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u Studies of excited Xc

u Mass and widths measurements of 5 excited Xc states 
decaying into Xcp

u Higher excited Xc decaying into LD
u Studies of Lc

+ decay modes
u Lc

+ →pfp0 and Lc
+ →pK-p+p0

u Lc
+ →pK+p-

uProduction cross sections of hyperons and charmed baryons
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The Belle experiment runs at KEKB

𝒆𝒆− → (∗) ← 𝒆𝒆+8 GeV 3.5 GeV

¾ General purpose feature of the Belle detector 
make it possible to study the hadron 
spectroscopy.

¾ Most of the data was taken at the Υ 4𝑆𝑆 energy.
¾ Charmed hadrons are mainly produced via 

¾ Total integrated luminosity ~ 1000/fb 
On resonance: Υ 5𝑆𝑆 : 121 𝑓𝑓𝑓𝑓−1

Υ 4𝑆𝑆 : 711 𝑓𝑓𝑓𝑓−1
Υ 3𝑆𝑆 : 3 𝑓𝑓𝑓𝑓−1
Υ 2𝑆𝑆 : 25 𝑓𝑓𝑓𝑓−1
Υ 1𝑆𝑆 : 6 𝑓𝑓𝑓𝑓−1

Off resonance/ scan: ~100 𝑓𝑓𝑓𝑓−1

uAsymmetric energy e+e- collider
uGeneral purpose detector

l Detect charged particles and 
photons

l Good momentum/vertex 
resolution

l K/π separation up to 3.5 
GeV/c

u Data at ϒ (4S) and some other 
energies
u Integrated luminosity ~1 ab-1
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Mass and widths 
measurements of 5 excited 
Xc states decaying into Xcp
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Study of excited Xc states decaying into Xcp
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u Five isodoublets of excited Xc
[Xc′, Xc(2645) , Xc (2790), Xc(2815), Xc(2980) ] 
are studied using 980/fb of Belle data.
u Previous measurements (CLEO, 
BaBar, Belle) were with low statistics. 
For widths, only upper limits were given 
for many states.
u Decays used in this analysis

u Xc
+ and Xc

0 are reconstructed from 10 and 
7 decay modes
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Ξ𝑐𝑐+ Ξ𝑐𝑐0

Differ by a light quark

¾ Five isodoublets of excited Ξ𝑐𝑐
[Ξ𝑐𝑐′ ,Ξ𝑐𝑐 2645 ,Ξ𝑐𝑐 790 , Ξ𝑐𝑐 2815 ,Ξ𝑐𝑐 2980 ]
are studied in this analysis, using 980/fb of 
Belle data.

¾ All previous measurements are with low 
statistics. For widths, most of these states 
have only upper limits. 

Ξ𝑐𝑐 2980 → Ξ𝑐𝑐 2645 𝜋𝜋 → Ξ𝑐𝑐𝜋𝜋𝜋𝜋
Ξ𝑐𝑐 2980 → Ξ𝑐𝑐′𝜋𝜋
Ξ𝑐𝑐 2815 → Ξ𝑐𝑐 2645 𝜋𝜋 → Ξ𝑐𝑐𝜋𝜋𝜋𝜋
Ξ𝑐𝑐 2815 → Ξ𝑐𝑐′𝜋𝜋
Ξ𝑐𝑐 2790 → Ξ𝑐𝑐′𝜋𝜋
Ξ𝑐𝑐′ → Ξ𝑐𝑐𝛾𝛾
* Ξ𝑐𝑐+ and Ξ𝑐𝑐0 are reconstructed from 10 and 7 decay modes

Decays used in this analysis

Excited ;c states decaying into ;c    
s 

c 

u/d 
In Heavy Quark Symmetry, ;c baryons are pictured as combination of 
a heavy (charm) quark and a light (us or ds) di-quark. 
 
First excited pair (;c’)  has JP=1/2+, like ground state, but in this case 
quarks in the light di-quark are symmetric under interchange.   
Because of the small mass involved, they decay electromagnetically. 
First discovered by CLEO in 1999, no high statistics measurement of its mass. 
 
When the di-quark combines with the charm quark in a JP=3/2+ configuration, 
particles are denoted as ;c(2645) (sometimes as ;c*) 
Discovered by CLEO in 1995 

First  orbitally excited states have unit of angular momentum between the 
heavy quark and the light di-quark. This one unit then combines with heavy 
quark spin to make JP=1/2- and JP=3/2- iso-doublets. 
Discovered by CLEO in 1996 as 
;c(2790)  with JP=1/2 and  ;c(2815) with  JP=3/2 
 
Fifth iso-doublet excited states ;c(2980) was discovered by Belle  in /c

+K-S+ 
;c(2645)S+   

No measurement of 
their widths 

At Belle, unique opportunity to measure their masses and width precisely!  
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points. Close inspection shows small biases in the momen-
tum measurement of low momentum tracks which can lead
to a small mismeasurement of mass peaks found using
charged pion transitions and systematic shifts in the
measured mass of the excited states under investiga-
tion here.
High-statistic studies of the MðD"þÞ −MðD0Þ mass

difference measured in D"þ → D0πþ decay as a function
of the momentum of the transition pion [19] show devia-
tions from the expected mass difference that are attributed
to limitations in the accuracy with which the track-fitting
programs take into account the detector material. These
limitations are reproduced in the Monte Carlo modeling. In
the analyses described here, these small biases are thus
taken into account by assigning a correction of a fraction of
an MeV=c2 to the measured masses of all the strongly
decaying resonances under consideration, using the
Monte Carlo programs to evaluate these corrections.
These corrections have already been applied in the masses
for the Ξcð2815Þ states quoted above and are listed in
Table II. The systematic uncertainties assigned to these

corrections are discussed further below and final results
including systematic uncertainties shown in Table IV.
Relaxing the mass cut around the Ξcð2645Þ peaks and

instead selecting events in the Ξcππ spectrum within
6 MeV=c2 of the Ξcð2815Þ signal, we can study the
Ξ0
cπþ and Ξþ

c π− mass spectra (Fig. 5). Using this method
of selection, rather than looking at these combinations
inclusively, produces Ξcð2645Þ signals of much higher
signal-to-noise ratio than is possible in inclusive studies [5],
and reduces the dependence on the shape of the back-
ground, which is especially important as any background
may include “satellite” peaks from partially reconstructed
resonances. The two distributions are fit, as in the
case of the Ξcð2815Þ, to obtain masses of ð2645.44%
0.06Þ MeV=c2 for the Ξþ

c ð2645Þ and ð2646.32%
0.07Þ MeV=c2 for the Ξ0

cð2645Þ, with intrinsic widths of
ΓðΞþ

c ð2645ÞÞ ¼ ð2.04% 0.14Þ MeV and ΓðΞ0
cð2645ÞÞ ¼

ð2.26% 0.18Þ MeV, where the uncertainties quoted are
statistical only, and the systematic uncertainties discussed
in section on systematic uncertainties. We note that the
requirements of 5 MeV=c2 and 6 MeV=c2 detailed above
are sufficiently loose to not significantly bias the sub-
sequent measurements.

IV. THE Ξcð2980Þ → Ξcð2645Þπ DECAY

The Ξcð2980Þ state was discovered in Ξcð2645Þπ decay
by Belle in 2005 [3], and then found to also decay to
Λþ
c K−πþ [13]. The analysis of this state is identical to that

of the Ξcð2815Þ above except that we focus on the mass
range 2.84–3.10 GeV=c2 and present the mass distribu-
tions (Fig. 6) in bins appropriate for the width of the signal.
We choose not to try to fit the mass range extending from
below the Ξcð2815Þ to the Ξcð2980Þ with one fit, as the
background shape may include undulations due to combi-
nations of partially reconstructed excited Ξc states with
other pions.
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FIG. 4. The (a) Ξ0
cππ and (b) Ξþ

c ππ invariant mass distributions with a cut on Ξcð2645Þ invariant mass of the intermediate state and a
scaled momentum requirement of xp > 0.7. Both show significant Ξcð2815Þ signals. The fits are described in the text. The dashed lines
represent the combinatorial background contributions.

TABLE II. The width of the Monte Carlo derived resolution
functions, expressed as a weighted average in quadrature of the
two standard deviations that comprise the double-Gaussian
functions used, and the mass offsets derived from Monte Carlo.

Mode
Resolution

ðσavðMeV=c2ÞÞ
Monte Carlo

Mrec −MgenðMeV=c2Þ

Ξcð2645Þ → Ξcπ 0.82 −0.07
Ξcð2815Þ → Ξcππ 1.15 −0.12
Ξcð2980Þ → Ξcππ 1.99 −0.28
Ξ0
c → Ξcγ 5.5 þ0.36

Ξcð2790Þ → Ξ0
cπ 1.34 −0.12

Ξcð2815Þ → Ξ0
cπ 1.58 −0.17

Ξcð2980Þ → Ξ0
cπ 1.90 −0.23
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Invariant mass spectra of excited Xc states

Xc(2815)0

→Xc
0p+p-

Xc(2815)+

→Xc
+p+p-

w/ Xc(2645)
selection in
M(Xcp)

Masses and widths are determined from fit.
Fit functions are
Signal: Breit-Wigner convoluted with a double-

Gaussian resolution functions
Background : polynomial functions 

m=2820.20±0.08(stat.) MeV
G=2.54±0.18(stat.) MeV

m=2816.73±0.08(stat.) MeV
G=2.43±0.20(stat.) MeV
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Invariant mass spectra of excited Xc states

As in the previous case, the signal shape is a Breit-
Wigner convolved with a double-Gaussian resolution
function. This gives signal yields as shown in Table I.
The measured masses and widths are MðΞ0

cð2980ÞÞ¼
ð2970.8$0.7ÞMeV=c2, MðΞþ

c Þ¼ð2966.0$0.8ÞMeV=c2,
ΓðΞ0

cð2980ÞÞ¼ ð30.3$2.3ÞMeV, ΓðΞþ
c ð2980ÞÞ¼ ð28.1$

2.6ÞMeV, where the uncertainties shown are purely
statistical.

V. THE Ξ0
c → Ξc DECAY

The Ξ0
c doublet is the charmed-strange analog of the

Σcð2455Þ triplet. However, because their mass difference
with respect to the ground state is less than the pion mass,
the Ξ0

c particles are found by their electromagnetic decays,
Ξ0
c → Ξcγ, and their intrinsic widths are experimentally

negligible. The photons, detected in the ECL, are required
to have an energy greater than 100 MeV in the laboratory
frame, and to have a transverse shape consistent with that
expected for a single photon. Each photon is combined with

the Ξc candidates, as detailed above, and the Ξcγ mass
distribution is plotted for combinations with a value of
xp > 0.65. This lower choice of the xp requirement is
because the Ξ0

c is not orbitally excited and is often a decay
product of higher-mass states. The shape of the background
is complicated by the fact that the low energy threshold
allows many fake photons, not necessarily emanating from
the collision, to be included. There are clearly many π0

transitions from excited Ξc states that produce photons
correlated with the ground state Ξc baryons. It is not
possible to improve the signal and background separation
by vetoing photons that can be combined with another
photon to make a π0, as the number of fake photons is
too high.
The Ξcγ mass distributions (Fig. 7) are fit to the sum of a

polynomial background function and two “crystal ball”
[20] functions to parametrize the signal. The crystal ball
function is a Gaussian with an exponential tail on the low
mass end. In this case we add two crystal ball functions in a
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FIG. 5. The (a) Ξ0
cπþ and (b) Ξþ

c π− invariant mass distributions with a selection on the Ξcππ invariant mass of the Ξcð2815Þ parent
state and a scaled momentum cut of xp > 0.7 on the parent state. Both show clear Ξcð2645Þ signals. The fits are described in the text.
The dashed lines represent the combinatorial background contributions.
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FIG. 6. The (a) Ξ0
cππ and (b) Ξþ

c ππ invariant mass distributions with a cut on Ξcð2645Þ invariant mass of the intermediate state and a
scaled momentum cut of xp > 0.7. Both show clear Ξcð2980Þ signals. The fits are described in the text. The dashed lines represent the
combinatorial background contributions.
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As in the previous case, the signal shape is a Breit-
Wigner convolved with a double-Gaussian resolution
function. This gives signal yields as shown in Table I.
The measured masses and widths are MðΞ0
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ð2970.8$0.7ÞMeV=c2, MðΞþ
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cð2980ÞÞ¼ ð30.3$2.3ÞMeV, ΓðΞþ
c ð2980ÞÞ¼ ð28.1$

