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u Asymmetric energy e+e- collider 
u  ϒ (4S) and some other energies 
u Integrated luminosity ~1000 fb-1 (Belle), 550 fb-1 (BaBar) 
u General purpose detector 

l  Detect charged particles and photons 
l  Good momentum/vertex resolution 
l  K/π separation up to 3.5 GeV/c 

Suitable for hadron physics!	



Discovery of new hadrons at Belle and BaBar	
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 Y.Kato’s talk at JPS meeting (2015)	

Belle
BaBar	

*some states may be missed.	



Zc(4430)+ Belle and BaBar results 	
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band. The dashed curves show the reflection from K!!

assuming a flat cos"K distribution. The solid curves are
obtained by weighting each event according to Eq. (35).
The shaded bands associated with the solid curves indicate
the effect of interpolation using "1# normalized moment
values, as described above.

We emphasize that the absolute normalization of the
curves shown in Figs. 21(a) and 21(b) is established by
the scale factor used to normalize each of our ten-million-

event MC samples to the corresponding corrected number
of events, as shown in Figs. 17(a) and 17(b), respectively.
Comparison of the dashed and solid curves of Fig. 21

shows that it is important to modulate the cos"K distribu-
tions using the normalized moment weights of Eq. (35).
Since the individual Piðcos"KÞ functions integrate to zero
over cos"K, the incorporation of the wj weights does not
affect the distributions of Fig. 17. This also means that the
associated dashed and solid curves of Fig. 21 integrate to
the same total number of events.
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FIG. 21 (color online). The c!! mass distributions for the combined decay modes (a) B!;0 ! J=c!!K0;þ and
(b) B!;0 ! c ð2SÞ!!K0;þ. The points show the data after efficiency correction and !E sideband subtraction. The dashed curves
show the K!! reflection for a flat cos"K distribution, while the solid curves show the result of cos"K weighting. The shaded bands
represent the effect of statistical uncertainty on the normalized moments. In (b), the dot-dashed curve indicates the effect of weighting
with the normalized J=c!!K moments. The dashed vertical lines indicate mc!! ¼ 4:433 GeV=c2. In (c) and (d), we show the
residuals (data—solid curve) for (a) and (b), respectively.
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FIG. 22 (color online). The cos"c versusmc!! rectangular Dalitz plots for (a) B!;0 ! J=c!!K0;þ, and (b) B!;0 ! c ð2SÞ!!K0;þ;
(c) and (d), the corresponding plots indicating the loci of the K'ð892Þ and K'

2ð1430Þ resonance bands defined in the text; regions A–E,
defined by Eqs. (36)–(40), are indicated. The dashed vertical lines show the mass range 4:400<mc!! < 4:460 GeV=c2.

B. AUBERT et al. PHYSICAL REVIEW D 79, 112001 (2009)

112001-22

Phys. Rev. D79, 112001(2009)	

u Ψ’π+ decay, charged state with cc  → Genuine 4 quark state! 
u Amplitude analysis in [M(K-π+), M(ψ’π+), cos(Θ), φ] w/ K* resonances 

u  Belle : 6.4 σ significance,  M=4485±22+28
-11 MeV,  Γ=200+41

-46
+26

-35 MeV 

    Br(B0→Z-K+, Z-→ψ’π-) = (3.2+1.8
-0.9

+5.3
-1.6) x 10-5 

       JP=1+ is favored with 3.4 σ 
u  BaBar : 95% CL upper limit,  Br(B0→Z-K+, Z-→ψ’π-)<3.1 x 10-5 



Confirmation by LHCb	
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Figure 4: Distribution of m2

 

0
⇡

� in the data (black points) for 1.0 < m2

K

+
⇡

� < 1.8 GeV2

(K⇤(892), K⇤
2

(1430) veto region) compared with the fit with two, 0� and 1+ (solid-line red
histogram) and only one 1+ (dashed-line green histogram) Z� resonances. Individual Z� terms
(blue points) are shown for the fit with two Z� resonances.
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Figure 3: Fitted values of the Z�
1

amplitude in six m2

 

0
⇡

� bins, shown in an Argand diagram

(connected points with the error bars, m2

 

0
⇡

� increases counterclockwise). The red curve is the

prediction from the Breit-Wigner formula with a resonance mass (width) of 4475 (172) MeV and
magnitude scaled to intersect the bin with the largest magnitude centered at (4477 MeV)2. Units
are arbitrary. The phase convention assumes the helicity-zero K⇤(892) amplitude to be real.

component only. The model-independent analysis has a large statistical uncertainty in
the Z�

0

region and shows no deviations of the data from the reflections of the K⇤ degrees
of freedom (Fig. 1). Argand diagram studies for the Z�

0

are inconclusive. Therefore,
its characterization as a resonance will need confirmation when larger samples become
available.

In summary, an amplitude fit to a large sample of B0 !  0K+⇡� decays provides the
first independent confirmation of the existence of the Z(4430)� resonance and establishes
its spin-parity to be 1+, both with very high significance. The measured mass, 4475 ±
7 +15

�25

MeV, width, 172±13 +37

�34

MeV, and amplitude fraction, (5.9±0.9 +1.5

�3.3

)%, are consistent
with, but more precise than, the Belle results [27]. An analysis of the data using the
model-independent approach developed by the BaBar collaboration [24] confirms the
inconsistencies in the Z(4430)� region between the data and K+⇡� states with J  2.
The D-wave contribution is found to be insignificant in Z(4430)� decays, as expected for
a true state at such mass. The Argand diagram obtained for the Z(4430)� amplitude
is consistent with the resonant behavior. For the first time the resonant character is
demonstrated in this way among all known candidates for charged four-quark states.

6

u 12 times more B0→ψ’π-Κ+ events than Belle. 
u Amplitude analysis as same as Belle and BaBar. 
u  13.9 σ significance,  M=4475±7+15

-25 MeV,  Γ=172±13+37
-34 MeV  

      consistent with Belle. 
u  JP=1+ is determined with 8σ. 
u Zc(4430)+ is established!  

JP=1+ 

Z(4430)	JP=0- 

Z(4240)	

Phys. Rev. Lett. 112, 222002 (2014)	



Zc(3900)+:another charged charmonium-like	

6	

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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142001-5

PRL95,142001(2005)	

In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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noid operations; and the KEK computer group, the NII, and
PNNL/EMSL for valuable computing and SINET4 net-
work support. We acknowledge support from MEXT,
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(Australia); NSFC (China); MSMT (Czechia); DST
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NSC and MOE (Taiwan); and DOE and NSF (USA). This
work is supported partly by a Grant-in-Aid fromMEXT for
Science Research on Innovative Areas (‘‘Elucidation of
New Hadrons with a Variety of Flavors’’) and JSPS
KAKENHI Grant No. 24740158.

Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.

*Present address: Beihang University, Beijing 100191.
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tion from MC-simulated e+e− → π−D+D̄∗0 three-body
phase-space events. Here, also, the π−D+-tagged event
sample that is used to study π−D+D̄∗0 includes some
cross feed from the π−Zc(3885)+, Zc(3885)+ → D̄0D∗+

signal channel, where the D+ used for tagging is a decay
product of the D∗+. The dashed histogram is from MC-
simulated e+e− → π−Zc(3885)+, Zc(3885)+ → D̄0D∗+,
D∗+ → π0D+ events.
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FIG. 1. The πD recoil mass distribution for the π+D0- (left)
and π−D+-tagged (right) events. Points with errors are data, the
hatched histogram shows the events from the D mass sidebands.
The solid and dashed histograms are described in the text.

We apply a two-constraint kinematic fit to the selected
events, where we constrain the invariant mass of the D0

(D+) candidate tracks to be equal to mD0 (mD+) and
the mass recoiling from the π+D0 (π−D+) to be equal
to mD∗− (mD̄∗0). If there is more than one bachelor pion
candidate in an event, we retain the one with the small-
est χ2 from the kinematic fit. Events with χ2 < 30 are
selected for further analysis. For the π+D0-tag analysis,
we require M(π+D0) > 2.02 GeV to reject the events
of the type e+e− → D∗+D∗−, D∗+ → π+D0. The left
(right) panel of Fig. 2 shows the distribution of D0D∗−

(D+D̄∗0) invariant masses recoiling from the bachelor
pion for the π+D0 (π−D+) tagged events. The two dis-
tributions are similar and both have a distinct peak near
the mD + mD̄∗ mass threshold. For cross-feed events,
the reconstructed D meson is not in fact recoiling from
a D̄∗ and the efficiency for satisfying these selection re-
quirements decreases with increasing DD̄∗ mass. Studies
with phase-space MC event samples show that this ac-
ceptance variation is not sufficient to produce a peaking
structure.
To characterize the observed enhancement and de-

termine the signal yield, we fit the histograms in
the left and right panels of Fig. 2 using a mass-
dependent-width Breit-Wigner (BW) lineshape to model
the signal and smooth threshold functions to repre-
sent the non-peaking background. For the signal,
we use dN/dmDD̄∗ ∝ (k∗)2ℓ+1|BWZc

(mDD̄∗)|2, where
k∗ is the Zc momentum in the e+e− rest frame, ℓ
is the π-Zc relative orbital angular momentum and

BWZc
(mDD̄∗) ∝

√
mDD̄∗ΓZc

m2
Zc

−m2
DD̄∗

−imZc
ΓZc

. Here ΓZc
=

Γ0(q∗/q0)2L+1(mZc
/mDD̄∗), where q∗(mDD̄∗) is the D

momentum in the Zc(3885) rest frame, q0 = q∗(mZc
)

and L is the D-D̄∗ orbital angular momentum. In the
default fits, we set ℓ = 0, L = 0 and leave mZc

and
Γ0 as free parameters. We multiply the BW by a poly-
nomial determined from a fit to the MC-determined
mass-dependent efficiency to form the signal probabil-
ity density function (PDF). Mass resolution effects are
less than 1 MeV/c2 and, thus, ignored. For the non-
peaking background for the M(DD̄∗) distribution, we
use: fbkg(mDD̄∗) ∝ (mDD̄∗ − Mmin)c(Mmax − mDD̄∗)d,
where Mmin and Mmax are the minimum and maximum
kinematically allowed masses, respectively. The expo-
nents c and d are free parameters determined from the
fits to the data.
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FIG. 2. The M(D0D∗−) (left) and M(D+D̄∗0) (right) distribu-
tions for selected events. The curves are described in the text.

The results of the fits are shown as solid curves in
Fig. 2. The dashed curves show the fitted non-resonant
background. The fitted BW masses and widths from the
π+D0 (π−D+) tagged sample are 3889.2 ± 1.8 MeV/c2

and 28.1 ± 4.1 MeV (3891.8 ± 1.8 MeV/c2 and 27.8 ±
3.9 MeV), where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent and may differ from the actual reso-
nance properties [27], we solve for P = Mpole − iΓpole/2,
the position in the complex (M,Γ) plane where the BW
denominator is zero, and use Mpole and Γpole to charac-
terize the mass and width of the Zc(3885) peak. Table I
lists the pole masses and widths for the π+D0 and π−D+

tagged samples.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2/ndf) for the two tag samples.

