simulations, distributions of α±, which are
found to obey a Gaussian function, are obtained by fitting
the slopes of the generated cos θΞ distributions, and the
widths of the Gaussian distributions are regarded as
σα±

fit , which we determine to be σα+

fit = 0.2% and σα−

fit

= 0.2%. The uncertainties on αΞ± values are σα+

α
Ξ−

= 2.5% and σα−

α
Ξ̄+

= 2.3% [21]. The final systematic

uncertainties of α± are σα± =
√

(σα±

fit )2 + (σα±

α
Ξ∓

)2. The

systematic uncertainty ∆ACP
is equal to 2∆r/(1 − r)2.

Here r = α+/α−, ∆r = |r| ×
√

σ2
α+ + σ2

α− . Finally,

the systematic uncertainties for α+, α−, and ACP are
estimated to be 0.02, 0.02, and 0.017, respectively.

In summary, based on a data sample of 89.5 fb−1

collected with the Belle detector at
√
s = 10.52 GeV,

we measure the branching fractions of the Ξ0
c → Ξ−ℓ+νℓ

decays. The measured branching fractions are B(Ξ0
c →

Ξ−e+νe) = (1.72 ± 0.10 ± 0.12 ± 0.50)% and B(Ξ0
c →
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Ξ−µ+νµ) = (1.71 ± 0.17 ± 0.13 ± 0.50)%. The ratio
B(Ξ0

c → Ξ−e+νe)/B(Ξ0
c → Ξ−µ+νµ) is 1.00 ± 0.11 ±

0.09, which is consistent with the expectation of LFU.
Using an additional data sample of 711 fb−1 at

√
s =

10.58 GeV, the measured Ξ0
c decay parameters α+ and

α− are −0.60 ± 0.04 ± 0.02 and 0.58 ± 0.04 ± 0.02,
respectively. The corresponding average absolute value
of α± is 0.59 ± 0.03 ± 0.02 and the CP -asymmetry
parameter ACP of Ξ0

c → Ξ−π+ decay is measured to
be 0.015 ± 0.052 ± 0.017. Here, the first and second
uncertainties are statistical and systematic, respectively,
while the third uncertainties on branching fractions are
due to the uncertainty of B(Ξ0

c → Ξ−π+) [20]. The
precision of the measurements of branching fractions of
Ξ0
c semileptonic decays is greatly improved compared

to previous experimental results [18, 19, 48]. We also
present the first measurement of the CP asymmetry in
Ξ0
c decays. The result is consistent with no CP violation.
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