2.6ÞMeV, where the uncertainties shown are purely
statistical.
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the Ξ0

c particles are found by their electromagnetic decays,
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c → Ξcγ, and their intrinsic widths are experimentally

negligible. The photons, detected in the ECL, are required
to have an energy greater than 100 MeV in the laboratory
frame, and to have a transverse shape consistent with that
expected for a single photon. Each photon is combined with

the Ξc candidates, as detailed above, and the Ξcγ mass
distribution is plotted for combinations with a value of
xp > 0.65. This lower choice of the xp requirement is
because the Ξ0

c is not orbitally excited and is often a decay
product of higher-mass states. The shape of the background
is complicated by the fact that the low energy threshold
allows many fake photons, not necessarily emanating from
the collision, to be included. There are clearly many π0

transitions from excited Ξc states that produce photons
correlated with the ground state Ξc baryons. It is not
possible to improve the signal and background separation
by vetoing photons that can be combined with another
photon to make a π0, as the number of fake photons is
too high.
The Ξcγ mass distributions (Fig. 7) are fit to the sum of a

polynomial background function and two “crystal ball”
[20] functions to parametrize the signal. The crystal ball
function is a Gaussian with an exponential tail on the low
mass end. In this case we add two crystal ball functions in a
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FIG. 5. The (a) Ξ0
cπþ and (b) Ξþ

c π− invariant mass distributions with a selection on the Ξcππ invariant mass of the Ξcð2815Þ parent
state and a scaled momentum cut of xp > 0.7 on the parent state. Both show clear Ξcð2645Þ signals. The fits are described in the text.
The dashed lines represent the combinatorial background contributions.
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c ππ invariant mass distributions with a cut on Ξcð2645Þ invariant mass of the intermediate state and a
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combinatorial background contributions.
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Xc(2980)0

→Xc
0p+p-

Xc(2980)+

→Xc
+p+p-

w/ Xc(2825)
selection in
M(Xcpp)

w/ Xc(2645)
selection cut
on M(Xcp)

m=2645.58±0.06(stat.) MeV
G=2.06±0.13(stat.) MeV

m=2646.43±0.07(stat.) MeV
G=2.35±0.18(stat.) MeV

m=2970.8±0.7(stat.) MeV
G=30.3±2.3(stat.) MeV

m=2966.0±0.8(stat.) MeV
G=28.1±2.4(stat.) MeV
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fixed ratio with differing Gaussian resolution components
but all other parameters, derived using Monte Carlo mod-
eling, at fixed values. The asymmetry of the functional
form naturally leads to a mass shift, whereby the most
likely mass is not the same as the peak mass found from the
fit. This effect is modeled in Monte Carlo, and results in a
0.36 MeV=c2 shift. The measured masses, taking into
account this shift, are ð2579.2" 0.1Þ MeV=c2 and
ð2578.4" 0.1Þ MeV=c2 for the Ξ0þ

c and Ξ00
c , respectively,

where the uncertainties are statistical only; the systematic
uncertainties are discussed below.

VI. STUDY OF Ξ0
cπ COMBINATIONS

The Ξ0
c candidates detailed above are mass-constrained

to their measured mass values, and then the combinations
of these candidates with appropriately charged pions in the
events are made to search for excited resonances decaying
to Ξ00

c πþ or Ξ0þ
c π−.

The mass distributions for these combinations, with a
requirement of xp > 0.7, are shown in Fig. 8, and both
show large Ξcð2790Þ peaks and smaller peaks in the

Ξcð2815Þ region. The low-mass cutoffs of the mass
ranges were chosen to exclude the satellite peaks found
from fake Ξ0

c combinations with a transition pion from a
Ξcð2645Þ → Ξc decay. It is possible for background
photons, particularly of low energy, to combine with
the Ξc ground states to make Ξ0

c candidates. Once
constrained to the Ξ0

c mass, several such candidates in
one event can combine with a pion from a higher state to
make multiple entries in this plot, all at similar total
masses. To avoid this, we require that if there are
multiple Ξ0

c candidates of this type in an event, only
the one with an unconstrained mass closest to the Ξ0

c
mass is considered. This reduces the overall population of
the plot by around 15%.
Each distribution is fit to the sum of a polynomial

background function, and two signal shapes. The signal
shapes are each Breit-Wigners convolved with a double-
Gaussian resolution function (as shown in Table II) to
parametrize the Ξcð2790Þ → Ξ0

c and Ξcð2815Þ → Ξ0
cπ

decays. The masses and intrinsic widths of the
Ξcð2815Þ states are fixed to those found in the analysis
detailed above.
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FIG. 7. The (a) Ξ0
cγ and (b) Ξþ

c γ invariant mass distributions. The fits are described in the text. The dashed lines represent the
combinatorial background contributions.
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FIG. 8. The (a) Ξ00
c π and (b) Ξ0þ

c π invariant mass distributions. The fits are described in the text. The dashed lines represent the
combinatorial background contributions.

STUDY OF EXCITED Ξc STATES DECAYING INTO … PHYSICAL REVIEW D 94, 052011 (2016)

052011-9

Reconstruction of Xc’ states

Xc'0→Xc
0g Xc'+→Xc

+g

Masses are determined from fit.
Fit functions are
Signal: two ”crystal ball” functions with different 

resolution parameters that are fixed using MC 
Background : polynomial functions 

m=2579.2±0.1(stat.) MeV m=2578.4±0.1(stat.) MeV
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fixed ratio with differing Gaussian resolution components
but all other parameters, derived using Monte Carlo mod-
eling, at fixed values. The asymmetry of the functional
form naturally leads to a mass shift, whereby the most
likely mass is not the same as the peak mass found from the
fit. This effect is modeled in Monte Carlo, and results in a
0.36 MeV=c2 shift. The measured masses, taking into
account this shift, are ð2579.2" 0.1Þ MeV=c2 and
ð2578.4" 0.1Þ MeV=c2 for the Ξ0þ

c and Ξ00
c , respectively,

where the uncertainties are statistical only; the systematic
uncertainties are discussed below.

VI. STUDY OF Ξ0
cπ COMBINATIONS

The Ξ0
c candidates detailed above are mass-constrained

to their measured mass values, and then the combinations
of these candidates with appropriately charged pions in the
events are made to search for excited resonances decaying
to Ξ00

c πþ or Ξ0þ
c π−.

The mass distributions for these combinations, with a
requirement of xp > 0.7, are shown in Fig. 8, and both
show large Ξcð2790Þ peaks and smaller peaks in the

Ξcð2815Þ region. The low-mass cutoffs of the mass
ranges were chosen to exclude the satellite peaks found
from fake Ξ0

c combinations with a transition pion from a
Ξcð2645Þ → Ξc decay. It is possible for background
photons, particularly of low energy, to combine with
the Ξc ground states to make Ξ0

c candidates. Once
constrained to the Ξ0

c mass, several such candidates in
one event can combine with a pion from a higher state to
make multiple entries in this plot, all at similar total
masses. To avoid this, we require that if there are
multiple Ξ0

c candidates of this type in an event, only
the one with an unconstrained mass closest to the Ξ0

c
mass is considered. This reduces the overall population of
the plot by around 15%.
Each distribution is fit to the sum of a polynomial

background function, and two signal shapes. The signal
shapes are each Breit-Wigners convolved with a double-
Gaussian resolution function (as shown in Table II) to
parametrize the Ξcð2790Þ → Ξ0

c and Ξcð2815Þ → Ξ0
cπ

decays. The masses and intrinsic widths of the
Ξcð2815Þ states are fixed to those found in the analysis
detailed above.
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FIG. 7. The (a) Ξ0
cγ and (b) Ξþ

c γ invariant mass distributions. The fits are described in the text. The dashed lines represent the
combinatorial background contributions.
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Invariant mass spectra of excited Xc states

Signal: Breit-Wigner convoluted with a double-Gaussian resolution functions
Background : polynomial functions 

Xc(2790)+

→ Xc'0p+
Xc(2790)0

→ Xc'+p-

Xc(2815)+ Xc(2815)0

The masses and the widths of the Ξcð2790Þ states, with
appropriate corrections as described above, are found
to be MðΞþ

c ð2790ÞÞ ¼ ð2791.6% 0.2Þ MeV=c2 and
ΓðΞþ

c ð2790ÞÞ¼ð8.9%0.6%0.8ÞMeV, and MðΞ0
cð2790ÞÞ¼

ð2794.9%0.3ÞMeV=c2 and ΓðΞ0
cð2790ÞÞ ¼ ð10.0% 0.7%

0.8Þ MeV. This is the first observation of significantly
nonzero widths for these particles, although the original
CLEO paper [11] indicated that it was likely that they had
intrinsic widths of this order. The estimation of the
systematic uncertainties on the masses follows the method
used for the other states under investigation and is
described below. In this case, there is a systematic uncer-
tainty due to the uncertainty in the MðΞ0

cÞ −MðΞcÞ mass
difference, as well as the uncertainties in the masses of the
ground states.
Yields of 128% 25 Ξþ

c ð2815Þ → Ξ00
c πþ events and 52%

17 Ξ0
cð2815Þ → Ξ0þ

c π− events are obtained. The central
values of the corresponding mass peaks have an uncertainty
as we are using the mass measurement via a decay chain
into the neutral ground state to study the decay into the
charged ground state, and vice versa.
It is not possible, from this study, to extract the branching

ratio BðΞcð2815Þ → Ξ0
cπÞ=BðΞcð2815Þ → Ξcð2645ÞπÞ as

we do not know the relative production cross sections of the
ground state Ξc baryons, or their absolute branching
fraction in any one mode. However, we can perform a
“back-of-the-envelope” calculation on the assumption that
the efficiency times the branching fractions for the recon-
structed modes of the two ground states indicated are equal
to the ratio of those reconstructed, which is equivalent to
assuming that the ground state Ξ0

c and Ξþ
c are produced in

equal numbers. Using this, we can infer thatBðΞþ
c ð2815Þ→

Ξ00
c πþÞ=BðΞþ

c ð2815Þ→Ξ0
cð2645Þπþ;Ξ0

cð2645Þ→Ξþ
c π−Þ≈

11%, and BðΞ0
cð2815Þ → Ξ0þ

c π−Þ=BðΞ0
cð2815Þ →

Ξþ
c ð2645Þπ−; Ξþ

c ð2645Þ → Ξ0
cπþÞ ≈ 10%. In each of

these branching fractions, the denominator and numerator
involve different matrix elements [7].

VII. OBSERVATION OF Ξcð2980Þ → Ξ0
cπ DECAYS

Lastly, we search for decays of the type
Ξcð2980Þ → Ξ0

cπ. Figure 9 shows the same distributions
as Fig. 8, plotted in a different mass region. We fit each
distribution to the sum of a linear background function and
signal functions using masses and intrinsic widths from our
measurements above, and convolved with double-Gaussian
resolution functions. The fitted yields are 845% 77 and
276% 59, for the charged and neutral parent states,
respectively.
Once again, we cannot accurately measure the relative

branching fractions, but can estimate that BðΞþ
c ð2980Þ→

Ξ00
c πþÞ=BðΞþ

c ð2815Þ→Ξ0
cð2645Þπþ;Ξ0

cð2645Þ→Ξþ
c π−Þ≈

75%, and BðΞ0
cð2980Þ → Ξ0þ

c π−Þ=BðΞ0
cð2815Þ →

Ξþ
c ð2645Þπ−; Ξþ

c ð2645Þ → Ξ0
cπþÞ ≈ 50%. The appa-

rently large branching fraction of the Ξcð2980Þ into Ξ0
c

may prove useful in identifying the nature of the state. It
does appear to be consistent with the decays of the
Λcð2765Þ [21,22], which is of similar excitation energy
above its ground state. One possible interpretation is that
they are radial excitations of the ground state charmed
baryons [23].

VIII. SYSTEMATIC UNCERTAINTIES

In general, the resolution of the masses of resonances
decaying via transition pions is dominated by the resolution
of the momentum measurements of those pions rather than
that of the ground states. However, Monte Carlo simulation
predicts that decays to the different decay modes of the
ground state Ξc and Ξþ

c can have resolutions varying by
≈% 10% of the average value. Therefore, in finding the
resolution functions to be used, care is taken to generate the
various decay modes in the correct proportions to correctly
reproduce the fractions found in the data. The events were
also generated using the same range of beam energies as the
real data, and with a fragmentation function (i.e. xp
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FIG. 9. The (a) Ξ00
c πþ and (b) Ξ0þ

c π− invariant mass distributions. The fits are described in the text. The dashed lines represent the
combinatorial background contributions.
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Xc(2980)+

→ Xc'0p+
Xc(2980)0

→ Xc'+p-

m=2791.6±0.2(stat.) MeV
G=8.9±0.6(stat.) MeV

m=2794.9±0.3(stat.) MeV
G=10.0±0.7(stat.) MeV

First observation in Xc'p decay.
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Results

very close to our experimental measurements. The mea-
surements of the Ξcð2790Þ states allow far more robust
measurements of the coupling constants to be made.
Similarly, the measurements of Ξcð2815Þ widths are in

reasonable agreement with some previous predictions
[25,26], but less so with Cheng and Chua’s latest model
that predicts Γ ≈ 7.4 MeV [14]. The analogous decay to
Ξcð2815Þ→Ξcð2645Þπ in theΛc=Σc sector is Λþ

c ð2625Þ →
Σcð2520Þπ which is not kinematically allowed, again
complicating the extraction of the relevant parameters.
The measurements of the widths of the Ξcð2645Þ

baryons are in good agreement with calculations. Here
the predictions are more robust as they rely upon the
measurements of the Σþþ

c and Σ0
c baryons, which have

closely analagous decays. Using the recent high-
precision values of Σc widths [19], Cheng and Chua
predict ΓðΞþ

c ð2645ÞÞ ¼ 2.4þ0.1
−0.2 MeV and ΓðΞ0

cð2645ÞÞ ¼
2.5þ0.1

−0.2 MeV, close to our new measurements, further
validating the use of HQS in the charm sector.
The isospin splittings of charmed baryons are due to the

difference in the u and d quark masses together with
electromagnetic interactions. In 2003 several versions
of nonrelativistic quark model [27] predicted small
(< 1 MeV=c2) splittings in the Ξ0

c and Ξcð2645Þ systems,
but a splitting of≈3 MeV=c2 in theΞcð2815Þ system, similar
to the ground states and in good agreement with the results
presented in Table V. The sizeable measured splittings of the
Ξþ
c ð2980Þ and Ξ0

cð2980Þmay help to identify the states. The
Ξ0
c system has been the subject of some theoretical interest,

and several authors [28] predict small negative isospin
splittings, in agreement with our measurements.