Tag Mpole(MeV/c2) Γpole(MeV) Zc signal (evts) χ2/ndf
π+D0 3882.3 ± 1.5 24.6± 3.3 502 ± 41 54/54
π−D+ 3885.5 ± 1.5 24.9± 3.2 710 ± 54 60/54

Monte Carlo studies of possible sources of peaking
backgrounds in the DD̄∗ mass distribution show that
processes of the type e+e− → DD̄X , D̄X → D̄∗π, would
produce a near-threshold reflection peak in the DD̄∗

mass distribution, where DX denotes a D∗π resonance
with mass near the upper kinematic boundary. This
boundary,

√
s − mD, is 30 MeV/c2 below the mass of

the lightest established D∗π resonance, the D1(2420),

(D*)	 

(D)	 

JP=1+ 

Γ(DD*)≈6 Γ(J/ψ π) 
Very small,  
 ψ(3770), ψ(4040) dominantly 
decay to DD*	

PRL112,022001(2014) 	
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.
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tion from MC-simulated e+e− → π−D+D̄∗0 three-body
phase-space events. Here, also, the π−D+-tagged event
sample that is used to study π−D+D̄∗0 includes some
cross feed from the π−Zc(3885)+, Zc(3885)+ → D̄0D∗+

signal channel, where the D+ used for tagging is a decay
product of the D∗+. The dashed histogram is from MC-
simulated e+e− → π−Zc(3885)+, Zc(3885)+ → D̄0D∗+,
D∗+ → π0D+ events.
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FIG. 1. The πD recoil mass distribution for the π+D0- (left)
and π−D+-tagged (right) events. Points with errors are data, the
hatched histogram shows the events from the D mass sidebands.
The solid and dashed histograms are described in the text.

We apply a two-constraint kinematic fit to the selected
events, where we constrain the invariant mass of the D0

(D+) candidate tracks to be equal to mD0 (mD+) and
the mass recoiling from the π+D0 (π−D+) to be equal
to mD∗− (mD̄∗0). If there is more than one bachelor pion
candidate in an event, we retain the one with the small-
est χ2 from the kinematic fit. Events with χ2 < 30 are
selected for further analysis. For the π+D0-tag analysis,
we require M(π+D0) > 2.02 GeV to reject the events
of the type e+e− → D∗+D∗−, D∗+ → π+D0. The left
(right) panel of Fig. 2 shows the distribution of D0D∗−

(D+D̄∗0) invariant masses recoiling from the bachelor
pion for the π+D0 (π−D+) tagged events. The two dis-
tributions are similar and both have a distinct peak near
the mD + mD̄∗ mass threshold. For cross-feed events,
the reconstructed D meson is not in fact recoiling from
a D̄∗ and the efficiency for satisfying these selection re-
quirements decreases with increasing DD̄∗ mass. Studies
with phase-space MC event samples show that this ac-
ceptance variation is not sufficient to produce a peaking
structure.
To characterize the observed enhancement and de-

termine the signal yield, we fit the histograms in
the left and right panels of Fig. 2 using a mass-
dependent-width Breit-Wigner (BW) lineshape to model
the signal and smooth threshold functions to repre-
sent the non-peaking background. For the signal,
we use dN/dmDD̄∗ ∝ (k∗)2ℓ+1|BWZc

(mDD̄∗)|2, where
k∗ is the Zc momentum in the e+e− rest frame, ℓ
is the π-Zc relative orbital angular momentum and

BWZc
(mDD̄∗) ∝

√
mDD̄∗ΓZc

m2
Zc

−m2
DD̄∗

−imZc
ΓZc

. Here ΓZc
=

Γ0(q∗/q0)2L+1(mZc
/mDD̄∗), where q∗(mDD̄∗) is the D

momentum in the Zc(3885) rest frame, q0 = q∗(mZc
)

and L is the D-D̄∗ orbital angular momentum. In the
default fits, we set ℓ = 0, L = 0 and leave mZc

and
Γ0 as free parameters. We multiply the BW by a poly-
nomial determined from a fit to the MC-determined
mass-dependent efficiency to form the signal probabil-
ity density function (PDF). Mass resolution effects are
less than 1 MeV/c2 and, thus, ignored. For the non-
peaking background for the M(DD̄∗) distribution, we
use: fbkg(mDD̄∗) ∝ (mDD̄∗ − Mmin)c(Mmax − mDD̄∗)d,
where Mmin and Mmax are the minimum and maximum
kinematically allowed masses, respectively. The expo-
nents c and d are free parameters determined from the
fits to the data.
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FIG. 2. The M(D0D∗−) (left) and M(D+D̄∗0) (right) distribu-
tions for selected events. The curves are described in the text.

The results of the fits are shown as solid curves in
Fig. 2. The dashed curves show the fitted non-resonant
background. The fitted BW masses and widths from the
π+D0 (π−D+) tagged sample are 3889.2 ± 1.8 MeV/c2

and 28.1 ± 4.1 MeV (3891.8 ± 1.8 MeV/c2 and 27.8 ±
3.9 MeV), where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent and may differ from the actual reso-
nance properties [27], we solve for P = Mpole − iΓpole/2,
the position in the complex (M,Γ) plane where the BW
denominator is zero, and use Mpole and Γpole to charac-
terize the mass and width of the Zc(3885) peak. Table I
lists the pole masses and widths for the π+D0 and π−D+

tagged samples.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2/ndf) for the two tag samples.

Tag Mpole(MeV/c2) Γpole(MeV) Zc signal (evts) χ2/ndf
π+D0 3882.3 ± 1.5 24.6± 3.3 502 ± 41 54/54
π−D+ 3885.5 ± 1.5 24.9± 3.2 710 ± 54 60/54

Monte Carlo studies of possible sources of peaking
backgrounds in the DD̄∗ mass distribution show that
processes of the type e+e− → DD̄X , D̄X → D̄∗π, would
produce a near-threshold reflection peak in the DD̄∗

mass distribution, where DX denotes a D∗π resonance
with mass near the upper kinematic boundary. This
boundary,

√
s − mD, is 30 MeV/c2 below the mass of

the lightest established D∗π resonance, the D1(2420),

(D*)	 

(D)	 

JP=1+ 

Γ(DD*)≈6 Γ(J/ψ π) 
Very small,  
O(100) for ψ(3770), ψ(4040) 	

PRL112,022001(2014) 	

u  Charged charmonium-like states are established. 
u  Open questions on their internal structure. 

l  S-wave J/ψ π, (ψ’ π) or DD* molecule?  
l  cc core exists? 

l  X(3872) (S.Takeuchi, K. Shimizu, M. Takizawa PTEP 2014, 123D01) 	
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u  21 charmed baryons are listed in PDG 2014. 
l  16 of them are firstly observed in e+e- collider experiment. 
l  Recently Belle and BaBar identified many excited Ξc’s. 

CLEO	  	  	  	  8	  	  (1995～2001)	  
BELLE	  	  	  3	  	  (2006～)	  
BABAR	  	  5	  (2007～)	 Λc

Λc(2595)
Λc(2625)

Λc(2765)

Λc(2880)

Λc(2940)

Σc(2455)
Σc(2520)

Σc(2880)

Ξc

Ξc’(2575)

Ξc(2645)

Ξc(2790)
Ξc(2815)

Ξc(2930)

Ξc(2980)
Ξc(3055)
Ξc(3080)
Ξc(3123)

Ωc

Ωc(2770)



q	
q	ρ 

λ	

u Diquark correlation 
l  Important for tetraquark, pentaquark system 
l  Strong attraction for J=0, flavor singlet diquark 
l  Color spin interaction :1/mq1mq2  

l   suppress charm-light quark interaction 

l  Diquark-charm (λ), q-q (ρ) excitation may decouple in 
    charmed baryon spectroscopy. 

u Experimental issues 
l  Precise mass, width, branching ratio for understanding wave function. 
l  Charged/neutral partner to identify isospin. 
l  Spin-parity determination 

l  For charm baryons, JP are from quark model prediction except for Λc(2880)+ 

 

Diquark in charmed baryon	
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Precise mass and width 
measurement of Σc baryons	



Isospin mass splittings of Σc	
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u  Naïve expectation:   
l  m(u) < m(d) → m(Σc

++)(uuc) < m(Σc
0) (ddc) 

u  Experimental measurement 
l  m(Σc(2455)++)-m(Σc(2455)0) = 0.24 ± 0.09 MeV (PDG) 
l  Σ hyperons : m(Σ+) (uus) <m(Σ-) (dds) as expected, 

u  Theoretical models 
l  Electromagnetic potential, hyperfine interaction 

u  Experimental accuracy is still not enough to conclude 
       the mass ordering (< 3σ). →  High precision measurement at Belle! 

CDF

PRD84,012003(2011)	
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Lake Louise Winter Institute, Feb 19, 2015 Soohyung Lee (CAPP/IBS)

BELLEFit Procedure
• Resolution functions are obtained from MC w/o Σc intrinsic widths
• Binned ML fit done with necessary components
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(MeV/c2) Σc(2455)0 Σc(2455)++ Σc(2520)0 Σc(2520)++

m(Σc)-m(Λc+) 167.29 ± 0.01 167.51 ± 0.01 231.98 ± 0.11 231.99 ± 0.10

Decay Widths 1.76 ± 0.04 1.84 ± 0.04 15.41 ± 0.41 14.77 ± 0.25

m(Σc)* 2453.75 ± 0.01 2453.97 ± 0.01 2518.44 ± 0.11 2518.45 ± 0.10
* Mass is calculated by adding a nominal Λc+ mass to m(Σc)-m(Λc+)

(Ξc0 contribution is modeled by a Gaussian; mean=184.08 ± 0.15, width=1.21 ± 0.18 in MeV/c2)
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BELLEFit Procedure
• Resolution functions are obtained from MC w/o Σc intrinsic widths
• Binned ML fit done with necessary components
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BELLEResults
• The results are the most precise to date

- m(Σc)’s are calculated by adding a nominal Λc+ mass to the mass difference
‣ The most systematic uncertainties cancels (e.g. momentum scale)
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(MeV/c2) m(Σc)-m(Λc+) Decay widths (Γ) m(Σc)

Σc(2455)0 167.29 ± 0.01 ± 0.02 1.76 ± 0.04 +0.09-0.21 2453.75 ± 0.01 ± 0.02 ± 0.14
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Slide from S. Lee’ talk at LLWI 2015	
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(MeV/c2) m(Σc)-m(Λc+) Decay widths (Γ) m(Σc)

Σc(2455)0 167.29 ± 0.01 ± 0.02 1.76 ± 0.04 +0.09-0.21 2453.75 ± 0.01 ± 0.02 ± 0.14

Σc(2455)++ 167.51 ± 0.01 ± 0.02 1.84 ± 0.04 +0.07-0.20 2453.97 ± 0.01 ± 0.02 ± 0.14

Σc(2520)0 231.98 ± 0.11 ± 0.04 15.41 ± 0.41 +0.20-0.32 2518.44 ± 0.11 ± 0.04 ± 0.14

Σc(2520)++ 231.99 ± 0.10 ± 0.02 14.77 ± 0.25 +0.18-0.30 2518.45 ± 0.10 ± 0.02 ± 0.14

u Factor 4 improvement of mass determination.	
u Belle confirmed m(Σc

++)>M(Σc
0) with more than 10σ.	

u Precise input to understand wave functon. 	

PRD 89, 0911202 (2014)	

Slide from S. Lee’ talk at LLWI 2015	



Charm strange baryons, Ξc , Ωc	

***	

***	

***	

***	
***	

*	
**	
***	
*	



Charmed strange baryons Ξc  , (usc, dsc)	

15	

Ξc(2980)+	

Ξc(3055)+	 Ξc(3080)+	

Ξc(3123)+	

Σc(2455) selection	

Σc(2520) selection	

n  Belle observed Ξc(2980)/(3080)+/0 in Λc
+Kπ. 

n  BaBar confirmed them and reported Ξc(3055)/(3123)+ in Σc
(*)++K-. 

n  They are not confirmed yet and isospin partners are not observed.  
               → Study in Belle data! 

Belle: PRL97,162001	 BaBar: PRD77,012002	
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u  Peaks of Ξc(2980)+, Ξc(3055)+, Ξc(3080)+ 
u  Ξc(3055)+ is confirmed with 6.6σ. 

(Phys. Rev. D 89, 052003)	

M(Σc(2455)++K-) 	

u  Peaks of  Ξc(3080)+, but no Ξc(3123)+ 
u  Upper Limit 
 σ(e+e-→Ξc(3123)+X)�Br(Ξc(3123)+�Λc

+) 
    = 0.34 fb ⇔ 1.6±0.6±0.2 fb by BaBar 

M(Σc(2520)++K-) 	

with a 1 MeV=c2 step. The upper limit is in the range of
4.1–25.0 fb for the Ξþ

cc and 2.5–26.5 fb for the Ξþþ
cc .

C. Search for the Ξþ
c ð3055Þ and Ξþ

c ð3123Þ
In this section, a search for the Ξþ

c ð3055Þ and Ξþ
c ð3123Þ

is described. Here, we require xp to be greater than 0.7. In
the analysis by BABAR [6], they required p$ðΛþ

c K−πþÞ >
2.9 GeV=c, which is similar to our xp cut as illustrated by
the p$ðΛþ

c K−πþÞ distribution, with the xp cut and
2.9 GeV=c2 < MðΛþ

c K−πþÞ < 3.2 GeV=c2 required as
shown in Fig. 3(a). Figure 3(b) shows the MðΛþ

c πþÞ
distribution, where contributions from the Σcð2455Þþþ

and the Σcð2520Þþþ baryons are clearly visible. We select
the Σcð2455Þþþ [Σcð2520Þþþ] region by requiring

jMðΛþ
c πþÞ −mΣþþ

c
j < 5ð18Þ MeV=c2, where mΣþþ

c
is the

nominal mass of the Σcð2455Þþþ or Σcð2520Þþþ.
Figure 3(c) shows the MðΛþ

c K−πþÞ distribution for
the Σcð2455Þþþ signal region together with the same
plot for the Σcð2455Þþþ sideband region, defined as
jMðΛþ

c πþÞ − ðmΣcð2455Þþþ % 15 MeV=c2Þj < 5 MeV=c2.
Clear peaks corresponding to the Ξcð2980Þþ, Ξcð3055Þþ,
and Ξcð3080Þþ are seen. To obtain the statistical signifi-
cance of the Ξcð3055Þþ, an UML fit is applied. PDFs for
the Ξ$þ

c components are represented by a Breit-Wigner
line shape convolved with a Gaussian to account for
the invariant-mass resolution (σres). Using the signal MC
events, we estimate σres to vary from 1.2 to 1.8 MeV=c2,
depending on the masses of the Ξ$þ

c states. The width and
mean of the Breit-Wigner functions are treated as free
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FIG. 3 (color online). (a) The p$ðΛþ
c K−πþÞ distribution from data. (b) TheMðΛþ

c πþÞ distribution. The vertical lines show the selected
regions of the Σcð2455Þþþ and Σcð2520Þþþ. (c) The MðΛþ

c K−πþÞ distribution with Σcð2455Þþþ selection. The dots with error bars
show the distribution for the Σcð2455Þþþ selected region whereas the rectangles show the distribution for the Σcð2455Þþþ sideband
region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from the background,
Ξcð3055Þþ, and Ξcð2980Þþ, or Ξcð3080Þþ, respectively. (d) The MðΛþ

c K−πþÞ distribution with Σcð2520Þþþ selection. The dots with
error bars show the distribution for Σcð2520Þþþ selected region whereas the rectangles show the distribution for the Σcð2520Þþþ

sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from the
background, Ξcð3123Þþ, and Ξcð3080Þþ, respectively.
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FIG. 3 (color online). (a) The p$ðΛþ
c K−πþÞ distribution from data. (b) TheMðΛþ

c πþÞ distribution. The vertical lines show the selected
regions of the Σcð2455Þþþ and Σcð2520Þþþ. (c) The MðΛþ

c K−πþÞ distribution with Σcð2455Þþþ selection. The dots with error bars
show the distribution for the Σcð2455Þþþ selected region whereas the rectangles show the distribution for the Σcð2455Þþþ sideband
region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from the background,
Ξcð3055Þþ, and Ξcð2980Þþ, or Ξcð3080Þþ, respectively. (d) The MðΛþ

c K−πþÞ distribution with Σcð2520Þþþ selection. The dots with
error bars show the distribution for Σcð2520Þþþ selected region whereas the rectangles show the distribution for the Σcð2520Þþþ

sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from the
background, Ξcð3123Þþ, and Ξcð3080Þþ, respectively.
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Ξc(2980)	 Ξc(3080)	

Ξc(3055)	
Ξc(3080)	



Results of ΛD decay	
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u  Ξc(3055)+ (11.7σ ), Ξc(3080)+(4.7σ) in ΛD+	

l  Further confirmation of Ξc(3055)+ 
u  Ξc(3055)0 (7.6σ) , Ξc(3080)0 (2.6σ) in  ΛD0 

l  First observation of Ξc(3055)0 

u  Decay modes should be related to wave function.  
l  ρ (q-q) or λ (c-diquark) mode which can fit? 

u	
s	ρ 

λ	



Radiative decay of excited Ωc (ssc)	
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cance of 4.2 standard deviations (!) including the system-
atic uncertainty on the observed yield. The significance is
derived from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 ln!Lmax=L0"

p
, where Lmax and L0 are the

likelihoods for fits with and without a resonance peak
component, respectively. The systematic uncertainty is

discussed later. We use a similar fit procedure for (O2),
(O3), and (C1) decay modes to extract the signal yields.
For (O3), M!0

c
is fixed to the value obtained from the

process (O1). The fits result in raw yields of 55#16
$15!stat",

$5% 5!stat", and 20% 9!stat" events for (O2), (O3), and
(C1), respectively.

For all decay modes we determine the ratio of inclusive
production cross sections,

 R & !!e#e$ ! !'cX; xp!!'c"> 0:5"
!!e#e$ ! !0

cX; xp!!0
c"> 0:5" ;

where the scaled momentum of the !'c (!0
c) is required to

be greater than 0.5 in the numerator (denominator) cross
section. We assume that B!!'c ! !0

c"" & 100%, and in-
clude !0

c baryons coming from !'c decay as part of the
denominator cross section, provided they satisfy the
xp!!0

c" requirement. The relative detection efficiencies
(#!'c=#!0

c
) of the !'c compared to !0

c within these momen-
tum ranges are estimated from MC simulation and are
listed in Table I, along with the results for the cross section
ratios R.

We combine (O1)–(O3) and (C1) and perform a single
ML fit. The fit results in "M & 70:8% 1:0!stat" MeV=c2,
a raw signal yield of 105% 21!stat" events, with a signifi-
cance of 5:2! (including systematic uncertainty), and a
ratio R & 1:01% 0:23!stat". This procedure weights the
individual decay modes by the observed number of !0

c
baryons in the data, and results in the minimum overall
error on the combined value of R. The results are summa-
rized in Table I.

Several sources of systematic uncertainty in the fitted
signal yields are considered. The largest uncertainties arise
from the fits to the mass spectra. These are estimated by
repeating the fits, varying the fixed parameters of the fitted
signal functions by%1 standard deviation, and varying the
functional parametrization of the background. The system-
atic uncertainty on the yield from the combined !'c modes
is 6%. The systematic uncertainty on "M is dominated by
the photon energy scale and is 1.5%. This is estimated from
the distribution of reconstructed masses of low-energy
neutral pions. The uncertainty in the fitting procedure leads
to a systematic uncertainty of 11% on the ratio R, measured
from the combined modes. There are also systematic un-
certainties of 1.8% from the photon reconstruction effi-
ciency, and 1.4% due to the limited MC sample size. The
uncertainties from tracking, particle identification, selec-
tion of intermediate hyperon candidates, daughter branch-
ing fractions [1], and luminosity approximately cancel in
the ratio, since the !'c analysis uses the same selection and
data sample as the !0

c analysis. The sensitivity to fragmen-
tation modeling is negligible. A possible additional uncer-
tainty arises from multiple candidates found in (10% of
the events in the data, usually due to a common hyperon
combined with alternative particles from the rest of the
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FIG. 2 (color online). The invariant mass distributions of
!'c ! !0

c" candidates, with !0
c reconstructed in the decay

modes (a) !$$#, (b) !$$#$0, (c) !$$#$$$#,
(d) #$K$$#$#, and (e) for the combined decay modes
[(O1)–(O3) and (C1)]. For all of these, we require xp!!'c">
0:5. Here M!0

c
" is the reconstructed mass of the !'c candidates,

and M!0
c

is the reconstructed mass of the !0
c. The points with

error bars represent the data, the dashed line represents the
combinatorial background, and the solid line the sum of signal
and background. The shaded histograms represent the mass
distribution expected from the mass sideband of !0

c.
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the contribution from the Ω− mass uncertainty is ±0.29 MeV/c2

[5]. All the sources of systematic uncertainty are summarized in
Table 1. We obtain:

MΩ0
c

=
(
2693.6 ± 0.3(stat.) +1.8

−1.5(syst.)
)

MeV/c2.

Our measurement of the Ω0
c mass is in agreement with the world-

average value [5].