XI. SUMMARY AND CONCLUSIONS

Using the entire 980 fb−1 of data recorded by the Belle
detector at the KEKB eþe− collider operating in the ϒ
energy range, we present new measurements of the masses
of all members of five isodoublets of excited Ξc states, and
intrinsic widths of those that decay strongly. Of the
eighteen measurements, five are of intrinsic widths of
particles for which only limits existed previously. Of the
remaining thirteen measurements, ten are within one
standard deviation of the Particle Data Group [2] best-fit
values. The three measurements that are in modest dis-
agreement with previous results are in the Ξcð2980Þ sector,

where the previous measurements were dominated by
decays into different final states and for which some
measurements may have been prone to the existence of
more than one resonance in the region, or biases from
threshold effects. Although some of the previous measure-
ments were made by Belle, they are all essentially inde-
pendent of those presented here. For instance, although the
measurement of ΓðΞþ

c ð2645ÞÞwas madewith the same data
set, it was made using only three decay modes of the Ξ0

c but
without the Ξcð2815Þ tag, and the limiting systematic
uncertainties are from completely different sources, thus
making the measurements effectively complementary.
The intrinsic width measurements of the Ξcð2790Þ and

Ξcð2815Þ states present a consistent picture and can be related
to measurements in the Λc=Σc system and used to predict
measurements in the b-hadron sector. The mass measure-
ments constitute a considerable improvement in precision on
previous measurements and allow further investigation of
hadron mass models including isospin splittings.
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TABLE V. The isospin splitting between the members of each
isodoublet.

Particle MðΞþ
c Þ −MðΞ0

cÞ ðMeV=c2Þ
Ξcð2645Þ −0.85% 0.09% 0.08% 0.48
Ξcð2815Þ −3.47% 0.12% 0.05% 0.48
Ξcð2980Þ −4.8% 0.1% 0.2% 0.5
Ξ0
c −0.8% 0.1% 0.1% 0.5

Ξcð2790Þ −3.3% 0.4% 0.1% 0.5
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isodoublets under study. With the exception of the par-
ticular case of the background shape for the Ξcð2980Þ
discussed above, if the method used to evaluate these
uncertainties yields slightly different values for the two
charged states, the greater of the two is used.

IX. RESULTS

Table IV shows the results of the measurements of the
masses and widths of the five isodoublets. In all cases,
the first uncertainty is statistical, and the second is the
systematic uncertainty associated with the individual meas-
urement. All the masses have a final, asymmetric uncer-
tainty, taken from the Particle Data Group [2], for the mass
of the ground states, and the Ξcð2790Þ have an extra
uncertainty due to the uncertainty in the MðΞ0

cÞ −MðΞcÞ
measurement. The results are presented in this manner so
that the final masses may be adjusted should new mea-
surements on the ground states become available.
The systematic uncertainties associated with the mass

scales cancel in the measurement of isospin splittings.
However, in each case, there is an uncertainty that
arises from the measurement of splitting of the ground
states, MðΞþ

c Þ−MðΞ0
cÞ¼ ð−2.92%0.48ÞMeV=c2. This is

reported separately from the statistical and systematic
uncertainties associated with this measurement so that
the total uncertainties may be reduced when new
measurements of the masses of the ground states become
available.

X. COMPARISONS WITH
THEORETICAL MODELS

Of the five excited Ξc isodoublets investigated here,
there are clear spin-parity assignments for four of them.
The exception is the copiously produced Ξcð2980Þ. The
evidence presented here that the Ξcð2980Þ states decay
significantly to Ξ0

cπþ may be used to clarify the situation.
We note that the Ξcð2980Þmay be the strange analog of the
Λcð2765Þ, which also has a high cross section, and appears
to decay to Σcð2455Þ and Σcð2520Þ [21,22]. A possible
interpretation of these states is that they represent radial
excitations of the ground state charmed baryons [23].
Many models relate the intrinsic widths of the particles in

the charmed baryon spectrum. The strange charmed sector
and the nonstrange charmed sector (i.e. Λc=Σc) give
complementary information on what, in HQS, are the same
coupling constants. For instance, using the input from the
measurement of the Λþ

c ð2595Þ width [2] leads to predic-
tions of the intrinsic width of the Ξcð2790Þ baryons.
However, those measurements are complicated by the fact
that the Λþ

c ð2595Þ → Σcπ decay occurs very close to
threshold, and how exactly its mass is measured and the
distortion of its line shape is treated can greatly influence
the predictions. For instance, Cheng and Chua [14], using
the latest values for the Λþ

c ð2595Þ, predict ΓðΞþ
c ð2790ÞÞ ¼

16.7þ3.6
−3.6 MeV and ΓðΞ0

cð2790ÞÞ¼ 17.7þ2.9
−3.8 MeV, whereas,

using earlier values, they found ΓðΞþ
c ð2790Þ¼

8.0þ4.7
−3.3 MeV and ΓðΞ0

cð2790ÞÞ ¼ 8.5þ5.0
−3.5 MeV, which are

TABLE IV. The final results for the masses (in MeV=c2) and widths (in MeV) for the five isodoublets under study. For comparison, the
2015 world averages [2] (denoted “PDG”) are also quoted. Mass differences are with respect to the daughter states.

Particle Yield Mass M −MðΞcÞ M −MðΞ0
cÞ Width

Ξcð2645Þþ 1260% 40 2645.58% 0.06% 0.07þ0.28
−0.40 174.66% 0.06% 0.07 2.06% 0.13% 0.13

PDG 2645.9% 0.5 175.0% 0.6 2.6% 0.2% 0.4
Ξcð2645Þ0 975% 36 2646.43% 0.07% 0.07þ0.28

−0.40 178.46% 0.07% 0.07 2.35% 0.18% 0.13
PDG 2645.9% 0.5 178.0% 0.6 < 5.5
Ξcð2815Þþ 941% 35 2816.73% 0.08% 0.06þ0.28

−0.40 348.80% 0.08% 0.06 2.43% 0.20% 0.17
PDG 2816.6% 0.9 348.7% 0.9 < 3.5
Ξcð2815Þ0 1258% 40 2820.20% 0.08% 0.07þ0.28

−0.40 349.35% 0.08% 0.07 2.54% 0.18% 0.17
PDG 2819.6% 1.2 348.8% 1.2 < 6.5
Ξcð2980Þþ 916% 55 2966.0% 0.8% 0.2þ0.3

−0.4 498.1% 0.8% 0.2 28.1% 2.4þ1.0
−5.0

PDG 2970.7% 2.2 17.9% 3.5
Ξcð2980Þ0 1443% 75 2970.8% 0.7% 0.2þ0.3

−0.4 499.9% 0.7% 0.2 30.3% 2.3þ1.0
−1.8

PDG 2968.0% 2.6% 0.5 20% 7
Ξ0þ
c 7055% 211 2578.4% 0.1% 0.4þ0.3

−0.4 110.5% 0.1% 0.4
PDG 2575.6% 3.0 107.8% 3.0
Ξ00
c 11560% 276 2579.2% 0.1% 0.4þ0.3

−0.4 108.3% 0.1% 0.4
PDG 2577.9% 2.9 107.0% 2.9
Ξcð2790Þþ 2231% 103 2791.6% 0.2% 0.1% 0.4þ0.3

−0.4 320.7% 0.2% 0.1% 0.4 213.2% 0.2% 0.1 8.9% 0.6% 0.8
PDG 2789.8% 3.2 318.2% 3.2 < 15
Ξcð2790Þ0 1241% 72 2794.9% 0.3% 0.1% 0.4þ0.3

−0.4 323.8% 0.2% 0.1% 0.4 215.7% 0.2% 0.1 10.0% 0.7% 0.8
PDG 2791.9% 3.3 324.0% 3.3 < 12
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isodoublets under study. With the exception of the par-
ticular case of the background shape for the Ξcð2980Þ
discussed above, if the method used to evaluate these
uncertainties yields slightly different values for the two
charged states, the greater of the two is used.

IX. RESULTS

Table IV shows the results of the measurements of the
masses and widths of the five isodoublets. In all cases,
the first uncertainty is statistical, and the second is the
systematic uncertainty associated with the individual meas-
urement. All the masses have a final, asymmetric uncer-
tainty, taken from the Particle Data Group [2], for the mass
of the ground states, and the Ξcð2790Þ have an extra
uncertainty due to the uncertainty in the MðΞ0

cÞ −MðΞcÞ
measurement. The results are presented in this manner so
that the final masses may be adjusted should new mea-
surements on the ground states become available.
The systematic uncertainties associated with the mass

scales cancel in the measurement of isospin splittings.
However, in each case, there is an uncertainty that
arises from the measurement of splitting of the ground
states, MðΞþ

c Þ−MðΞ0
cÞ¼ ð−2.92%0.48ÞMeV=c2. This is

reported separately from the statistical and systematic
uncertainties associated with this measurement so that
the total uncertainties may be reduced when new
measurements of the masses of the ground states become
available.

X. COMPARISONS WITH
THEORETICAL MODELS

Of the five excited Ξc isodoublets investigated here,
there are clear spin-parity assignments for four of them.
The exception is the copiously produced Ξcð2980Þ. The
evidence presented here that the Ξcð2980Þ states decay
significantly to Ξ0

cπþ may be used to clarify the situation.
We note that the Ξcð2980Þmay be the strange analog of the
Λcð2765Þ, which also has a high cross section, and appears
to decay to Σcð2455Þ and Σcð2520Þ [21,22]. A possible
interpretation of these states is that they represent radial
excitations of the ground state charmed baryons [23].
Many models relate the intrinsic widths of the particles in

the charmed baryon spectrum. The strange charmed sector
and the nonstrange charmed sector (i.e. Λc=Σc) give
complementary information on what, in HQS, are the same
coupling constants. For instance, using the input from the
measurement of the Λþ

c ð2595Þ width [2] leads to predic-
tions of the intrinsic width of the Ξcð2790Þ baryons.
However, those measurements are complicated by the fact
that the Λþ

c ð2595Þ → Σcπ decay occurs very close to
threshold, and how exactly its mass is measured and the
distortion of its line shape is treated can greatly influence
the predictions. For instance, Cheng and Chua [14], using
the latest values for the Λþ

c ð2595Þ, predict ΓðΞþ
c ð2790ÞÞ ¼

16.7þ3.6
−3.6 MeV and ΓðΞ0

cð2790ÞÞ¼ 17.7þ2.9
−3.8 MeV, whereas,

using earlier values, they found ΓðΞþ
c ð2790Þ¼

8.0þ4.7
−3.3 MeV and ΓðΞ0

cð2790ÞÞ ¼ 8.5þ5.0
−3.5 MeV, which are

TABLE IV. The final results for the masses (in MeV=c2) and widths (in MeV) for the five isodoublets under study. For comparison, the
2015 world averages [2] (denoted “PDG”) are also quoted. Mass differences are with respect to the daughter states.

Particle Yield Mass M −MðΞcÞ M −MðΞ0
cÞ Width

Ξcð2645Þþ 1260% 40 2645.58% 0.06% 0.07þ0.28
−0.40 174.66% 0.06% 0.07 2.06% 0.13% 0.13

PDG 2645.9% 0.5 175.0% 0.6 2.6% 0.2% 0.4
Ξcð2645Þ0 975% 36 2646.43% 0.07% 0.07þ0.28

−0.40 178.46% 0.07% 0.07 2.35% 0.18% 0.13
PDG 2645.9% 0.5 178.0% 0.6 < 5.5
Ξcð2815Þþ 941% 35 2816.73% 0.08% 0.06þ0.28

−0.40 348.80% 0.08% 0.06 2.43% 0.20% 0.17
PDG 2816.6% 0.9 348.7% 0.9 < 3.5
Ξcð2815Þ0 1258% 40 2820.20% 0.08% 0.07þ0.28

−0.40 349.35% 0.08% 0.07 2.54% 0.18% 0.17
PDG 2819.6% 1.2 348.8% 1.2 < 6.5
Ξcð2980Þþ 916% 55 2966.0% 0.8% 0.2þ0.3

−0.4 498.1% 0.8% 0.2 28.1% 2.4þ1.0
−5.0

PDG 2970.7% 2.2 17.9% 3.5
Ξcð2980Þ0 1443% 75 2970.8% 0.7% 0.2þ0.3

−0.4 499.9% 0.7% 0.2 30.3% 2.3þ1.0
−1.8

PDG 2968.0% 2.6% 0.5 20% 7
Ξ0þ
c 7055% 211 2578.4% 0.1% 0.4þ0.3

−0.4 110.5% 0.1% 0.4
PDG 2575.6% 3.0 107.8% 3.0
Ξ00
c 11560% 276 2579.2% 0.1% 0.4þ0.3

−0.4 108.3% 0.1% 0.4
PDG 2577.9% 2.9 107.0% 2.9
Ξcð2790Þþ 2231% 103 2791.6% 0.2% 0.1% 0.4þ0.3

−0.4 320.7% 0.2% 0.1% 0.4 213.2% 0.2% 0.1 8.9% 0.6% 0.8
PDG 2789.8% 3.2 318.2% 3.2 < 15
Ξcð2790Þ0 1241% 72 2794.9% 0.3% 0.1% 0.4þ0.3

−0.4 323.8% 0.2% 0.1% 0.4 215.7% 0.2% 0.1 10.0% 0.7% 0.8
PDG 2791.9% 3.3 324.0% 3.3 < 12

J. YELTON et al. PHYSICAL REVIEW D 94, 052011 (2016)

052011-12

u Masses:~1order 
improvement of precision
u Widths: 5 first 
measurements (Xc(2645)0,
Xc(2815)+, Xc(2815)0, Xc(2790)+,
Xc(2790)0)

18Charm 2016, September 5-9, 2016

¾ ~1 order improvement in  
the precision of masses

¾ Widths of many states are 
measured for the first time.