4. Confirmation of the Ω∗0
c

From the Ω0
c sample we reconstruct the first excited Ω0

c baryon
in the decay mode Ω∗0

c → Ω0
c γ . We apply a 2679 MeV/c2 <

M(Ω0
c ) < 2709 MeV/c2 requirement on the Ω0

c candidate. To sup-
press the combinatorial background, we require the photon candi-
date to have energy Eγ > 100 MeV and Ω∗0

c candidates to have
momenta p∗ > 2.5 GeV/c, where Eγ is the energy detected in the
electromagnetic calorimeter and p∗ is the reconstructed momen-
tum of the Ω∗0

c candidate in the e+e− center of mass.
Fig. 3(a) shows the mass difference M(Ω0

c γ )− M(Ω0
c ) distribu-

tion for the remaining Ω0
c γ candidates: a clear signal peak in the

mass difference M(Ω0
c γ ) − M(Ω0

c ) is seen near 70 MeV/c2. The
dotted histogram in Fig. 3(a) represents the Ω0

c sidebands, which
are featureless. A fit (χ2/n.d.f. = 70.69/73) to the distribution with
a Crystal Ball function [12] with parameters fixed from the Monte
Carlo simulation for the signal and a second-order polynomial with
an arctangent threshold term for the background yields 54 ± 9
events at a mass difference of (70.7 ± 0.9) MeV/c2. The fit gives
a significance of 6.4σ for the signal including systematics from
varying the signal and background parameterizations.

The systematic uncertainty on the M(Ω0
c γ ) − M(Ω0

c ) measure-
ment is assessed as follows. We vary the order of the polynomial

Table 1
Contributions to the systematic uncertainty.

MΩ0
c

, MeV/c2 MΩ∗0
c

− MΩ0
c

, MeV/c2

Fit in bins +1.8
−1.5

–

mΩ− [5] ±0.3 –
Calibration mode – −0.9

Signal width 0.0 +0.1
−0.2

Fit function 0.0 +0.1

Total +1.8
−1.5

+0.1
−0.9

and the threshold term in the fit function and signal width within
its error, finding a mass shift of +0.1 MeV/c2 and +0.1

−0.2 MeV/c2

respectively (Table 1).
We study a possible bias in the measurement from the in-

complete calibration of detector responses (energy scale and line
shape) for low energy photons. Comparing Monte Carlo generated
and reconstructed masses for Ω∗0

c we find a shift in the mass
of +0.9 MeV/c2. As a cross check, we reconstruct D∗0 → D0γ ,
D0 → K −π+ using the full data set. Besides the particle identifi-
cation selection described in Section 2, we require the D0-meson
invariant mass to be within ±10 MeV/c2 of the nominal value
(∼ ±2σ ), the photon to have energy Eγ > 100 MeV, and the D∗0

candidate to have momentum p∗ > 2.5 GeV/c. By analysing the Eγ

spectrum from the 50 MeV/c2 < M(Ω0
c γ ) − M(Ω0

c ) < 90 MeV/c2

mass window we find 82% of all γ ’s are in the energy range
from 100 to 200 MeV. Therefore we require the photons from the
D∗0 decays to lie in the same energy range. Fig. 3(b) shows the
M(D0γ ) − M(D0) mass distribution for the remaining D0γ candi-
dates after these requirements. From a fit by a Crystal Ball function
for the signal and a third-order polynomial for the background
we obtain M(D0γ ) − M(D0) = (143.03 ± 0.09) MeV/c2. This is
0.91 MeV/c2 higher than the world-average mass of mD∗0 − mD0

[5], which is consistent with the Monte Carlo study. We assign a
conservative systematic error of −0.9 MeV/c2 due to the uncer-
tainty of calibrations.

Combining these results (see Table 1), we find

MΩ∗0
c

− MΩ0
c

=
(
70.7 ± 0.9(stat.) +0.1

−0.9(syst.)
)

MeV/c2

in good agreement with (70.8 ± 1.0 ± 1.1) MeV/c2 obtained in
Ref. [4].

5. Summary

In conclusion, we report a precise measurement of the Ω0
c

mass using its decay to Ω−π+ , MΩ0
c

= (2693.6 ± 0.3(stat.)
+1.8
−1.5 (syst.))MeV/c2. The presented analysis provides a measure-
ment of the Ω0

c mass based on the largest available statistics. The
result agrees with the world-average value [5] and has a signifi-
cantly smaller uncertainty.

We also search for the Ω∗0
c meson decaying into Ωcγ that

was recently observed by BaBar [4]. We use our sample of Ω0
c →

Ω−π+ decays and confirm the production of Ω∗0
c in cc̄ fragmenta-

(a) (b)

Fig. 3. (a) Ω∗0
c → Ω0

c γ (Ω0
c → Ω−π+): M(Ω0

c γ ) − M(Ω0
c ) spectrum of the selected Ω0

c γ combinations. The dotted histogram shows the Ω0
c sidebands. (b) D∗0 → D0γ

(D0 → K −π+): M(D0γ ) − M(D0) spectrum of the selected D0γ combinations. The selection requirements for (a) and (b) as well as the fit are described in the text.
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u  General purpose detector : sensitive to charged paritcles and γ 
u  Excited Ωc below pionic decay threshold is found. 

l  What about Ω hyperons? → Further study in Belle and BaBar data is awaited. 	



Quantum number determination	

u JP assignment of charmed baryons are mostly from quark model. 
l  BaBar determined spin of Σc(2455) in B- → Σc(2455)0 pbar  as ½.	
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The helicity angle distribution for events in the signal
region around the !cð2455Þ0 is shown in Fig. 10. The
points are efficiency corrected. Functions corresponding
to the spin-1=2 (solid) and spin-3=2 (dashed) hypotheses
are overlaid. We compute the difference in log likelihood
between the hypotheses: " lnL ¼ þ19:2. We indicate the
value of " lnL in data with a vertical line in Fig. 9. The
observed value of " lnL is consistent with the spin-1=2
hypothesis and excludes the spin-3=2 hypothesis at the
>4! level.

The ideal angular distributions for the !cð2455Þ0 stated
in Eq. (19) are also applicable for the excited!0

c resonance.

Unlike the narrow!cð2455Þ0 resonance near threshold, the
excited !0

c is much wider and therefore its angular distri-
bution is extremely contaminated by the nonresonant sig-
nal events underneath the signal. We perform a
nonresonant sideband subtraction to extract the helicity
angle distribution of the excited !0

c, but are limited by
the number of signal events available. An examination of
this distribution is somewhat consistent with a J ¼ 1=2
hypothesis, but no conclusive statement can be made about
the spin of the observed excited !0

c.

XII. CONCLUSION

We have presented branching fraction measurements for
the decays B0 ! #þ

c p and

B ðB0 ! #þ
c pÞ ¼ ð1:89% 0:21% 0:06% 0:49Þ & 10'5;

BðB ! #þ
c p"

'Þ ¼ ð3:38% 0:12% 0:12% 0:88Þ & 10'4;

(21)

where the uncertainties are statistical, systematic, and due
to the uncertainty in Bð#þ

c ! pK'"þÞ, respectively.
These measurements are based on 383& 106 BB events
produced by the SLAC B Factory and recorded by the
BABAR detector.
If we combine the statistical and systematic uncertain-

ties only, we obtain BðB0 ! #þ
c pÞ ¼ ð1:9% 0:2Þ & 10'5,

which is consistent with a previous measurement by the
Belle Collaboration of BðB0 ! #þ

c pÞ ¼ ð2:2% 0:6Þ &
10'5 [30]. Both measurements use the same value for
Bð#þ

c ! pK'"þÞ. However, our measurement for the
three-body mode, BðB' ! #þ

c p"
'Þ ¼ ð3:4% 0:2Þ &

10'4, is significantly larger (by about 4!) than the previous
measurement from Belle BðB' ! #þ

c p"
'Þ ¼

ð2:1% 0:3Þ & 10'4 [25]. The Belle Collaboration mea-
surement uses six coarse regions across the B' !
#þ

c p"
' Dalitz plane to correct for variations in efficiency;

we use much finer regions and see significant variation near
the edges of the Dalitz plane. This difference in efficiency
treatment may account for some of the discrepancy be-
tween the two results.
One of the main motivations for studying baryonic

B-meson decays is to gain knowledge about baryon-
antibaryon production in meson decays. We have measured
the ratio of the two branching fractions,

BðB' ! #þ
c p"

'Þ
BðB0 ! #þ

c pÞ
¼ 15:4% 1:8% 0:3: (22)

In this quantity the 26% uncertainty in Bð#þ
c ! pK'"þÞ

cancels in the branching ratio.
We have also measured the fractions of B' ! #þ

c p"
'

decays that proceed through a !c resonance:
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FIG. 10 (color online). The helicity angle distribution for
!cð2455Þ0 candidates in data. The points correspond to
efficiency-corrected B' ! !cð2455Þ0p candidates. The curves
for the spin-1=2 (solid line) and spin-3=2 (dashed line) hypoth-
eses are overlaid.
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FIG. 9. Distribution of " lnL ¼ lnLð1=2Þ ' lnLð3=2Þ for sig-
nal events generated with a uniform distribution in cos#h (solid
histogram, positive values) and a 1þ 3cos2#h distribution
(dashed histogram, negative values). Background events are
included, and all events are efficiency corrected. We measure
" lnL ¼ þ19:2 in data (indicated by the vertical line), so we
accept the spin-1=2 hypothesis.
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X. RESONANT SUBSTRUCTURE OF B ! !þ
c p!

"

We also project the events in the fit region onto them!c!

axis with signal sP lotweights and efficiency corrections to
study resonances inm!c!. We perform 1D binned "2 fits to
discriminate between resonant (B" ! "0

cp) and nonreso-
nant (B" ! !þ

c p!
") signal events. In each binned "2 fit,

the PDF is numerically integrated over each (variable-
sized) bin and the following quantity is minimized:

"2 ¼
Xnbins

i¼1

!RðYsigP sig þ YnrP nrÞdmi " Yi

#i

"
2
; (15)

where P sig is the resonant signal PDF, P nr is the non-

resonant signal PDF, Ysig is the expected yield of weighted

resonant signal events, and Ynr is the expected yield of
weighted nonresonant signal events. We assume the am-
plitude and phase of the nonresonant B" ! !þ

c p!
" con-

tribution is constant over the Dalitz plot, and does not
interfere with the resonant contributions. The range of
the integral over the quantity dmi takes into account the
variable bin width, Yi is the number of weighted data
events, and #i is the uncertainty in Yi. Variable bin widths
are used to ensure that there are a sufficient number of
signal events in each m!c! bin so that the estimated un-
certainty is valid. This is especially important in the non-
resonant sideband regions. Bin widths in the signal regions
are chosen to have sufficient granularity throughout the
resonant peaks.
The "cð2455Þ0 and"cð2520Þ0 are well-established reso-

nances that decay to !þ
c !

". A third "c resonance, the
"cð2800Þ0, was reported by the Belle Collaboration in
2005 [29] along with its isospin partners "cð2800Þþ and
"cð2800Þþþ. These resonances were observed in contin-
uum (eþe" ! cc) !c! events. The "cð2800Þ0 resonance
was fit with a D-wave Breit-Wigner distribution and the
mass difference #m ¼ m"cð2800Þ0 "m!þ

c
¼ ð515&

3þ2
"6Þ MeV=c2 was measured, which corresponds to an
absolute mass of ð2802þ4

"7Þ MeV=c2 [8]. The natural width
of the resonance is ð61þ28

"18Þ MeV [29]. We search for
evidence of all three resonances.
A significant "cð2455Þ0 signal is seen near threshold;

see Figs. 3 and 5. We construct a resonant signal PDF from
a nonrelativistic S-wave Breit-Wigner distribution con-
volved with the sum of two Gaussian distributions (to
form a ‘‘Voigtian’’ distribution). This quantity is multiplied
by a phase-space function. The mass and (constant) width
of the resonance in the Breit-Wigner PDF are free in the fit.
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FIG. 4 (color online). Projection of the amplitude squared
(jAj2) vs m!cp for B" ! !þ

c p!
" decays near threshold.

Candidates are efficiency corrected, weighted using the sP lot
technique, and corrected according to three-body phase space.
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FIG. 5 (color online). (a) Projection of m!c! showing the "cð2455Þ0 resonance. Events are efficiency corrected and weighted using
the sP lot technique, and the result of a binned "2 fit to a Voigtian signal plus a threshold function background is overlaid. The variable
bin sizes range from 1 to 7 MeV=c2. (b) The same fit result and data are shown on a smaller vertical scale to show the behavior of the
PDF at threshold.
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J=3/2	

J=1/2	

u BaBar measured spin of Ξ(1530) hyperon as 3/2 from Λc
+→Ξ-π+K+ . 

l  BaBar determined spin of Ω- as ½ from Ξc→ ΩK decay, PRL97, 112001(2006). 

l  Application for other resonances are interesting tasks for Belle, Belle II.  

IV. THE !ð1530Þ MASS REGION

Although Fig. 3 clearly establishes spin 3=2 for the
!ð1530Þ, the analysis of the !#!þ system described in
the remainder of this paper indicates that a detailed under-
standing of the data is much less straightforward than
Fig. 3 might indicate. If the momentum of the !# in the
!#!þ r.f. is denoted by q, a Breit-Wigner (BW) amplitude
corresponding to orbital angular momentum L should be
proportional to the centrifugal barrier factor qL [12]. The
line shape for a !#!þ P-wave BWamplitude should then
be skewed toward high-mass values. However, the distri-
bution of Fig. 3(b), which should represent the square of a
P-wave amplitude, appears to be skewed toward low-mass
values, in contradiction to this expectation. Furthermore, if
the distribution in Fig. 3(a) is considered to represent a sum
of squares of!#!þ amplitudes, for which that in Fig. 3(b)
represents the J ¼ 3=2 contribution, their difference would
be expected to behave like the background distribution in
Fig. 3(a) in the !ð1530Þ0 region. However, the !ð1530Þ
signal in Fig. 3(b) contains&4000 events more than that in
Fig. 3(a), as indicated above, so that when the former is
subtracted from the latter, the residual distribution exhibits
a strong dip in the !ð1530Þ region, and even reaches
negative values. This behavior is clearly at odds with a
simple interpretation of these distributions.

Moreover, the cos"!# distribution in the !ð1530Þ0 sig-
nal region indicates that a description in terms of a single
!#!þ amplitude corresponding to a resonant structure is
an over-simplification. The "þ

c mass-sideband-subtracted
cos"!# distribution for the!ð1530Þ0 signal region (Fig. 6)
exhibits a predominantly quadratic behavior, which indi-
cates clearly that the spin of the !ð1530Þ is not 1=2. A
function / ð1þ 3cos2"Þ [solid curve of Fig. 6(b), the
parametrization of Eq. (3)] which corresponds to J ¼
3=2 for the !ð1530Þ0 fits the data best, although there are
clear deviations from the curve, and the fit confidence level

(c.l.) is only 0.0003. The fit with the parametrization which
corresponds to J ¼ 5=2 [dashed curve, Eq. (4)] is ex-
tremely poor, with c.l. 6' 10#44, as would be expected
from the projection of Fig. 3(c). In addition, the distribu-
tion of Fig. 6(b) exhibits signs of forward-backward
asymmetry.
The above symptoms indicate that a more complicated

description is required if a quantitative understanding of
the !#!þ system is to be achieved.
Strong interactions in the!#!þ system may give rise to

interference between the resonant P-wave !ð1530Þ ampli-
tude and other !#!þ amplitudes. Evidence for interfer-
ence is seen in the behavior of the P1ðcos"!#Þ moment of
the !#!þ system as a function of invariant mass. The
distribution shown in Fig. 7 is consistent with the interfer-
ence pattern resulting from the rapid oscillation due to
!ð1530Þ P-wave BW phase motion in the presence of an
amplitude with small, slowly varying, relative phase; the
projection would then approximate the real part of the BW
amplitude, as observed.
The oscillatory pattern seen in Fig. 7 is not observed for

the high- and low-"þ
c -mass-sideband regions, which con-

firms that the pattern is indeed due to !ð1530Þ phase
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FIG. 6 (color online). The cos"!# distribution for "þ
c !

!#!þKþ data in the !ð1530Þ0 ! !#!þ signal region
(a) before and (b) after efficiency correction. The solid (dashed)
curve corresponds to the parametrization of the!ð1530Þ angular
distribution for the assumption of pure spin 3=2 (5=2).
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FIG. 5 (color online). The uncorrected !#!þKþ invariant
mass distribution corresponding to Fig. 1(a) after weighting
each event by
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p
P2ðcos"!#Þ. The solid lines and shaded areas

delimit the signal region and mass-sideband regions, respec-
tively.
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IV. THE !ð1530Þ MASS REGION

Although Fig. 3 clearly establishes spin 3=2 for the
!ð1530Þ, the analysis of the !#!þ system described in
the remainder of this paper indicates that a detailed under-
standing of the data is much less straightforward than
Fig. 3 might indicate. If the momentum of the !# in the
!#!þ r.f. is denoted by q, a Breit-Wigner (BW) amplitude
corresponding to orbital angular momentum L should be
proportional to the centrifugal barrier factor qL [12]. The
line shape for a !#!þ P-wave BWamplitude should then
be skewed toward high-mass values. However, the distri-
bution of Fig. 3(b), which should represent the square of a
P-wave amplitude, appears to be skewed toward low-mass
values, in contradiction to this expectation. Furthermore, if
the distribution in Fig. 3(a) is considered to represent a sum
of squares of!#!þ amplitudes, for which that in Fig. 3(b)
represents the J ¼ 3=2 contribution, their difference would
be expected to behave like the background distribution in
Fig. 3(a) in the !ð1530Þ0 region. However, the !ð1530Þ
signal in Fig. 3(b) contains&4000 events more than that in
Fig. 3(a), as indicated above, so that when the former is
subtracted from the latter, the residual distribution exhibits
a strong dip in the !ð1530Þ region, and even reaches
negative values. This behavior is clearly at odds with a
simple interpretation of these distributions.

Moreover, the cos"!# distribution in the !ð1530Þ0 sig-
nal region indicates that a description in terms of a single
!#!þ amplitude corresponding to a resonant structure is
an over-simplification. The "þ

c mass-sideband-subtracted
cos"!# distribution for the!ð1530Þ0 signal region (Fig. 6)
exhibits a predominantly quadratic behavior, which indi-
cates clearly that the spin of the !ð1530Þ is not 1=2. A
function / ð1þ 3cos2"Þ [solid curve of Fig. 6(b), the
parametrization of Eq. (3)] which corresponds to J ¼
3=2 for the !ð1530Þ0 fits the data best, although there are
clear deviations from the curve, and the fit confidence level

(c.l.) is only 0.0003. The fit with the parametrization which
corresponds to J ¼ 5=2 [dashed curve, Eq. (4)] is ex-
tremely poor, with c.l. 6' 10#44, as would be expected
from the projection of Fig. 3(c). In addition, the distribu-
tion of Fig. 6(b) exhibits signs of forward-backward
asymmetry.
The above symptoms indicate that a more complicated

description is required if a quantitative understanding of
the !#!þ system is to be achieved.
Strong interactions in the!#!þ system may give rise to

interference between the resonant P-wave !ð1530Þ ampli-
tude and other !#!þ amplitudes. Evidence for interfer-
ence is seen in the behavior of the P1ðcos"!#Þ moment of
the !#!þ system as a function of invariant mass. The
distribution shown in Fig. 7 is consistent with the interfer-
ence pattern resulting from the rapid oscillation due to
!ð1530Þ P-wave BW phase motion in the presence of an
amplitude with small, slowly varying, relative phase; the
projection would then approximate the real part of the BW
amplitude, as observed.
The oscillatory pattern seen in Fig. 7 is not observed for

the high- and low-"þ
c -mass-sideband regions, which con-

firms that the pattern is indeed due to !ð1530Þ phase
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FIG. 6 (color online). The cos"!# distribution for "þ
c !

!#!þKþ data in the !ð1530Þ0 ! !#!þ signal region
(a) before and (b) after efficiency correction. The solid (dashed)
curve corresponds to the parametrization of the!ð1530Þ angular
distribution for the assumption of pure spin 3=2 (5=2).
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FIG. 5 (color online). The uncorrected !#!þKþ invariant
mass distribution corresponding to Fig. 1(a) after weighting
each event by
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10

p
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delimit the signal region and mass-sideband regions, respec-
tively.
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candidate in the eþe" c.m. frame p# is required to be
greater than 2:0 GeV=c, since it is found empirically that
this significantly reduces combinatorial background. The
invariant mass spectrum of !þ

c candidates which satisfy
these selection criteria before efficiency correction is
shown in Fig. 1(a). A signal yield of 13 035$ 163 events
is obtained from a fit which makes use of a signal function
consisting of two Gaussians with a common center and
a linear background function to the mass region
2:225–2:360 GeV=c2. The fit yields half-width–half-
maximum 5:1 MeV=c2 and has chi-squared per degree of
freedom (!2=NDF) 19:6=20.