Measurement of the isospin 
splitting consistent with non-
relativistic quark model. [B. 
Silvestre-Brac et.al. J.phys G 29, 
2685, (2003)]
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u Relative branching fractions (BF) of ScK and LD 
decays reveal the internal structure of Xc states.

u Chiral quark model: Xc(3055), Xc(3080) as D-
wave and S-wave excitation in N=2 (radial) 
states. Small coupling to LD.     PRD86,034024(2012)

u Relative BFs (LD / ScK ) for Xc(3055), Xc(3080) are 
studied using 980/fb of Belle data.
u Relative BF (Sc

*K / ScK ) for Xc(3080) is also studied.
u D+/0 mesons are reconstructed in

u D+ → K-p+p+

u D0 → K-p+, D0 → K-p+p+p-, D0 → K-p+p0

Excited Xc states in LD
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Observation of  excited ;c decay to /D  

ΛD+ (D+→K-π+π+) 
ΛD0 (D0→K-π+) 

ΛD0 

(D0→K-π+π0) 

ΛD0  

(D0→K-π+π+π-) 

;c(3055)+    
;c(3080)+    

;c(3055)0    
;c(3080)0    

;c(3055)0    
;c(3080)0    

;c(3055)0    
;c(3080)0    

�First observation ;c(3055)+ Æ/D+ with11.7V and evidence for ;c(3080)+Æ/D+ with 
4.8 V. 
�First discovery of isospin partner ;c(3055)0 Æ/D0 with 8.6 V . 
 

PRD 94, 032002 (2016) 

980fb-1 

u Discovery of Xc(3055)+ → LD+ with 11.7s and evidence for Xc(3080)+ →LD+ with 4.8s
u Discovery of isosin partner Xc(3055)0 → LD0 with 8.6s
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efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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Combined analysis of LD and ScK modes

efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.

STUDIES OF CHARMED STRANGE BARYONS IN THE … PHYSICAL REVIEW D 94, 032002 (2016)

032002-7

efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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efficiency is estimated from the ratio of the yields of the
D!þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ!þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ

with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ!

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ!

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ!þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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u Simultaneous fit b/w m(LD), m(Sc
++K-), m(Sc

*++K-) , 
m(Lc

+K-p+) with common width.

obtained for the flat decay angular distribution is regarded
as the systematic uncertainty.
Table III summarizes the systematic uncertainties.

Table IV summarizes the measurement of yields and widths
of the Ξcð3055Þþ and Ξcð3080Þþ and Table V summarizes
the values related to the ratio of branching fractions
measurements.

VI. SUMMARY AND CONCLUSIONS

We present studies of Ξ$
c baryons decaying into the ΛDþ

and ΛD0 final states. We report the first observation of the
Ξcð3055Þ0 in the ΛD0 mode with a significance of 8.6σ.
The mass and width of the Ξcð3055Þ0 are measured to be
ð3059.0% 0.5% 0.6Þ MeV=c2 and (6.4% 2.1% 1.1) MeV,
respectively. We report the first observation of the
Ξcð3055Þþ decay and evidence for the Ξcð3080Þþ in the
ΛDþ final state. The mass and width of the Ξcð3055Þþ
obtained from the ΛD final states only are ð3055.8% 0.4%
0.2Þ MeV=c2 and ð7.0% 1.2% 1.5Þ MeV, respectively,
and those for Ξcð3080Þþ are ð3079.6%0.4%0.1ÞMeV=c2

and < 6.3 MeV, respectively. The measured values for
Ξcð3055Þþ are more accurate than the world average thanks
to the high statistics in this decay mode.
We perform a combined analysis of these particles by

comparing their decays into ΛDþ with those into Σþþ
c K−

and Σ$þþ
c K−. We measure the ratios of branching fractions

BðΞcð3055Þþ →ΛDþÞ=BðΞcð3055Þþ →Σþþ
c K−Þ¼ 5.09%

1.01%0.76, BðΞcð3080Þþ → ΛDþÞ=BðΞcð3080Þþ →
Σþþ
c K−Þ ¼ 1.29% 0.30% 0.15, and BðΞcð3080Þþ→Σ$þþ

c
K−Þ=BðΞcð3080Þþ→Σþþ

c K−Þ¼1.07%0.27%0.04. The
width of the Ξcð3055Þþ is ð7.8% 1.2% 1.5Þ MeV and
that of the Ξcð3080Þþ is ð3.0% 0.7% 0.4Þ MeV. We take
the weighted average of the measurements in the different
decay modes to find the masses of the Ξcð3055Þþ and
Ξcð3080Þþ to be ð3055.9% 0.4Þ MeV=c2 and ð3077.9%
0.9Þ MeV=c2, respectively, where the uncertainties are
scaled by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2=ðN − 1Þ

p
to account for small inconsisten-

cies in theN individual measurements. The uncertainties on
the masses incorporate the statistical and systematic values.
The masses and widths of Ξcð3055Þþ and Ξcð3080Þþ, after

TABLE IV. Summary of results from the simultaneous fits to the ΛDþ and Σþþ
c K− modes.

Resonance Width (MeV) Yield for ΛDþ Yield for Σþþ
c K− Yield for sideband Yield for Σ$þþ

c

Ξcð3055Þþ 7.8% 1.2% 1.5 721% 90 173% 30 21% 18 -
Ξcð3080Þþ 3.0% 0.7% 0.4 186% 40 176% 23 20% 12 234% 30

TABLE III. Summary of the systematic uncertainties for the width (MeV) and ratio of branching fraction ratios (%) measurements
from the combined analysis.

Source ΓΞcð3055Þþ RBðΛDÞ for Ξcð3055Þþ ΓΞcð3080Þþ RBðΛDÞ for Ξcð3080Þþ RBðΣ$
cKÞ

πKp identification ' ' ' 1.4 ' ' ' 1.4 ' ' '
Λ identification ' ' ' 3.0 ' ' ' 3.0 ' ' '
Branching fractions ' ' ' 5.7 ' ' ' 5.7 ' ' '
Background shape 1.5 13.1 0.4 9.7 1.0
Resolution 0.2 2.1 0.2 1.6 0.5
Mass scale 0.0 0.0 0.0 0.0 0.0
Polarization ' ' ' 1.6 ' ' ' 1.6 3.5
Total 1.5 14.9 0.4 12.0 3.7

TABLE V. Summary of the values related to the measurements
of the ratio of branching fractions. The branching fraction values
are taken from Refs. [19,20]. For the ratios of branching fractions,
the first error is statistical and second is systematic.

Variable Value

BðDþ → K−πþπþÞ 0.0913% 0.0019
BðΛ → pπ−Þ 0.639% 0.005
BðΛþ

c → pK−πþÞ 0.0684% 0.036
BðK0

S → πþπ−Þ 0.6920% 0.0005
BðΛþ

c → pK0
SÞ=BðΛþ

c → pK−πþÞ 0.24% 0.02
ϵðΛDþÞ 0.1771
ϵpK−πþ (Σþþ

c K−) 0.149
ϵpK0

S
(Σþþ

c K−) 0.155
ϵpK−πþ (Σ$þþ

c K−) 0.146
ϵpK0

S
(Σ$þþ

c K−) 0.153
ðB × ϵÞΛDþ 0.0103
ðB × ϵÞΣcK 0.0119
ðB × ϵÞΣ$

cK 0.0117
RyieldðΛDÞ for Ξcð3055Þþ 4.41% 0.87
RyieldðΛDÞ for Ξcð3080Þþ 1.12% 0.26
RyieldðΣ$

cKÞ 1.05% 0.27
RBðΛDÞ for Ξcð3055Þþ 5.09% 1.01% 0.76
RBðΛDÞ for Ξcð3080Þþ 1.29% 0.30% 0.15
RBðΣ$

cKÞ 1.07% 0.27% 0.04
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Xc(3080)+
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First discovery of ;c(3055)0, we measure its mass and width 
¾   M(;c(3055)0) = 3059.0±0.5±0.6 MeV/c2        
¾   *(;c(3055)0) = 6.4±2.1±1.1 MeV 

State BR(/D+)/BR(Σc
++K-) BR(Σ*c

++K-)/BR(Σc
++K-) 

 

;c(3055)+ 5.09±1.01±0.76 

;c(3080)+ 1.29±0.30±0.15 1.07±0.27±0.01 

The chiral quark model has been used to identify ;c(3055)   as D-wave excitation 
in N=2 shell, and predict  

o  Belle results contradicts some theory results. 
o  Crucial input to understand the nature of excited ;c baryons. 

PRD86,034024 (2012) 

PRD 94, 032002 (2016) 
Observation of  excited ;c decay to /D  980fb-1 

Further identifies ;c(3080) as an S-wave excitation mode in N=2 shell and 
predicts that its decay into /D is forbidden. 



Study of Lc
+→ pfp0 and Lc

+→
pK-p+p0 decay with a search 

for pentaquark state

15

arXiv:1707.00089 [hep-ex]
accepted by PRD
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¾ The decay is similar to the decay of LHCb’s
hidden-charm penta-quark (𝑃𝑃𝑐𝑐+) discovery 
channel Λ𝑐𝑐 → 𝐽𝐽/𝜓𝜓𝜙𝜙𝐾𝐾−. [PRL 115, 072001 (2015)]

¾ Hidden-strangeness penta-quark (𝑃𝑃𝑠𝑠+) may 
appear in the intermediate state of 𝜙𝜙𝜙𝜙,
assuming the underlying mechanism creating 
the 𝑃𝑃𝑐𝑐+ also holds for 𝑃𝑃𝑠𝑠+, independent of the 
flavor and mass of 𝑃𝑃𝑠𝑠+ is smaller than 2.151 
GeV. [V. Kopeliovich, arxiv:1510.05958 [hep-ph]; R. F. Lebed, 
PRD 92, 114030 (2015)]

¾ LEPS & CLAS collaborations observed a bump 
at 𝑐𝑐 ≈2.2 GeV in 𝜙𝜙 photo-production. [PRL 95, 
182001(2005); PRC 89, 055208(2014); PRC 90, 019901 (2014)]

¾ This analysis uses 915/fb of data collected at and near Υ 4𝑆𝑆 and Υ 5𝑆𝑆
resonances. 

¾ Two dimensional fit is performed to 𝜙𝜙𝜙𝜙𝜋𝜋0 and 𝐾𝐾+𝐾𝐾− invariant masses, in 
order to extract the Λ𝑐𝑐+ signal yield.

Search for pentaquark state
in Lc

+→ pfp0 decay
uLHCb’s hidden-charm pentaquark (Pc

+) 
discovery in J/yp of Lb

0 →J/ypK-

u Strange analog state (Ps
+) may appear in 

fp of Lc
+ →fpp0 assuming production 

mechanism is flavor independent
u V. Kopeliovich, arxiv:1510.05958 [hep-ph], R. F. 

Lebed, PRD92, 114030
u Cabibbo-suppressed decay

u LEPS & CLAS observed a bump at √s~2.2 
GeV in f photoproduction

u PRL95, 182001, PRC89 055208, PRC90 019901

u This analysis used 916/fb of data collected 
at and near ϒ(4S) and ϒ(5S)
u In addition, the precise measurement of 
branching fraction of Cabibbo favored decay 
Lc

+→ pp+K-p0 is presented

3

PACS numbers: 13.30.Eg, 14.20.Lq, 14.20.pt

The story of exotic hadron spectroscopy begins with
the discovery of the X(3872) by the Belle collaboration
in 2003 [1]. Since then, many exotic XYZ states have
been reported by Belle and other experiments [2]. Re-
cent observations of two hidden-charm pentaquark states
P

+

c (4380) and P

+

c (4450) by the LHCb collaboration in
the J/ p invariant mass spectrum of the ⇤0

b ! J/ pK

�

process [3] raises the question of whether a hidden-
strangeness pentaquark P

+

s , where the cc̄ pair in P

+

c

is replaced by an ss̄ pair, exists [4–6]. The strange-
flavor analogue of the P

+

c discovery channel is the de-
cay ⇤+

c ! �p⇡

0 [5, 6], shown in Fig. 1 (a) [7]. The
detection of a hidden-strangeness pentaquark could be
possible through the �p invariant mass spectrum within
this channel [see Fig. 1 (b)] if the underlying mechanism
creating the P

+

c states also holds for P

+

s , independent
of the flavor [6], and only if the mass of P+

s is less than
M

⇤

+
c
�M⇡0 . In an analogous ss̄ process of � photopro-

duction (�p ! �p), a forward-angle bump structure atp
s ⇡ 2.0 GeV has been observed by the LEPS [8] and

CLAS collaborations [9]. However, this structure appears
only at the most forward angles, which is not expected
for the decay of a resonance [10].