III. !ð1530Þ SPIN MEASUREMENT

The Dalitz plot for !þ
c ! """þKþ (Fig. 2) is domi-

nated by the contribution from!þ
c ! "ð1530Þ0Kþ, where

"ð1530Þ0 ! """þ is a strong decay. There is evidence
for only one resonant structure, seen as the clear band at the
nominal mass squared of the "ð1530Þ0. The background

events in the signal region of Fig. 1(a) are represented by
the events from the combined sideband regions indicated in
this figure, which correspond to the same mass range [7]. A
corrected distribution associated with the !þ

c signal is
obtained by subtraction (bin by bin) of the corresponding
distribution for the sidebands from that for the signal
region. This procedure is described as ‘‘sideband subtrac-
tion,’’ and assumes linear mass dependence of the back-
ground. The sideband-subtracted projection of the """þ

invariant mass for the !þ
c signal region of Fig. 1(a) is

shown in Fig. 1(b).
The helicity formalism [8,9] is applied to the quasi-two-

body decay !þ
c ! Kþ"ð1530Þ0 in order to examine the

implications of various "ð1530Þ0 spin hypotheses for the
angular distribution of the"" from"ð1530Þ0 decay, under
the assumption that the"ð1530Þ0 mass region is dominated
by a single spin state. As in Ref. [4], it is assumed that the
spin of the charm baryon is 1=2. The choice of spin
quantization axis along the direction of the "ð1530Þ0 in
the charm baryon rest-frame (r.f.) has the result that the
"ð1530Þ0 inherits the spin projection of the charm baryon,
since any orbital angular momentum in the charm baryon
decay has no projection in this direction. It follows that,
regardless of the spin J of the"ð1530Þ0, the density matrix
which describes the "ð1530Þ0 sample is diagonal, with
nonzero values only for the$1=2 spin projection elements;

FIG. 2 (color). (a) The Dalitz plot of ""Kþ versus """þ

invariant mass squared for the !þ
c signal region. (b) The corre-

sponding rectangular Dalitz plot for the "ð1530Þ0 mass region.FIG. 1 (color). (a) The uncorrected """þKþ invariant mass
spectrum. The curve results from the fit described in the text. The
dot-dashed line indicates the fitted background contribution. The
shaded areas delimit the signal (light area) and mass-sideband
(dark area) regions. (b) The uncorrected !þ

c -mass-sideband-
subtracted """þ invariant mass projection for """þKþ can-
didates. In each figure, the points with error bars represent the
data.
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momentum of the !!c !!!" combination xp #
p$=

!!!!!!!!!!!!!!!!!!!!!!!!!
E$2beam "M2

q
> 0:7, where p$ is the momentum and

M is the invariant mass of the combination, E$beam is the
beam energy, with all variables being measured in the
center-of-mass frame. The high xp requirement is justified
by the high-peaked momentum spectra of known excited
charmed baryons. To improve theM%!!c !!!"& resolution
we perform an interaction point constrained fit to the
!!c !!!" vertex.

To measure the !c%2880&! mass and width, we apply an
additional requirement that eitherM%!!c !"& orM%!!c !!&
be in the "c%2455& signal region defined as 2450<M<
2458 MeV=c2. Whereas 35% of signal events pass this cut,
only 12% of background events do so. From MC simula-
tion we find that the mass resolution for the !c%2880&! !
"c%2455&0;!!!!;" decays depends strongly on the decay
angle ", defined as the angle between the pion momentum
in the !c%2880&! rest frame and the boost direction of the
!c%2880&!. To assure good resolution for the !c%2880&!
mass and width measurement we require cos"> 0. This
requirement also helps to suppress combinatorial back-
ground. The resulting M%!!c !!!"& distribution is shown
in Fig. 1. One can see clear peaks from the !c%2765&! and
!c%2880&!. A peak in the region M ' 2940 MeV=c2 is
associated with the !c%2940&! baryon recently observed in
the D0p final state by BABAR [10]. Scaled "c%2455& side-
bands, which are also shown in Fig. 1, are featureless in the

region of the !c%2940&!. The "c%2455& sidebands are
defined as 2438<M%!!c !&< 2446 MeV=c2 and 2462<
M%!!c !&< 2470 MeV=c2.

We perform a binned likelihood fit to the !!c !!!"

mass spectrum of Fig. 1 to extract the mass and width
parameters and yields of the !c%2880&! and !c%2940&!.
The fitting function is a sum of three components:
!c%2880&! signal, !c%2940&! signal, and combinatorial
background functions. As shown below, the spin-parity
assignment favored for the !c%2880&! is 5

2
!; therefore,

the !c%2880&! signal is parametrized by an F-wave
Breit-Wigner function convolved with the detector resolu-
tion function, determined from MC simulation (# '
2:2 MeV=c2). The !c%2940&! signal is an S-wave Breit-
Wigner function convolved with the detector resolution
function (# ' 2:4 MeV=c2). The background is parame-
trized by a third-order polynomial. We find that the results
of the fit do not depend on the bin size b, if b (
0:5 MeV=c2. Therefore all fits to the !!c !!!" mass
spectra are performed for b ' 0:5 MeV=c2. The fit is
shown in Fig. 1, and the results are summarized in
Table I. The signal yield is defined as the integral of the
Breit-Wigner function over a )2:5# interval. The normal-
ized $2 of the fit is $2=d:o:f: ' 771:5=710 (probability
5.4%). If the !c%2940&! signal is removed from the fit, the
double log likelihood changes by 59.8, which corresponds
(for three degrees of freedom) to a signal significance of
7.2 standard deviations.

To estimate the systematic uncertainty on the results of
the fit we vary the background parametrization, using a
fourth-order polynomial and the inverse of a third-order
polynomial. We include the !c%2765&! signal region into
the fit interval, parametrizing the !c%2765&! signal by an
S-wave Breit-Wigner function. The !c%2765&! mass
and width determined from the fit are M ' %2761)
1& MeV=c2 and # ' %73) 5& MeV. We vary the selection
requirements; we take into account the uncertainty in the
!!c mass of )0:14 MeV=c2 [14], the mass scale uncer-
tainty of !0:19

"0:21 MeV=c2 [15] and the uncertainty in the
detector resolution of )10% as estimated by comparison
of the inclusive !!c ! pK"!! signal in data and MC
simulation. In the region between the !c%2880&! and
!c%2940&! signals the fit is systematically below the data
points, which might be due to a presence of an additional
resonance or due to interference. We take into account
these possibilities as a systematic uncertainty. In each
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FIG. 1 (color online). The invariant mass of the !!c !!!"

combinations for the "c%2455& signal region (histogram) and
scaled sidebands (dots with error bars). The fit result (solid
curve) and its combinatorial component (dashed curve) are
also presented.

TABLE I. Signal yield, mass, and width for the !c%2880&! and
!c%2940&!. The first uncertainty is statistical, the second one
systematic.

State Yield M (MeV=c2) # (MeV)

!c%2880&! 690) 50 2881:2) 0:2) 0:4 5:8) 0:7) 1:1
!c%2940&! 220!80

"60 2938:0) 1:3!2:0
"4:0 13!8!27

"5"7
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Spin 5/2 : from decay  
angular distribution	

ment is good for !: "2=d:o:f: ! 5:3=9 (probability 81%),
but poor for cos#: "2=d:o:f: ! 46:7=9 (probability 4:5"
10#7).

The angular distribution for the spin 3
2 hypothesis is [16]

 W3=2 !
3

4$

!
%33sin2#$ %11

"
1

3
$ cos2#

#

# 2$$$
3
p Re%3#1sin2# cos2!

# 2$$$
3
p Re%31 sin2# cos!

%
;

where %ij are the elements of the production density ma-
trix. The diagonal elements are real and satisfy 2%%33 $
%11& ! 1. Since the measured distribution in ! is consis-
tent with being uniform (this also holds separately for

cos#> 0 and cos#< 0 samples), the nondiagonal ele-
ments are small. The result of the fit to the cos# spectrum
for the spin 3

2 hypothesis is shown in Fig. 3 with a dashed
curve. The agreement is poor: "2=d:o:f: ! 35:1=8 (proba-
bility 2:6" 10#5).

The angular distribution for the spin 5
2 hypothesis is [16]

 

W5=2 !
3

8
'%552%5cos4## 2cos2#$ 1&

$ %33%#15cos4#$ 14cos2#$ 1&
$ %115%1# cos2#&2(;

where nondiagonal elements are ignored. The result of the
fit to the cos# spectrum for the spin 5

2 hypothesis is shown
in Fig. 3 with a solid curve. The agreement is good:
"2=d:o:f: ! 12:2=7 (probability 9.4%). We find %55 !
0:088) 0:024 and %33 ! 0:00) 0:03. Thus the
!c%2880&$ populates mainly the helicity ) 1

2 states,
2%11 ! 1# 2%33 # 2%55 ! 0:82) 0:08.

The "2 difference of the spin 1
2 ( 3

2 ) and spin 5
2 fits is

distributed as "2 with two degrees (one degree) of free-
dom; therefore, the spin 5

2 hypothesis is favored over the
spin 1

2 ( 3
2 ) hypothesis at the level of 5.5 (4.8) standard

deviations.
To estimate the systematic uncertainty in the angular

analysis of the !c%2880&$ ! "c%2455&0;$$$$;# decay we
vary the !c%2880&$ parameters, fit interval, and back-
ground parametrization in the fit to the M%!$c $$$#&
spectrum. For all variations the spin 5

2 hypothesis is favored
over the spin 1

2 ( 3
2 ) hypothesis at the level of more than 5.4

(4.5) standard deviations.
The Capstick-Isgur quark model predicts the lowest

JP ! 5
2
# !$c state at 2900 MeV=c2 and the lowest JP !

5
2
$ !$c state at 2910 MeV=c2 [1]. The typical accuracy of

quark model predictions is 50 MeV=c2; therefore, the
agreement with the experimental value for the
!c%2880&$ mass is quite good. The lowest spin 5

2 states
are well separated from the next J ! 5

2 levels
(3130 MeV=c2 for negative and 3140 MeV=c2 for positive
parities) and from J ! 7

2 levels (3125 MeV=c2 for negative
and 3175 MeV=c2 for positive parities).

Heavy quark symmetry predicts R *
#!"c%2520&$"=#!"c%2455&$" ! 1:4 for the 5

2
# state and

R ! 0:23# 0:36 for the 5
2
$ state [2,17]. The measured

value R ! 0:225) 0:062) 0:025 favors the positive par-
ity assignment for the !c%2880&$.

The 5
2
$ assignment for the !c%2880&$ makes it a special

state that lies on the leading !$c Regge trajectory, whose
lower JP members are the 1

2
$ !$c and 3

2
# !c%2625&$. The

5
2
$ assignment for the !c%2880&$ based on a string model

for baryons was proposed in Ref. [18].
In summary, from angular analysis of !c%2880&$ !

"c%2455&0;$$$$;# decays we find that a !c%2880&$
spin hypothesis of 5

2 is strongly favored over 1
2 and 3

2 . We
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case we consider the largest positive and negative variation
in the !c!2880"# and !c!2940"# parameters to be the
systematic uncertainty from this source; each term is
then added in quadrature to give the total systematic un-
certainty, quoted in Table I. The main sources of the
systematic uncertainty are a possible contribution of the
!c!2765"# tail into the fit region (the shape of the tail is not
well constrained) and the excess of events between the
!c!2880"# and !c!2940"# signals. None of the variations
in the analysis alters the !c!2940"# signal significance to
less than 6.2 standard deviations.

Using MC simulation, we study possible backgrounds
from the "c!2980"="c!3077"! !#c K$!# decays [9],
when the K$ is misidentified as the !$, and from the
#c!2800"! !#c ! decays [8], when an additional pion is
combined with the !#c to form a false #c!2455". The
contributions of these backgrounds are found to be
negligible.