FIG. 1. Feynman diagram for the decay (a) ⇤+

c ! �p⇡0 and
(b) ⇤+

c ! P+

s ⇡0.

Previously, the decay ⇤+

c ! �p⇡

0 has not been stud-
ied by any experiment. In this paper, we report a
search for this decay using a data set corresponding to
an integrated luminosity of 915 fb�1 collected with the
Belle detector [11] recorded at or near the ⌥(4S) and
⌥(5S) resonances at the KEKB asymmetric-energy e

+

e

�

(3.5 on 8.0 GeV) collider [12]. In addition, we search
for the nonresonant decay ⇤+

c ! K

+

K

�
p⇡

0 and mea-
sure the branching fraction of the Cabibbo-favored decay
⇤+

c ! K

�
⇡

+

p⇡

0.
The Belle detector is described in detail elsewhere [11].

To calculate the detector acceptance and reconstruc-
tion e�ciencies and to study background, we use Monte
Carlo (MC) simulated events. The MC events are gener-
ated uniformly in phase space with EvtGen [13] and
JetSet [14]; the detector response is modeled using
Geant3 [15]. Final-state radiation is taken into account
using the Photos [16] package.

The reconstruction of ⇤+

c ! �p⇡

0 (and ⇤+

c !
K

�
⇡

+

p⇡

0) decays proceeds by first reconstructing ⇡0 !

�� candidates. An electromagnetic calorimeter (ECL)
cluster not matched to any track is identified as a pho-
ton candidate. Such candidates are required to have an
energy greater than 50 MeV in the barrel region and
100 MeV in the endcap regions, where the barrel re-
gion covers the polar angle range 32� < ✓ < 130�, and
the endcap regions cover the ranges 12� < ✓ < 32� and
130� < ✓ < 157�. To reject showers produced by neutral
hadrons, the photon energy deposited in the 3⇥ 3 array
of ECL crystals centered on the crystal with the highest
energy must exceed 80% of the energy deposited in the
corresponding 5⇥5 array of crystals. We require that the
�� invariant mass be within 0.020 GeV/c2 (about 3.5� in
resolution) of the known ⇡0 mass [17]. To improve the ⇡0

momentum resolution, we perform a mass-constrained fit
and require that the resulting �2 be less than 30. In addi-
tion, the momentum of the ⇡0 candidates in the center-
of-mass (CM) frame is required to be higher than 0.30
GeV/c.

We subsequently combine ⇡

0 candidates with three
charged tracks. Such tracks are identified using require-
ments on the distance of closest approach with respect
to the interaction point along the z axis (antiparallel to
the e

+ beam) of |dz| < 1.0 cm and in the transverse
plane of dr < 0.1 cm. In addition, charged tracks are
required to have a minimum number of hits in the vertex
detector (> 1 in both the z and transverse directions).
Furthermore, information obtained from the central drift
chamber, the time-of-flight scintillation counters and the
aerogel threshold Cherenkov counters is combined to
form a likelihood L for hadron identification. A charged
track with the likelihood ratios of LK/(L⇡ + LK) > 0.9
and LK/(Lp + LK) > 0.6; LK/(L⇡ + LK) < 0.6 and
L⇡/(Lp + L⇡) > 0.6; and Lp/(Lp + LK) > 0.9 and
Lp/(Lp + L⇡) > 0.9 are regarded as kaon, pion and pro-
ton, respectively. The e�ciencies of these requirements
for kaons, pions, and protons are 77%, 97%, and 75%,
respectively. The probabilities for a kaon, pion, or pro-
ton to be misidentified are P(K ! ⇡) ⇡ 10%, P(K !
p) ⇡ 1%; P(⇡ ! K) ⇡ 1%, P(⇡ ! p) < 1%; and
P(p ! K) ⇡ 7%, P(p ! ⇡) ⇡ 1%. Candidate � mesons
are formed from two oppositely charged tracks that have
been identified as kaons. We accept events in the wide
K

+

K

� mass range m(K+

K

�) 2 (0.99, 1.13) GeV/c2.
To suppress combinatorial background, especially from
B meson decays, we require that the scaled momentum
(xp = Pc/

p
E

2

CM

/4�M

2

c

4) be greater than 0.45, where
E

CM

is the total CM energy, and P and M are the mo-
mentum and invariant mass of the ⇤+

c candidates. A
vertex fit is performed to the charged tracks to form a
⇤+

c vertex, and we require that the �2 from the fit be
less than 50. The decay ⇤+

c ! ⌃+

� has the same fi-
nal state as the signal decay and is Cabibbo-favored. To
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uExclude events of M(pp0) within 10 MeV of mass of S+

uTwo dimensional fit is performed to pK+K-p0 and K+K- invariant 
masses in order to extract the Lc

+ signal yield
u 148.4±61.8 for Lc

+→ pfp0

u 75.9±84.8 for Lc
+→ pK+K-p0

Analysis of Lc
+→ pfp0 decay
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FIG. 2. Projections of the 2D fit: (a) m(K+K�p⇡0) and (b) m(K+K�). The points with the error bars are the data, and the
(red) dotted, (green) dashed and (brown) dot-dashed curves represent the combinatorial, signal and nonresonant candidates,
respectively, and (blue) solid curves represent the total PDF. The solid curve in (b) completely overlaps the curve for the
combinatorial background.
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FIG. 3. Fit to the invariant mass distribution of pK�⇡+. The
points with the error bars are the data, the (red) dotted and
(green) dashed curves represent the combinatorial and signal
candidates, respectively, and (blue) curve represents the total
PDF.

The limit is obtained by integrating the likelihood func-
tion from zero to infinity; the value that corresponds to
90% of this total area is taken as the 90% C.L. upper
limit. We include the systematic uncertainty in the cal-
culation by convolving the likelihood distribution with a
Gaussian function whose width is set equal to the total
systematic uncertainty. The results are

B(⇤+

c ! �p⇡

0) < 15.3⇥ 10�5

,

B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 6.3⇥ 10�5

,

which are the first limits on these branching fractions.
To search for a putative P

+

s ! �p decay, we select
⇤+

c ! K

+

K

�
p⇡

0 candidates in which m(K+

K

�) is
within 0.020 GeV/c2 of the � meson mass [17] and plot

the background-subtracted m(�p) distribution (Fig. 4).
This distribution is obtained by performing 2D fits as dis-
cussed above in bins of m(�p). The data shows no clear
evidence for a P

+

s state. We set an upper limit on the
product branching fraction B(⇤+

c ! P

+

s ⇡

0) ⇥ B(P+

s !
�p) by fitting the distribution of Fig. 4 to the sum of a
RBW function and a phase space distribution determined
from a sample of simulated ⇤+

c ! �p⇡

0 decays. We ob-
tain 77.6 ± 28.1 P

+

s events from the fit, which gives an
upper limit of

B(⇤+

c ! P

+

s ⇡

0)⇥ B(P+

s ! �p) < 8.3⇥ 10�5

at 90% C.L. This limit is calculated using the same pro-
cedure as that used for our limit on B(⇤+

c ! �p⇡

0). The
systematic uncertainties for the two cases are essentially
identical except for that due to the size of the MC sam-
ple used to calculate the reconstruction e�ciency. The
e�ciency used here [" = (2.438 ± 0.026)%] corresponds
to the fitted values MP+

s
= (2.025 ± 0.005) GeV/c2 and

�P+
s
= (0.022± 0.012) GeV.

For the ⇤+

c ! K

�
⇡

+

p⇡

0 sample, the mass distribu-
tion is plotted in Fig. 5. We fit this distribution to ob-
tain the signal yield. We model the signal with a sum
of two CB functions having a common mean and the
combinatorial background with a linear function. We
find 242 039± 2342 signal candidates and 472 729± 467
background candidates in the ⇤+

c signal region. The cor-
responding signal e�ciency is (3.988±0.009)%, obtained
from MC simulation. We measure the ratio of branching
fractions

B(⇤+

c ! K

�
⇡

+

p⇡

0)

B(⇤+

c ! K

�
⇡

+

p)
= (0.685± 0.007± 0.018),

which results in a branching fraction

B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.42± 0.05± 0.12± 0.16)%.
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The limit is obtained by integrating the likelihood func-
tion from zero to infinity; the value that corresponds to
90% of this total area is taken as the 90% C.L. upper
limit. We include the systematic uncertainty in the cal-
culation by convolving the likelihood distribution with a
Gaussian function whose width is set equal to the total
systematic uncertainty. The results are

B(⇤+

c ! �p⇡

0) < 15.3⇥ 10�5

,

B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 6.3⇥ 10�5

,

which are the first limits on these branching fractions.
To search for a putative P

+

s ! �p decay, we select
⇤+

c ! K

+

K

�
p⇡

0 candidates in which m(K+

K

�) is
within 0.020 GeV/c2 of the � meson mass [17] and plot

the background-subtracted m(�p) distribution (Fig. 4).
This distribution is obtained by performing 2D fits as dis-
cussed above in bins of m(�p). The data shows no clear
evidence for a P

+

s state. We set an upper limit on the
product branching fraction B(⇤+

c ! P

+

s ⇡

0) ⇥ B(P+

s !
�p) by fitting the distribution of Fig. 4 to the sum of a
RBW function and a phase space distribution determined
from a sample of simulated ⇤+

c ! �p⇡

0 decays. We ob-
tain 77.6 ± 28.1 P

+

s events from the fit, which gives an
upper limit of

B(⇤+

c ! P

+

s ⇡

0)⇥ B(P+

s ! �p) < 8.3⇥ 10�5

at 90% C.L. This limit is calculated using the same pro-
cedure as that used for our limit on B(⇤+

c ! �p⇡

0). The
systematic uncertainties for the two cases are essentially
identical except for that due to the size of the MC sam-
ple used to calculate the reconstruction e�ciency. The
e�ciency used here [" = (2.438 ± 0.026)%] corresponds
to the fitted values MP+

s
= (2.025 ± 0.005) GeV/c2 and

�P+
s
= (0.022± 0.012) GeV.

For the ⇤+

c ! K

�
⇡

+

p⇡

0 sample, the mass distribu-
tion is plotted in Fig. 5. We fit this distribution to ob-
tain the signal yield. We model the signal with a sum
of two CB functions having a common mean and the
combinatorial background with a linear function. We
find 242 039± 2342 signal candidates and 472 729± 467
background candidates in the ⇤+

c signal region. The cor-
responding signal e�ciency is (3.988±0.009)%, obtained
from MC simulation. We measure the ratio of branching
fractions

B(⇤+

c ! K

�
⇡

+

p⇡

0)

B(⇤+

c ! K

�
⇡

+

p)
= (0.685± 0.007± 0.018),

which results in a branching fraction

B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.42± 0.05± 0.12± 0.16)%.
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This is the most precise measurement of B(⇤+

c !
K

�
⇡

+

p⇡

0) to date and is consistent with the recently
measured value B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.53 ± 0.23 ±
0.30)% by the BESIII collaboration [21].
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FIG. 5. Fit to the invariant mass distribution of
m(K�⇡+p⇡0). The points with the error bars are the data,
the (red) dotted and (green) dashed curves represent the
combinatorial and signal candidates, respectively, and (blue)
curve represents the total PDF. The �2/ (number of bins) of
the fit is 1.43, which indicate that the fit gives a good descrip-
tion of the data.

The systematic uncertainties on all branching fractions
are listed in Table I. The uncertainties due to fixed pa-
rameters in the PDF shape are estimated by varying
the parameters individually according to their statisti-
cal uncertainties. For each variation, the branching frac-
tion is recalculated, and the di↵erence with the nominal
value is taken as the systematic uncertainty associated

with that parameter. In order to determine the system-
atic uncertainty due to the m(K+

K

�) PDF of nonreso-
nant K+

K

�
p⇡

0, we replace the nonparametric PDF by a
fourth-order polynomial and refit the data. For the �p⇡0

final state, we also try including a separate PDF for an
f

0

(980) intermediate state. The di↵erences in the fit re-
sults are included as systematic uncertainties. We add
all uncertainties in quadrature to obtain the overall un-
certainty due to PDF parametrization. The uncertainties
due to errors in the calibration factors used to account
for small data-MC di↵erences in the signal PDF are eval-
uated separately but in a similar manner. A systematic
uncertainty of �1.2% is assigned to account for changes
associated with the choice of the m(K+

K

�) range in
B(⇤+

c ! �p⇡

0). A 2.1% systematic uncertainty is as-
signed due to the best candidate selection. This is eval-
uated by analyzing the decay channel ⇤+

c ! ⌃+

�, which
has much higher purity than the signal channels ana-
lyzed. We determine this by applying an alternative best
candidate selection, i.e., the deviations of the candidate
� and ⌃+ masses from their nominal values. The di↵er-
ence in the branching fraction due to the two methods
of the best candidate selection is taken as the systematic
uncertainty. We assign a 1.5% systematic uncertainty
due to ⇡0 reconstruction; this is determined from a study
of ⌧� ! ⇡

�
⇡

0

⌫⌧ decays. Since the branching fractions
are measured with respect to the normalization channel
⇤+

c ! pK

�
⇡

+, which has an identical number of charged
tracks, the systematic uncertainty due to di↵erences in
tracking performance between signal and normalization
modes is negligible. There is a 1.8% systematic uncer-
tainty assigned for the particle identification e�ciencies
in the �p⇡0 and nonresonant K+

K

�
p⇡

0 final states rel-
ative to the pK

�
⇡

+ normalization channel. The uncer-
tainty in acceptance due to possible resonance substruc-
ture in the decay is found to be negligible. The total of
the above systematic uncertainties is calculated as their
sum in quadrature. In addition, there is a 3.7% uncer-
tainty due to the branching fraction of the normalization
mode. As this large uncertainty does not arise from our
analysis and will decrease with future measurements of
⇤+

c ! pK

�
⇡

+, we quote it separately.

In summary, we have searched for the decays ⇤+

c !
�p⇡

0 and nonresonant ⇤+

c ! K

+

K

�
p⇡

0. No sig-
nificant signal is observed for either decay mode and
we set 90% C.L. upper limits on their branching frac-
tions, which are B(⇤+

c ! �p⇡

0) < 1.5 ⇥ 10�4 and
B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 0.6⇥10�4. We see no evidence
for a hidden-strangeness pentaquark decay P

+

s ! �p

and set an upper limit on the product branching frac-
tion of B(⇤+

c ! P

+

s ⇡
0) ⇥ B(P+

s ! �p) < 8.3 ⇥ 10�5

at 90% C.L. This limit is a factor of six higher than
the product branching fraction measured by LHCb for
an analogous hidden-charm pentaquark state: B(⇤0

b !
Pc(4450)+K�)⇥ B(Pc(4450)+ ! J/ p) = (1.3± 0.4)⇥
10�5 [3]. We also measure B(⇤+

c ! K

�
⇡

+

p⇡

0) =

Search for a pentaquark state and branching 
fraction of Lc

+→ pK-p+p0

u Select Lc
+→ pK+K-p0 candidates in 

which M(K+K-) is within 20 MeV of the 
mass of f

u77.6±28.1 evens

u Fit to M(pK-p+p0) spectrum
u Two crystal ball functions with a 
common mean for signal, and a 
linear function for background

u World best measurement, 
consistent with BESIII (PRL116, 052001)
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FIG. 2. Projections of the 2D fit: (a) m(K+K�p⇡0) and (b) m(K+K�). The points with the error bars are the data, and the
(red) dotted, (green) dashed and (brown) dot-dashed curves represent the combinatorial, signal and nonresonant candidates,
respectively, and (blue) solid curves represent the total PDF. The solid curve in (b) completely overlaps the curve for the
combinatorial background.
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FIG. 3. Fit to the invariant mass distribution of pK�⇡+. The
points with the error bars are the data, the (red) dotted and
(green) dashed curves represent the combinatorial and signal
candidates, respectively, and (blue) curve represents the total
PDF.

The limit is obtained by integrating the likelihood func-
tion from zero to infinity; the value that corresponds to
90% of this total area is taken as the 90% C.L. upper
limit. We include the systematic uncertainty in the cal-
culation by convolving the likelihood distribution with a
Gaussian function whose width is set equal to the total
systematic uncertainty. The results are

B(⇤+

c ! �p⇡

0) < 15.3⇥ 10�5

,

B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 6.3⇥ 10�5

,

which are the first limits on these branching fractions.
To search for a putative P

+

s ! �p decay, we select
⇤+

c ! K

+

K

�
p⇡

0 candidates in which m(K+

K

�) is
within 0.020 GeV/c2 of the � meson mass [17] and plot

the background-subtracted m(�p) distribution (Fig. 4).
This distribution is obtained by performing 2D fits as dis-
cussed above in bins of m(�p). The data shows no clear
evidence for a P

+

s state. We set an upper limit on the
product branching fraction B(⇤+

c ! P

+

s ⇡

0) ⇥ B(P+

s !
�p) by fitting the distribution of Fig. 4 to the sum of a
RBW function and a phase space distribution determined
from a sample of simulated ⇤+

c ! �p⇡

0 decays. We ob-
tain 77.6 ± 28.1 P

+

s events from the fit, which gives an
upper limit of

B(⇤+

c ! P

+

s ⇡

0)⇥ B(P+

s ! �p) < 8.3⇥ 10�5

at 90% C.L. This limit is calculated using the same pro-
cedure as that used for our limit on B(⇤+

c ! �p⇡

0). The
systematic uncertainties for the two cases are essentially
identical except for that due to the size of the MC sam-
ple used to calculate the reconstruction e�ciency. The
e�ciency used here [" = (2.438 ± 0.026)%] corresponds
to the fitted values MP+

s
= (2.025 ± 0.005) GeV/c2 and

�P+
s
= (0.022± 0.012) GeV.

For the ⇤+

c ! K

�
⇡

+

p⇡

0 sample, the mass distribu-
tion is plotted in Fig. 5. We fit this distribution to ob-
tain the signal yield. We model the signal with a sum
of two CB functions having a common mean and the
combinatorial background with a linear function. We
find 242 039± 2342 signal candidates and 472 729± 467
background candidates in the ⇤+

c signal region. The cor-
responding signal e�ciency is (3.988±0.009)%, obtained
from MC simulation. We measure the ratio of branching
fractions

B(⇤+

c ! K

�
⇡

+

p⇡

0)

B(⇤+

c ! K

�
⇡

+

p)
= (0.685± 0.007± 0.018),

which results in a branching fraction

B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.42± 0.05± 0.12± 0.16)%.
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the �p⇡0 final state. The points with error bars are data,
and the (blue) solid line shows the total PDF. The (red) dot-
ted curve shows the fitted phase space component (which has
fluctuated negative).

This is the most precise measurement of B(⇤+

c !
K

�
⇡

+

p⇡

0) to date and is consistent with the recently
measured value B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.53 ± 0.23 ±
0.30)% by the BESIII collaboration [21].
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FIG. 5. Fit to the invariant mass distribution of
m(K�⇡+p⇡0). The points with the error bars are the data,
the (red) dotted and (green) dashed curves represent the
combinatorial and signal candidates, respectively, and (blue)
curve represents the total PDF. The �2/ (number of bins) of
the fit is 1.43, which indicate that the fit gives a good descrip-
tion of the data.

The systematic uncertainties on all branching fractions
are listed in Table I. The uncertainties due to fixed pa-
rameters in the PDF shape are estimated by varying
the parameters individually according to their statisti-
cal uncertainties. For each variation, the branching frac-
tion is recalculated, and the di↵erence with the nominal
value is taken as the systematic uncertainty associated

with that parameter. In order to determine the system-
atic uncertainty due to the m(K+

K

�) PDF of nonreso-
nant K+

K

�
p⇡

0, we replace the nonparametric PDF by a
fourth-order polynomial and refit the data. For the �p⇡0

final state, we also try including a separate PDF for an
f

0

(980) intermediate state. The di↵erences in the fit re-
sults are included as systematic uncertainties. We add
all uncertainties in quadrature to obtain the overall un-
certainty due to PDF parametrization. The uncertainties
due to errors in the calibration factors used to account
for small data-MC di↵erences in the signal PDF are eval-
uated separately but in a similar manner. A systematic
uncertainty of �1.2% is assigned to account for changes
associated with the choice of the m(K+

K

�) range in
B(⇤+

c ! �p⇡

0). A 2.1% systematic uncertainty is as-
signed due to the best candidate selection. This is eval-
uated by analyzing the decay channel ⇤+

c ! ⌃+

�, which
has much higher purity than the signal channels ana-
lyzed. We determine this by applying an alternative best
candidate selection, i.e., the deviations of the candidate
� and ⌃+ masses from their nominal values. The di↵er-
ence in the branching fraction due to the two methods
of the best candidate selection is taken as the systematic
uncertainty. We assign a 1.5% systematic uncertainty
due to ⇡0 reconstruction; this is determined from a study
of ⌧� ! ⇡

�
⇡

0

⌫⌧ decays. Since the branching fractions
are measured with respect to the normalization channel
⇤+

c ! pK

�
⇡

+, which has an identical number of charged
tracks, the systematic uncertainty due to di↵erences in
tracking performance between signal and normalization
modes is negligible. There is a 1.8% systematic uncer-
tainty assigned for the particle identification e�ciencies
in the �p⇡0 and nonresonant K+

K

�
p⇡

0 final states rel-
ative to the pK

�
⇡

+ normalization channel. The uncer-
tainty in acceptance due to possible resonance substruc-
ture in the decay is found to be negligible. The total of
the above systematic uncertainties is calculated as their
sum in quadrature. In addition, there is a 3.7% uncer-
tainty due to the branching fraction of the normalization
mode. As this large uncertainty does not arise from our
analysis and will decrease with future measurements of
⇤+

c ! pK

�
⇡

+, we quote it separately.

In summary, we have searched for the decays ⇤+

c !
�p⇡

0 and nonresonant ⇤+

c ! K

+

K

�
p⇡

0. No sig-
nificant signal is observed for either decay mode and
we set 90% C.L. upper limits on their branching frac-
tions, which are B(⇤+

c ! �p⇡

0) < 1.5 ⇥ 10�4 and
B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 0.6⇥10�4. We see no evidence
for a hidden-strangeness pentaquark decay P

+

s ! �p

and set an upper limit on the product branching frac-
tion of B(⇤+

c ! P

+

s ⇡
0) ⇥ B(P+

s ! �p) < 8.3 ⇥ 10�5

at 90% C.L. This limit is a factor of six higher than
the product branching fraction measured by LHCb for
an analogous hidden-charm pentaquark state: B(⇤0

b !
Pc(4450)+K�)⇥ B(Pc(4450)+ ! J/ p) = (1.3± 0.4)⇥
10�5 [3]. We also measure B(⇤+

c ! K

�
⇡

+

p⇡

0) =
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FIG. 2. Projections of the 2D fit: (a) m(K+K�p⇡0) and (b) m(K+K�). The points with the error bars are the data, and the
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respectively, and (blue) solid curves represent the total PDF. The solid curve in (b) completely overlaps the curve for the
combinatorial background.
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FIG. 3. Fit to the invariant mass distribution of pK�⇡+. The
points with the error bars are the data, the (red) dotted and
(green) dashed curves represent the combinatorial and signal
candidates, respectively, and (blue) curve represents the total
PDF.

The limit is obtained by integrating the likelihood func-
tion from zero to infinity; the value that corresponds to
90% of this total area is taken as the 90% C.L. upper
limit. We include the systematic uncertainty in the cal-
culation by convolving the likelihood distribution with a
Gaussian function whose width is set equal to the total
systematic uncertainty. The results are

B(⇤+

c ! �p⇡

0) < 15.3⇥ 10�5

,

B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 6.3⇥ 10�5

,

which are the first limits on these branching fractions.
To search for a putative P

+

s ! �p decay, we select
⇤+

c ! K

+

K

�
p⇡

0 candidates in which m(K+

K

�) is
within 0.020 GeV/c2 of the � meson mass [17] and plot

the background-subtracted m(�p) distribution (Fig. 4).
This distribution is obtained by performing 2D fits as dis-
cussed above in bins of m(�p). The data shows no clear
evidence for a P

+

s state. We set an upper limit on the
product branching fraction B(⇤+

c ! P

+

s ⇡

0) ⇥ B(P+

s !
�p) by fitting the distribution of Fig. 4 to the sum of a
RBW function and a phase space distribution determined
from a sample of simulated ⇤+

c ! �p⇡

0 decays. We ob-
tain 77.6 ± 28.1 P

+

s events from the fit, which gives an
upper limit of

B(⇤+

c ! P

+

s ⇡

0)⇥ B(P+

s ! �p) < 8.3⇥ 10�5

at 90% C.L. This limit is calculated using the same pro-
cedure as that used for our limit on B(⇤+

c ! �p⇡

0). The
systematic uncertainties for the two cases are essentially
identical except for that due to the size of the MC sam-
ple used to calculate the reconstruction e�ciency. The
e�ciency used here [" = (2.438 ± 0.026)%] corresponds
to the fitted values MP+

s
= (2.025 ± 0.005) GeV/c2 and

�P+
s
= (0.022± 0.012) GeV.