For further analysis, we remove the cos"> 0 require-
ment. To study the resonant structure of the !c!2880"# !
!#c !#!$ decays we fit the !#c !#!$ mass spectrum in
M!!#c !%" bins. By isospin symmetry, we expect equally
many decays to proceed via a doubly charged #c!2455"
[#c!2520"] as via a neutral one. Since the corresponding
doubly charged and neutral channels are kinematically
separated in phase space, we combine the M!!#c !#!$"
distributions for M!!#c !$" and M!!#c !#" bins. To fit the
!#c !#!$ mass spectra we use the same fit function as
described above. The !c!2880"# and !c!2940"# parame-
ters are fixed to the values in Table I. The !c!2880"# yield
as a function of M!!#c !%" is shown in Fig. 2. We find a

clear signal for the #c!2455" and an excess of events in the
region of the #c!2520". We perform a #2 fit to the !#c !%

mass spectrum of Fig. 2 to extract the yields of the
#c!2455" and #c!2520". The fitting function is a sum of
three components: #c!2455" signal, #c!2520" signal, and a
nonresonant contribution. The #c!2455" and #c!2520"
signals are parametrized by a P-wave Breit-Wigner func-
tion convolved with the detector resolution functions, de-
termined from MC simulation [$ & 0:9 MeV=c2 for the
#c!2455" and $ & 1:5 MeV=c2 for the #c!2520"]. The
mass and width of the #c!2455" are floated, while the
mass and width of the #c!2520" are fixed to the world
average values [5]. The shape of the nonresonant contri-
bution is determined from MC simulation assuming a
uniform distribution of the signal over phase space. In
this and all the following fits we use the function
value averaged over the bin. The fit is shown in Fig. 2.
We find the ratios of !c!2880"# partial widths
$!#c!2455"!%"=$!!#c !#!$" & 0:404% 0:021% 0:014,
$!#c!2520"!%"=$!!#c !#!$" & 0:091% 0:025% 0:010,
and $!#c!2520"!%"=$!#c!2455"!%" & 0:225% 0:062%
0:025, where the uncertainties are statistical and system-
atic, respectively. The #c!2455" parameters determined
from the fit M & !2453:7% 0:1" MeV=c2 and $ & !2:0%
0:2" MeV are consistent with the world average values [5].
The normalized #2 of the fit is #2=d:o:f: & 106:6=75
(probability 1.0%). The significance of the #c!2520" signal
is 3.7 standard deviations. The significance is calculated
using the same method that was applied to the !c!2940"#.

To estimate the systematic uncertainties on the ratios of
!c!2880"# partial widths, we vary the !c!2880"# parame-
ters, fit interval, and background parametrization in the fit
to the M!!#c !#!$" spectrum; we vary the #c!2520"
parameters; we allow the shape of the nonresonant contri-
bution to float in the fit, parametrizing it with a second-
order polynomial multiplied by a threshold function or by a
third-order polynomial; we take into account the uncer-
tainty in the detector resolution and in the reconstruction
efficiency. None of the variations reduces the significance
of the #c!2520" signal below 3 standard deviations.

To perform angular analysis of !c!2880"# !
#c!2455"0;##!#;$ decays we fit the !#c !#!$ spectrum
in cos" and % bins for the #c!2455" signal region and
sidebands. Here, % is the angle between the e#e$ !
!c!2880"#X reaction plane and the plane defined by the
pion momentum and the !c!2880"# boost direction in the
rest frame of the !c!2880"#. Figure 3 shows the yield of
!c!2880"# as a function of cos" and %, after #c!2455"
sideband subtraction (to account for nonresonant
!#c !#!$ decays) and efficiency correction.

The parametrization of !c!2880"# ! #c!2455"! decay
angular distributions depends on the spin of the
!c!2880"#. For the spin 1

2 hypothesis both cos" and %
distributions are expected to be uniform [16]. #2 fits to a
constant are shown in Fig. 3 by a dotted line. The agree-
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u  Evidence in M(Λc
+K-π+) from SELEX at 3.52 GeV 

u  Not seen in BaBar (232fb-1) and Belle (462fb-1) data.	signals. During this process the search regions were hidden
to minimize potential experimenter bias.

Charm hadrons carry a significant fraction of the initial
energy of the charm quark, whereas random combinations
of charged particles in an event form lower-energy candi-
dates. To take advantage of this difference, we select !cc
candidates for which the p! of the !cc is above a minimum
value. For !cc decay modes containing a ""c , the optimal
requirement is p! > 2:3 GeV=c. Because the background
levels for events containing a !c candidate are lower, we
apply the less stringent requirement p! > 2:0 GeV=c. To
facilitate comparisons with theoretical predictions, we re-
peat the searches with no requirement on p!.

We conduct searches for !cc near the masses of the
states observed by SELEX and over wider ranges that
include many of the theoretically predicted masses. We
use MC techniques to account for the width of the search
region in the statistical interpretation of the results.

II. SEARCH FOR DECAYS TO !"c K#!"$!"%
In the searches for !"cc ! ""c K#!" and !""cc !

""c K#!"!", we reconstruct the ""c baryon in its decay
to pK#!". Pion, kaon and proton candidates are identified
using the SVT, DCH and DIRC. The "2 probability for the
""c daughter particles and for the !cc daughter particles to
each come from a common vertex is required to be above
1%. The number of reconstructed ""c signal events is
approximately 600 000.

The distribution of the mass difference #M$!cc #""c %
is shown in Fig. 1 for candidates with M$""c % between
2281 and 2291 MeV=c2 (& 0:8#), and also for M$""c %
sidebands (2256<M$""c %< 2281 MeV=c2 and 2291<
M$""c %< 2316 MeV=c2). To search for a signal in data
and to estimate the efficiency, we perform two-dimensional
fits to M$""c % and #M$!cc #""c %. The range of M$""c %
used in all fits is 2256 to 2316 MeV=c2. We search for !cc
states with masses between 3390 and 3600 MeV=c2

(#M$!cc #""c % between 1100 and 1310 MeV=c2). The
mass-difference sidebands in data are between 890 and
1100 MeV=c2, and 1310 and 1520 MeV=c2.

Approximately half of all background !cc candidates
are due to true ""c particles combined with random pion
and kaon candidates from the rest of the event. This
background is fit with a Gaussian shape in M$""c % and a
linear shape in #M$!cc #""c %. Another significant back-
ground contribution is from false ""c candidates. This
source of background is fit with the product of a linear
function in M$""c % and a linear function in #M$!cc #
""c %.

MC simulations show that !cc signals peak in three
different ways in theM$""c % versus #M$!cc #""c % plane.
In most cases, the !cc is reconstructed correctly and the
measured values of both M$""c % and #M$!cc #""c % lie
close to the generated values; such candidates are fit with
the product of two Gaussian distributions, one in each

variable. The MC signal resolution for #M$!cc #""c % is
3:5 MeV=c2 and 3:0 MeV=c2 for !"cc and !""cc , respec-
tively. When !cc candidates are reconstructed from the
correct tracks but the kaon and/or pion from the ""c decay
is swapped with the kaon and/or pion from the !cc decay,
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FIG. 1. Distributions of the mass difference #M$!cc #""c %
for (a,b) !"cc and (c,d) !""cc candidates with (a,c) no p! require-
ment and (b,d) p! > 2:3 GeV=c. Data points with error bars
correspond to candidates near the ""c mass: 2281<M$""c %<
2291 MeV=c2. Shaded histograms correspond to candidates in
M$""c % sidebands (2256<M$""c %< 2281 MeV=c2 and
2291<M$""c %< 2316 MeV=c2), scaled to represent the ex-
pected amount of non-""c background in the data projections.
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signals. During this process the search regions were hidden
to minimize potential experimenter bias.

Charm hadrons carry a significant fraction of the initial
energy of the charm quark, whereas random combinations
of charged particles in an event form lower-energy candi-
dates. To take advantage of this difference, we select !cc
candidates for which the p! of the !cc is above a minimum
value. For !cc decay modes containing a ""c , the optimal
requirement is p! > 2:3 GeV=c. Because the background
levels for events containing a !c candidate are lower, we
apply the less stringent requirement p! > 2:0 GeV=c. To
facilitate comparisons with theoretical predictions, we re-
peat the searches with no requirement on p!.

We conduct searches for !cc near the masses of the
states observed by SELEX and over wider ranges that
include many of the theoretically predicted masses. We
use MC techniques to account for the width of the search
region in the statistical interpretation of the results.

II. SEARCH FOR DECAYS TO !"c K#!"$!"%
In the searches for !"cc ! ""c K#!" and !""cc !

""c K#!"!", we reconstruct the ""c baryon in its decay
to pK#!". Pion, kaon and proton candidates are identified
using the SVT, DCH and DIRC. The "2 probability for the
""c daughter particles and for the !cc daughter particles to
each come from a common vertex is required to be above
1%. The number of reconstructed ""c signal events is
approximately 600 000.

The distribution of the mass difference #M$!cc #""c %
is shown in Fig. 1 for candidates with M$""c % between
2281 and 2291 MeV=c2 (& 0:8#), and also for M$""c %
sidebands (2256<M$""c %< 2281 MeV=c2 and 2291<
M$""c %< 2316 MeV=c2). To search for a signal in data
and to estimate the efficiency, we perform two-dimensional
fits to M$""c % and #M$!cc #""c %. The range of M$""c %
used in all fits is 2256 to 2316 MeV=c2. We search for !cc
states with masses between 3390 and 3600 MeV=c2

(#M$!cc #""c % between 1100 and 1310 MeV=c2). The
mass-difference sidebands in data are between 890 and
1100 MeV=c2, and 1310 and 1520 MeV=c2.

Approximately half of all background !cc candidates
are due to true ""c particles combined with random pion
and kaon candidates from the rest of the event. This
background is fit with a Gaussian shape in M$""c % and a
linear shape in #M$!cc #""c %. Another significant back-
ground contribution is from false ""c candidates. This
source of background is fit with the product of a linear
function in M$""c % and a linear function in #M$!cc #
""c %.

MC simulations show that !cc signals peak in three
different ways in theM$""c % versus #M$!cc #""c % plane.
In most cases, the !cc is reconstructed correctly and the
measured values of both M$""c % and #M$!cc #""c % lie
close to the generated values; such candidates are fit with
the product of two Gaussian distributions, one in each

variable. The MC signal resolution for #M$!cc #""c % is
3:5 MeV=c2 and 3:0 MeV=c2 for !"cc and !""cc , respec-
tively. When !cc candidates are reconstructed from the
correct tracks but the kaon and/or pion from the ""c decay
is swapped with the kaon and/or pion from the !cc decay,
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FIG. 1. Distributions of the mass difference #M$!cc #""c %
for (a,b) !"cc and (c,d) !""cc candidates with (a,c) no p! require-
ment and (b,d) p! > 2:3 GeV=c. Data points with error bars
correspond to candidates near the ""c mass: 2281<M$""c %<
2291 MeV=c2. Shaded histograms correspond to candidates in
M$""c % sidebands (2256<M$""c %< 2281 MeV=c2 and
2291<M$""c %< 2316 MeV=c2), scaled to represent the ex-
pected amount of non-""c background in the data projections.
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To determine the combinatoric background under the
signal peak, we exploit the linearity of the background
justified by the fit. We define symmetric regions of the
mass plot in Fig. 2(c): (i) the signal region (3520!
5 MeV=c2) with 22 events and (ii) 115 MeV=c2 sideband
regions above and below the signal region, containing
162" 22 # 140 events. We estimate the number of
expected background events in the signal region from
the sidebands as 140$ 5=%115& # 6:1! 0:5 events. This
determination has a (Gaussian) statistical uncertainty,
solely from counting statistics. The single-bin significance
of this signal is the excess in the signal region divided
by the total uncertainty in the background estimate:
15:9=

!!!!!!!!!!!!!!!!!!!!!!!!!