For the ⇤+

c ! K

�
⇡

+

p⇡

0 sample, the mass distribu-
tion is plotted in Fig. 5. We fit this distribution to ob-
tain the signal yield. We model the signal with a sum
of two CB functions having a common mean and the
combinatorial background with a linear function. We
find 242 039± 2342 signal candidates and 472 729± 467
background candidates in the ⇤+

c signal region. The cor-
responding signal e�ciency is (3.988±0.009)%, obtained
from MC simulation. We measure the ratio of branching
fractions

B(⇤+

c ! K
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⇡

+

p⇡

0)

B(⇤+

c ! K
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+

p)
= (0.685± 0.007± 0.018),

which results in a branching fraction

B(⇤+

c ! K
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⇡

+

p⇡

0) = (4.42± 0.05± 0.12± 0.16)%.
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This is the most precise measurement of B(⇤+
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K
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p⇡

0) to date and is consistent with the recently
measured value B(⇤+

c ! K

�
⇡

+

p⇡

0) = (4.53 ± 0.23 ±
0.30)% by the BESIII collaboration [21].
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FIG. 5. Fit to the invariant mass distribution of
m(K�⇡+p⇡0). The points with the error bars are the data,
the (red) dotted and (green) dashed curves represent the
combinatorial and signal candidates, respectively, and (blue)
curve represents the total PDF. The �2/ (number of bins) of
the fit is 1.43, which indicate that the fit gives a good descrip-
tion of the data.

The systematic uncertainties on all branching fractions
are listed in Table I. The uncertainties due to fixed pa-
rameters in the PDF shape are estimated by varying
the parameters individually according to their statisti-
cal uncertainties. For each variation, the branching frac-
tion is recalculated, and the di↵erence with the nominal
value is taken as the systematic uncertainty associated

with that parameter. In order to determine the system-
atic uncertainty due to the m(K+

K

�) PDF of nonreso-
nant K+

K

�
p⇡

0, we replace the nonparametric PDF by a
fourth-order polynomial and refit the data. For the �p⇡0

final state, we also try including a separate PDF for an
f

0

(980) intermediate state. The di↵erences in the fit re-
sults are included as systematic uncertainties. We add
all uncertainties in quadrature to obtain the overall un-
certainty due to PDF parametrization. The uncertainties
due to errors in the calibration factors used to account
for small data-MC di↵erences in the signal PDF are eval-
uated separately but in a similar manner. A systematic
uncertainty of �1.2% is assigned to account for changes
associated with the choice of the m(K+

K

�) range in
B(⇤+

c ! �p⇡

0). A 2.1% systematic uncertainty is as-
signed due to the best candidate selection. This is eval-
uated by analyzing the decay channel ⇤+

c ! ⌃+

�, which
has much higher purity than the signal channels ana-
lyzed. We determine this by applying an alternative best
candidate selection, i.e., the deviations of the candidate
� and ⌃+ masses from their nominal values. The di↵er-
ence in the branching fraction due to the two methods
of the best candidate selection is taken as the systematic
uncertainty. We assign a 1.5% systematic uncertainty
due to ⇡0 reconstruction; this is determined from a study
of ⌧� ! ⇡

�
⇡

0

⌫⌧ decays. Since the branching fractions
are measured with respect to the normalization channel
⇤+

c ! pK

�
⇡

+, which has an identical number of charged
tracks, the systematic uncertainty due to di↵erences in
tracking performance between signal and normalization
modes is negligible. There is a 1.8% systematic uncer-
tainty assigned for the particle identification e�ciencies
in the �p⇡0 and nonresonant K+

K

�
p⇡

0 final states rel-
ative to the pK

�
⇡

+ normalization channel. The uncer-
tainty in acceptance due to possible resonance substruc-
ture in the decay is found to be negligible. The total of
the above systematic uncertainties is calculated as their
sum in quadrature. In addition, there is a 3.7% uncer-
tainty due to the branching fraction of the normalization
mode. As this large uncertainty does not arise from our
analysis and will decrease with future measurements of
⇤+

c ! pK

�
⇡

+, we quote it separately.

In summary, we have searched for the decays ⇤+

c !
�p⇡

0 and nonresonant ⇤+

c ! K

+

K
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0. No sig-
nificant signal is observed for either decay mode and
we set 90% C.L. upper limits on their branching frac-
tions, which are B(⇤+

c ! �p⇡

0) < 1.5 ⇥ 10�4 and
B(⇤+

c ! K

+

K

�
p⇡

0)
NR

< 0.6⇥10�4. We see no evidence
for a hidden-strangeness pentaquark decay P

+

s ! �p

and set an upper limit on the product branching frac-
tion of B(⇤+

c ! P

+

s ⇡
0) ⇥ B(P+

s ! �p) < 8.3 ⇥ 10�5

at 90% C.L. This limit is a factor of six higher than
the product branching fraction measured by LHCb for
an analogous hidden-charm pentaquark state: B(⇤0

b !
Pc(4450)+K�)⇥ B(Pc(4450)+ ! J/ p) = (1.3± 0.4)⇥
10�5 [3]. We also measure B(⇤+

c ! K
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+

p⇡

0) =

6

)2p) (GeV/cφm(
1.98 2 2.02 2.04 2.06 2.08 2.1

 )2
Ev

en
ts

 / 
( 0

.0
1 

G
eV

/c

40−

20−

0

20

40

FIG. 4. The background-subtracted distribution of m(�p) in
the �p⇡0 final state. The points with error bars are data,
and the (blue) solid line shows the total PDF. The (red) dot-
ted curve shows the fitted phase space component (which has
fluctuated negative).

This is the most precise measurement of B(⇤+

c !
K

�
⇡

+

p⇡

0) to date and is consistent with the recently
measured value B(⇤+
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0) = (4.53 ± 0.23 ±
0.30)% by the BESIII collaboration [21].
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curve represents the total PDF. The �2/ (number of bins) of
the fit is 1.43, which indicate that the fit gives a good descrip-
tion of the data.

The systematic uncertainties on all branching fractions
are listed in Table I. The uncertainties due to fixed pa-
rameters in the PDF shape are estimated by varying
the parameters individually according to their statisti-
cal uncertainties. For each variation, the branching frac-
tion is recalculated, and the di↵erence with the nominal
value is taken as the systematic uncertainty associated

with that parameter. In order to determine the system-
atic uncertainty due to the m(K+
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�) PDF of nonreso-
nant K+
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0, we replace the nonparametric PDF by a
fourth-order polynomial and refit the data. For the �p⇡0

final state, we also try including a separate PDF for an
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(980) intermediate state. The di↵erences in the fit re-
sults are included as systematic uncertainties. We add
all uncertainties in quadrature to obtain the overall un-
certainty due to PDF parametrization. The uncertainties
due to errors in the calibration factors used to account
for small data-MC di↵erences in the signal PDF are eval-
uated separately but in a similar manner. A systematic
uncertainty of �1.2% is assigned to account for changes
associated with the choice of the m(K+
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�) range in
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0). A 2.1% systematic uncertainty is as-
signed due to the best candidate selection. This is eval-
uated by analyzing the decay channel ⇤+

c ! ⌃+

�, which
has much higher purity than the signal channels ana-
lyzed. We determine this by applying an alternative best
candidate selection, i.e., the deviations of the candidate
� and ⌃+ masses from their nominal values. The di↵er-
ence in the branching fraction due to the two methods
of the best candidate selection is taken as the systematic
uncertainty. We assign a 1.5% systematic uncertainty
due to ⇡0 reconstruction; this is determined from a study
of ⌧� ! ⇡
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⌫⌧ decays. Since the branching fractions
are measured with respect to the normalization channel
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+, which has an identical number of charged
tracks, the systematic uncertainty due to di↵erences in
tracking performance between signal and normalization
modes is negligible. There is a 1.8% systematic uncer-
tainty assigned for the particle identification e�ciencies
in the �p⇡0 and nonresonant K+
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0 final states rel-
ative to the pK
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+ normalization channel. The uncer-
tainty in acceptance due to possible resonance substruc-
ture in the decay is found to be negligible. The total of
the above systematic uncertainties is calculated as their
sum in quadrature. In addition, there is a 3.7% uncer-
tainty due to the branching fraction of the normalization
mode. As this large uncertainty does not arise from our
analysis and will decrease with future measurements of
⇤+

c ! pK
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+, we quote it separately.

In summary, we have searched for the decays ⇤+

c !
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0 and nonresonant ⇤+
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0. No sig-
nificant signal is observed for either decay mode and
we set 90% C.L. upper limits on their branching frac-
tions, which are B(⇤+
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0) < 1.5 ⇥ 10�4 and
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< 0.6⇥10�4. We see no evidence
for a hidden-strangeness pentaquark decay P
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and set an upper limit on the product branching frac-
tion of B(⇤+
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s ! �p) < 8.3 ⇥ 10�5

at 90% C.L. This limit is a factor of six higher than
the product branching fraction measured by LHCb for
an analogous hidden-charm pentaquark state: B(⇤0

b !
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This is the most precise measurement of B(⇤+
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0) to date and is consistent with the recently
measured value B(⇤+
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0) = (4.53 ± 0.23 ±
0.30)% by the BESIII collaboration [21].
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the fit is 1.43, which indicate that the fit gives a good descrip-
tion of the data.

The systematic uncertainties on all branching fractions
are listed in Table I. The uncertainties due to fixed pa-
rameters in the PDF shape are estimated by varying
the parameters individually according to their statisti-
cal uncertainties. For each variation, the branching frac-
tion is recalculated, and the di↵erence with the nominal
value is taken as the systematic uncertainty associated

with that parameter. In order to determine the system-
atic uncertainty due to the m(K+

K

�) PDF of nonreso-
nant K+

K
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p⇡

0, we replace the nonparametric PDF by a
fourth-order polynomial and refit the data. For the �p⇡0

final state, we also try including a separate PDF for an
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(980) intermediate state. The di↵erences in the fit re-
sults are included as systematic uncertainties. We add
all uncertainties in quadrature to obtain the overall un-
certainty due to PDF parametrization. The uncertainties
due to errors in the calibration factors used to account
for small data-MC di↵erences in the signal PDF are eval-
uated separately but in a similar manner. A systematic
uncertainty of �1.2% is assigned to account for changes
associated with the choice of the m(K+

K

�) range in
B(⇤+

c ! �p⇡

0). A 2.1% systematic uncertainty is as-
signed due to the best candidate selection. This is eval-
uated by analyzing the decay channel ⇤+

c ! ⌃+

�, which
has much higher purity than the signal channels ana-
lyzed. We determine this by applying an alternative best
candidate selection, i.e., the deviations of the candidate
� and ⌃+ masses from their nominal values. The di↵er-
ence in the branching fraction due to the two methods
of the best candidate selection is taken as the systematic
uncertainty. We assign a 1.5% systematic uncertainty
due to ⇡0 reconstruction; this is determined from a study
of ⌧� ! ⇡

�
⇡

0

⌫⌧ decays. Since the branching fractions
are measured with respect to the normalization channel
⇤+

c ! pK
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+, which has an identical number of charged
tracks, the systematic uncertainty due to di↵erences in
tracking performance between signal and normalization
modes is negligible. There is a 1.8% systematic uncer-
tainty assigned for the particle identification e�ciencies
in the �p⇡0 and nonresonant K+

K

�
p⇡

0 final states rel-
ative to the pK
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⇡

+ normalization channel. The uncer-
tainty in acceptance due to possible resonance substruc-
ture in the decay is found to be negligible. The total of
the above systematic uncertainties is calculated as their
sum in quadrature. In addition, there is a 3.7% uncer-
tainty due to the branching fraction of the normalization
mode. As this large uncertainty does not arise from our
analysis and will decrease with future measurements of
⇤+

c ! pK
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⇡

+, we quote it separately.

In summary, we have searched for the decays ⇤+

c !
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0 and nonresonant ⇤+

c ! K
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0. No sig-
nificant signal is observed for either decay mode and
we set 90% C.L. upper limits on their branching frac-
tions, which are B(⇤+
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0) < 1.5 ⇥ 10�4 and
B(⇤+

c ! K
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K
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< 0.6⇥10�4. We see no evidence
for a hidden-strangeness pentaquark decay P
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and set an upper limit on the product branching frac-
tion of B(⇤+

c ! P

+
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0) ⇥ B(P+

s ! �p) < 8.3 ⇥ 10�5

at 90% C.L. This limit is a factor of six higher than
the product branching fraction measured by LHCb for
an analogous hidden-charm pentaquark state: B(⇤0

b !
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Doubly Cabibbo-suppressed Decay of the  Λc
+

S.B Yang et. al. PRL 117, 011801

¾ Doubly Cabibbo-suppressed (DCS) 
decays seen in charm mesons, but not 
previously in baryons.

¾ Naïve expectation: ℬ(𝐷𝐷𝐷𝐷𝑆𝑆)ℬ(𝐷𝐷𝐶𝐶) =
𝑡𝑡𝑡𝑡𝑡𝑡4 𝜃𝜃𝑐𝑐 = 0.285%

¾ Since W-exchange diagram is absent in 
DCS decay, ℬ(𝐷𝐷𝐷𝐷𝑆𝑆)ℬ(𝐷𝐷𝐶𝐶) may be smaller than 

the naïve expectation. 
¾ This analysis uses 980/fb of data collected 

at and near Υ 1𝑆𝑆 ,Υ 2𝑆𝑆 ,Υ 3𝑆𝑆 ,Υ 4𝑆𝑆 and 
Υ 5𝑆𝑆 resonances. 

Doubly Cabibbo-
suppressed decays 
(DCS)

Cabibbo favored 
decaysSee also the parallel session talk by K. 

Tanida on 06/09 (Tuesday)

Doubly Cabibbo-suppressed decay of Lc

u

u

Several doubly Cabibbo-suppressed (DCS) decays of
charmed mesons have been observed [1–4]. Their mea-
sured branching ratios with respect to the corresponding
Cabibbo-favored (CF) decays play an important role in
constraining models of the decay of charmed hadrons and
in the study of flavor-SUð3Þ symmetry [1,3–6]. On the
other hand, because of the smaller production cross
sections for charmed baryons, DCS decays of charmed
baryons have not yet been observed; only an upper
limit, BðΛþ

c → pKþπ−Þ=BðΛþ
c → pK−πþÞ < 0.46% with

90% confidence level, has been reported by the FOCUS
Collaboration [7]. Theoretical calculations of DCS decays
of charmed baryons have been very few and limited to two-
body decay modes [8,9].
In this Letter, we report the first observation of the DCS

decay Λþ
c → pKþπ− and the measurement of its branching

ratio with respect to its counterpart CF decay Λþ
c →

pK−πþ [10]. Typical decay diagrams of DCS and CF
decays are shown in Fig. 1. In brief, the diagrams are
categorized as external W-emission, internal W-emission,
and W-exchange processes. Since W exchange is allowed
in Λþ

c → pK−πþ, as shown in Fig. 1(e), but absent in
Λþ
c → pKþπ−, the ratio BðΛþ

c → pKþπ−Þ=BðΛþ
c →

pK−πþÞ may be smaller than the naïve expectation [7]
of tan4θc (0.285%), where θc is the Cabibbo mixing
angle [11] and sin θc ¼ 0.225% 0.001 [12]. We can also
compare the ratio BðΛþ

c → pKþπ−Þ=BðΛþ
c → pK−πþÞ

with similar ratios in charmed meson decays, such

as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½BðDþ→Kþπþπ−Þ=BðDþ→K−πþπ−Þ'½BðDþ

s →
p

KþKþπ−Þ=BðDþ
s →KþK−πþÞ'¼ð1.25%0.08Þtan4θc [1]

or BðD0→Kþπ−Þ=BðD0→K−πþÞ¼ð1.24%0.05Þtan4θc
[2]. By doing so, similarities and differences between
charmed meson and baryon decays can provide additional
insight into flavor-SUð3Þ symmetry and QCD. For exam-
ple, flavor-SUð3Þ symmetry breaking in Λþ

c decay may
affect the ratio as is the case in D meson decay.
We analyze data taken at or near the ϒð1SÞ, ϒð2SÞ,

ϒð3SÞ, ϒð4SÞ, and ϒð5SÞ resonances collected by the
Belle detector at the KEKB asymmetric-energy eþe−

collider [13]. The integrated luminosity of the data sample
is 980 fb−1. The Belle detector is a large-solid-angle
magnetic spectrometer comprising a silicon vertex detector
(SVD) [14], a central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-like
arrangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter composed of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. The detector is
described in detail elsewhere [15]. The combined particle
identification (PID) likelihoods, LðhÞ (h ¼ p, K, or π), are
derived from ACC and TOF measurements and dE=dx
measurements in CDC. The discriminant Rðhjh0Þ, defined
as LðhÞ=½LðhÞ þ Lðh0Þ', is the ratio of likelihoods for h
and h0 identification. The electron likelihood ratio, RðeÞ,
for e and h identification is derived from ACC, CDC, and
ECL measurements [16]. We use samples of eþe− → cc̄
Monte Carlo (MC) events, which are generated with
PYTHIA [17] and EvtGen [18] and propagated by GEANT3

[19] to simulate the detector performance, to estimate
reconstruction efficiencies and to study backgrounds.
In this analysis, our selection criteria follow mostly those

typically used in other charmed hadron studies at Belle (for
example, Refs. [1,20,21]). However, our final criteria,
described in the next paragraph, are determined by a
figure-of-merit (FOM) study performed using a control
sample of the CF decay (Λþ

c → pK−πþ) in real data,
together with sidebands to the DCS signal region. We use
this blinded study to optimize the FOM, defined as
nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nsig þ nbkg

p
, where nsig is the fitted yield of the

control sample multiplied by the presumed ratio of the
DCS and CF decays (0.0025), and nbkg is the number of
background events from the sideband region in the
DCS decay.
A Λþ

c candidate is reconstructed from the three charged
hadrons, and all charged tracks are required to have a
distance of closest approach to the interaction point
(DOCA) less than 2.0 cm and 0.1 cm in the beam direction
(z) and in the transverse (r − ϕ) direction, respectively. The
number of SVD hits is also required to be at least one, both
in the z and r − ϕ directions, for each of three charged
particles. The charged particles are identified by the PID
measurements: RðpjhÞ > 0.9 for both h ¼ π and K is
required for charged protons, RðKjpÞ > 0.4 and
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FIG. 1. Typical external (internal) W-emission diagrams for
(a) [(c)] Λþ

c → pKþπ− and (b) [(d)] Λþ
c → pK−πþ, and (e) a

typical W-exchange diagram of Λþ
c → pK−πþ.
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Analysis of Lc
+→pK+p-, DCS decay

RðKjπÞ > 0.9 are required for charged kaons, RðπjpÞ >
0.4 and RðπjKÞ > 0.4 are required for charged pions, and
RðeÞ < 0.9 is required for all charged particles. The
identification efficiencies of p, K, and π are 75%, 75%,
and 95%, respectively, for the typical momentum range of
the decays. Probabilities of misidentifying h as h0,
Pðh → h0Þ, are estimated by using data and MC samples
of the CF decay to be 8% [Pðp → KÞ], 5% [Pðp → πÞ],
11% [PðK → πÞ], 2% [PðK → pÞ], 2% [Pðπ → KÞ], and
less than 1% [Pðπ → pÞ] for the typical momentum range.
To suppress combinatorial backgrounds, especially
from B meson decays, we place a requirement on the
scaled momentum: xp > 0.53, where xp is defined
as p#=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
cm=4 −M2

p
; here, Ecm is the total center-of-mass

energy, p# is the momentum in the center-of-mass frame,
and M is the mass of the Λþ

c candidate. In addition, the χ2

value from the common vertex fit of the charged tracks
must be less than 40.
Figures 2 and 3 show invariant mass distributions,

MðpK−πþÞ (CF) and MðpKþπ−Þ (DCS), with the final
selection criteria. DCS decay events are clearly observed in
MðpKþπ−Þ. We perform a binned least-χ2 fit to the two
distributions from 2.15 GeV=c2 to 2.42 GeV=c2 with
0.01 MeV=c2 bin width, and the figures are drawn with
merged bins. The probability density functions (PDFs) for
the fits are the sum of two Gaussian distributions, with a
common central value, to represent the signals, and poly-
nomials of fifth and third order for the combinatorial
backgrounds in the MðpK−πþÞ and MðpKþπ−Þ distribu-
tions, respectively. In the fit to MðpKþπ−Þ, the resolution
and central value of the signal function are fixed to be the
same as those found from the fit to MðpK−πþÞ. The

equality of these quantities is expected from first principles
and is confirmed using the MC simulation. The reduced χ2

values (χ2 divided by degrees of freedom) of the fits are
1.03 (27 749/26 989) and 1.01 (27 131/26 995) for the CF
and DCS decays, respectively. From the fit results, the
signal yields of Λþ

c → pK−πþ and Λþ
c → pKþπ− decays

are determined to be ð1.452% 0.015Þ × 106 events and
3587% 380 events, respectively, where the uncertainties
are statistical. There is a small excess above background on
the right side of the Λþ

c peak (around 2.297 GeV=c2) in the
DCS spectrum of Fig. 3. We attribute this to a statistical
fluctuation as no known process would make such a narrow
feature at this position even when possible particle mis-
identification, such as the misidentification of both the K
and the π, is taken into account.
The DCS decay has a peaking background from the SCS

decay Λþ
c → ΛKþ with Λ → pπ−, which has the same

final-state topology. However, because of the long Λ
lifetime, many of the Λ vertexes are displaced by several
centimeters from the main vertex, so the DOCA and χ2

requirements suppress most of this background. The
remaining SCS-decay yield is included in the signal yield
of Λþ

c → pKþπ− decay and is estimated via the relation

N ðSCS;Λ → pπ−Þ

¼ ϵðSCS;Λ → pπ−Þ
ϵðCFÞ

BðSCS;Λ → pπ−Þ
BðCFÞ

N ðCFÞ; ð1Þ

where N ðCFÞ is the signal yield of the CF decay,
BðSCS;Λ → pπ−Þ=BðCFÞ ¼ ð0.61% 0.13Þ% is the
branching ratio [12], and ϵðSCS;Λ → pπ−Þ=ϵðCFÞ ¼
0.023 is the relative efficiency found using MC samples.
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FIG. 2. Distribution of MðpK−πþÞ. The curves indicate the fit
result: the full fit model (solid) and the combinatoric background
only (dashed).
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FIG. 3. Distribution of MðpKþπ−Þ (top) and residuals of data
with respect to the fitted combinatorial background (bottom).
Curves are drawn as described in Fig. 2.
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DCS spectrum of Fig. 3. We attribute this to a statistical
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feature at this position even when possible particle mis-
identification, such as the misidentification of both the K
and the π, is taken into account.
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final-state topology. However, because of the long Λ
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Curves are drawn as described in Fig. 2.
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1.45M events in Cabibbo
favored (CF) decay

3587±380 events

After subtraction of
Lc

+→LK+ →pp-K+,
we observe 
3379±380±78
DCS events with a 
significance > 9s!

14Charm 2016, September 5-9, 2016

Doubly Cabibbo-suppressed Decay of the  Λc
+

1.45M observed in CF decay 3587 ± 380 events

After subtraction of the 
peaking background Λ𝑐𝑐+ →
Λ → 𝜙𝜙𝜋𝜋− 𝐾𝐾+, we observed 
3379 ± 380 ± 78 DCS events 
with a significance  > 9σ.

Residuals of 
the data with 
respect to 
fitted the 
combinatorial 
background

ℬ(Λ𝑐𝑐+ → 𝜙𝜙𝐾𝐾+𝜋𝜋−)
ℬ(Λ𝑐𝑐+ → 𝜙𝜙𝐾𝐾−𝜋𝜋+) = 2.35 ± 0.27 ± 0.21 × 10−3

= 0.82 ± 0.12 𝑡𝑡𝑡𝑡𝑡𝑡4 𝜃𝜃𝑐𝑐
ℬ Λ𝑐𝑐+ → 𝜙𝜙𝐾𝐾+𝜋𝜋− = (1.61 ± 0.23−0.08+0.07) × 10−4

¾ After subtracting the contribution Λ∗ 1520 and Δ isobar intermediates, which only 
contribute to CF decay, the revised ratio

compatible with naïve expectation: no large W-exchange contribution in CF decay.  

Absolute branching fraction

(First observation)
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.

“Inclusive” cross sections (including feed-down) are obtained as a function of 
hadron scaled momentum (xp). (M, p : mass and CM momentum)
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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“Inclusive” cross sections (including feed-down) are obtained as a function of 
hadron scaled momentum (xp). (M, p : mass and CM momentum)
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Peaks around xp~0.2-0.3
→ hyperons are produced in soft processes.

Peak positions for Ω- and Ξ(1530) seem
slightly higher than the other hyperons.

Total cross sections for S=-1 hyperons are obtained 
using Hermite interpolation assuming dσ/dxp=0 at 
xp=0,1. 
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 5. Differential inclusive cross sections of charmed baryon production with and without radiative corrections. The closed
circles are shifted slightly to the left for clarity. The error bars and shaded boxes represent the statistical and systematic
uncertainties, respectively.
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smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
c family and a0 = 15± 3, a1 =685

(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters ⟨a1⟩ = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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IV. SUMMARY710

We have measured the inclusive production cross sec-711

tions of hyperons and charmed baryons from e+e− anni-712

hilation near the Υ(4S) energy using high-statistics data713

recorded at Belle. The direct production cross section714

divided by the spin multiplicities for S = −1 hyper-715

ons except for Σ(1385)+ lie on one common exponen-716
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smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
c family and a0 = 15± 3, a1 =685

(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters ⟨a1⟩ = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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FIG. 7. Direct production cross section as a function of mass707

of hyperons. S = −1,−2,−3 hyperons are shown with filled708

circles, open circles and a triangle, respectively.709
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u Mass and widths of 5 excited Xc states decaying into Xcp
u Masses:~1order improvement of precision
u Widths: 5 first measurements (Xc(2645)0, Xc(2815)+, Xc(2815)0,
Xc(2790)+, Xc(2790)0)

u Higher excited Xc decaying into LD
u Relative BFs (LD / ScK ) for Xc(3055), Xc(3080)
u Relative BF (Sc

*K / ScK ) for Xc(3080)
u Mass and width of Xc(3055)0

u Studies of Lc
+ decay modes

u Upper limit on Lc
+ →pfp0 and Ps

u Precise measurement of B.F. of Lc
+ →pK-p+p0

u First observation of DCS decay of Lc
+ →pK+p-

uProduction cross sections of hyperons and charmed baryons
u Suppression for Sc baryons, indicating diquark structure in 
charmed baryons