%6:1' 0:52&
p

# 6:3! [11]. The Poisson probability
of observing at least this excess, including the Gaussian
uncertainty in the background, is 1:0$ 10"6.

Our reconstruction mass window is 3:2–4:3 GeV=c2

with 110 bins of width 10 MeV=c2 in this interval.
The overall probability of observing an excess at least as
large as the one we see anywhere in the search interval
is 1:1$ 10"4.

This state has a fit mass of 3519! 1 MeV=c2. Our
expected mass resolution, from a simulation of the decay
!'
cc ! "'

c K""' is (5 MeV=c2. We observe a Gaussian
width of 3! 1 MeV=c2, consistent with our simulation.
The confidence level for a fit with a Gaussian width fixed at
our expected resolution is 20%. The width we observe is
consistent with statistical fluctuations in this small sample.

The wrong-sign mass combination is plotted in Fig. 2(b).
Those events show comparable fluctuations to the side-
bands of the signal channel and give no evidence for a
significant narrow structure. We have investigated all pos-
sible permutations of mass assignments for the non-"'

c
tracks. The peak at 3520 MeV=c2 disappears for any other
mass choice, and no other significant structures are ob-
served. Reconstructions with events from the "'

c mass
sidebands produce relatively few entries and no significant
structures in the doubly charmed baryon region.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K""'

vertex separation. The dependence is driven by a large
increase in background at small separations and the ab-
sence of both signal and background events at large sepa-
rations. The dependence on the width of the signal region is
stable, only decreasing when made wider than the mass
resolution. All other cuts have been checked; no significant
dependence on any cut has been seen.

A weakly decaying !'
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c' d! s'
u. This suggests that its lifetime will be of the order of the
!0
c or shorter, rather than like the long-lived !'

c . For each

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2 2.5
L/σ

si
gn

ifi
ca

nc
e 

[σ
]

(a)

1

2

3

4

5

6

7

8

0 5 10 15
Point-back  [ χ2]

si
gn

ifi
ca

nc
e 

[σ
]

(b)

1

2

3

4

5

6

7

8

0 10 20 30 40 50
Λc

+ window  [ MeV/c2 ]

si
gn

ifi
ca

nc
e 

[σ
]

(c)

1

2

3

4

5

6

7

8

0 50 100 150 200
Sideband width [ MeV/c2 ]

si
gn

ifi
ca

nc
e 

[σ
]

(d)

FIG. 3 (color online). The signal significance as a function of
(a) the vertex significance of the K""' vertex, (b) the half-width
of the signal region. (c) the mass window around the "'

c mass,
(d) the half-width of the sideband region. The square points are
the values used in this analysis.

E
ve

nt
s 

/5
 [M

eV
/c

2 ]
E

ve
nt

s 
/2

.5
 [M

eV
/c

2 ]

M ( Λc
+K-π+ )  [GeV/c2]

(a)

(b)

(c)

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
0

4

8

12

0

4

8

12
3.42 3.47 3.52 3.57 3.62

4.0

0

1

2

3

4

5

6

7

8

FIG. 2 (color online). (a) The "'
c K""' mass distribution in

5 MeV=c2 bins. The shaded region 3:400–3:640 GeV=c2 con-
tains the signal peak and is shown in more detail in (c). (b) The
wrong-sign combination "'

c K'"" mass distribution in
5 MeV=c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2:5 MeV=c2 bins.
The fit is a Gaussian plus linear background.
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To determine the combinatoric background under the
signal peak, we exploit the linearity of the background
justified by the fit. We define symmetric regions of the
mass plot in Fig. 2(c): (i) the signal region (3520!
5 MeV=c2) with 22 events and (ii) 115 MeV=c2 sideband
regions above and below the signal region, containing
162" 22 # 140 events. We estimate the number of
expected background events in the signal region from
the sidebands as 140$ 5=%115& # 6:1! 0:5 events. This
determination has a (Gaussian) statistical uncertainty,
solely from counting statistics. The single-bin significance
of this signal is the excess in the signal region divided
by the total uncertainty in the background estimate:
15:9=

!!!!!!!!!!!!!!!!!!!!!!!!!

%6:1' 0:52&
p

# 6:3! [11]. The Poisson probability
of observing at least this excess, including the Gaussian
uncertainty in the background, is 1:0$ 10"6.

Our reconstruction mass window is 3:2–4:3 GeV=c2

with 110 bins of width 10 MeV=c2 in this interval.
The overall probability of observing an excess at least as
large as the one we see anywhere in the search interval
is 1:1$ 10"4.

This state has a fit mass of 3519! 1 MeV=c2. Our
expected mass resolution, from a simulation of the decay
!'
cc ! "'

c K""' is (5 MeV=c2. We observe a Gaussian
width of 3! 1 MeV=c2, consistent with our simulation.
The confidence level for a fit with a Gaussian width fixed at
our expected resolution is 20%. The width we observe is
consistent with statistical fluctuations in this small sample.

The wrong-sign mass combination is plotted in Fig. 2(b).
Those events show comparable fluctuations to the side-
bands of the signal channel and give no evidence for a
significant narrow structure. We have investigated all pos-
sible permutations of mass assignments for the non-"'

c
tracks. The peak at 3520 MeV=c2 disappears for any other
mass choice, and no other significant structures are ob-
served. Reconstructions with events from the "'

c mass
sidebands produce relatively few entries and no significant
structures in the doubly charmed baryon region.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K""'

vertex separation. The dependence is driven by a large
increase in background at small separations and the ab-
sence of both signal and background events at large sepa-
rations. The dependence on the width of the signal region is
stable, only decreasing when made wider than the mass
resolution. All other cuts have been checked; no significant
dependence on any cut has been seen.

A weakly decaying !'
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c' d! s'
u. This suggests that its lifetime will be of the order of the
!0
c or shorter, rather than like the long-lived !'
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FIG. 3 (color online). The signal significance as a function of
(a) the vertex significance of the K""' vertex, (b) the half-width
of the signal region. (c) the mass window around the "'

c mass,
(d) the half-width of the sideband region. The square points are
the values used in this analysis.
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FIG. 2 (color online). (a) The "'
c K""' mass distribution in

5 MeV=c2 bins. The shaded region 3:400–3:640 GeV=c2 con-
tains the signal peak and is shown in more detail in (c). (b) The
wrong-sign combination "'

c K'"" mass distribution in
5 MeV=c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2:5 MeV=c2 bins.
The fit is a Gaussian plus linear background.
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To determine the combinatoric background under the
signal peak, we exploit the linearity of the background
justified by the fit. We define symmetric regions of the
mass plot in Fig. 2(c): (i) the signal region (3520!
5 MeV=c2) with 22 events and (ii) 115 MeV=c2 sideband
regions above and below the signal region, containing
162" 22 # 140 events. We estimate the number of
expected background events in the signal region from
the sidebands as 140$ 5=%115& # 6:1! 0:5 events. This
determination has a (Gaussian) statistical uncertainty,
solely from counting statistics. The single-bin significance
of this signal is the excess in the signal region divided
by the total uncertainty in the background estimate:
15:9=

!!!!!!!!!!!!!!!!!!!!!!!!!

%6:1' 0:52&
p

# 6:3! [11]. The Poisson probability
of observing at least this excess, including the Gaussian
uncertainty in the background, is 1:0$ 10"6.

Our reconstruction mass window is 3:2–4:3 GeV=c2

with 110 bins of width 10 MeV=c2 in this interval.
The overall probability of observing an excess at least as
large as the one we see anywhere in the search interval
is 1:1$ 10"4.

This state has a fit mass of 3519! 1 MeV=c2. Our
expected mass resolution, from a simulation of the decay
!'
cc ! "'

c K""' is (5 MeV=c2. We observe a Gaussian
width of 3! 1 MeV=c2, consistent with our simulation.
The confidence level for a fit with a Gaussian width fixed at
our expected resolution is 20%. The width we observe is
consistent with statistical fluctuations in this small sample.

The wrong-sign mass combination is plotted in Fig. 2(b).
Those events show comparable fluctuations to the side-
bands of the signal channel and give no evidence for a
significant narrow structure. We have investigated all pos-
sible permutations of mass assignments for the non-"'

c
tracks. The peak at 3520 MeV=c2 disappears for any other
mass choice, and no other significant structures are ob-
served. Reconstructions with events from the "'

c mass
sidebands produce relatively few entries and no significant
structures in the doubly charmed baryon region.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K""'

vertex separation. The dependence is driven by a large
increase in background at small separations and the ab-
sence of both signal and background events at large sepa-
rations. The dependence on the width of the signal region is
stable, only decreasing when made wider than the mass
resolution. All other cuts have been checked; no significant
dependence on any cut has been seen.

A weakly decaying !'
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c' d! s'
u. This suggests that its lifetime will be of the order of the
!0
c or shorter, rather than like the long-lived !'
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FIG. 3 (color online). The signal significance as a function of
(a) the vertex significance of the K""' vertex, (b) the half-width
of the signal region. (c) the mass window around the "'

c mass,
(d) the half-width of the sideband region. The square points are
the values used in this analysis.
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FIG. 2 (color online). (a) The "'
c K""' mass distribution in

5 MeV=c2 bins. The shaded region 3:400–3:640 GeV=c2 con-
tains the signal peak and is shown in more detail in (c). (b) The
wrong-sign combination "'

c K'"" mass distribution in
5 MeV=c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2:5 MeV=c2 bins.
The fit is a Gaussian plus linear background.
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u  Search using Belle full statistics has been performed. 
  No evidence. 

 
 

l  LHCb also has negative result. 

SELEX PRL89,112001(2002)	

95%	  UL	  of	  σ(e+e-‐→ΞccX)×Br(Ξcc+→Ξc0π+)×Br(Ξc+→Ξ-‐π+)	  
	  0.076-‐0.35	  ;	  ⇔	  Theory	  0.18-‐0.5	  ;	  (Br=5%)	

PRD 89.052003 (2014)	



Absolute BR of Λc
+	



Absolute BR of Λc
+	

n  PDG: BR(Λc
+ → p K-π+) = 5.0±1.3% 

u  Combinaition of model-dependent measurements 
n  Normalization BR for charmed baryons 
n                                            ,    Dtag = D(*)- 

24	

p	

p	



Absolute BR of Λc
+	

25	

n  Exclusive Λc
+ sample within inclusive sample: all tracks from Λc

+ →p K-π+ required 

n  Exclusive signal from Mmiss for M(pK-π+) in Λcsignal region minus yield in sidebands 

 
n   Br(Λc

+→pK-π+)= (6.84±0.24+0.21
-0.27)% 

u  Slightly higher value than PDG with high precision. 
n   Significant improvement of current PDG value	

PDG(5.0±1.3%)	

PRL113, 042002(2014)	



Baryon production rates	



Baryon production rate in e+e- collision	

u   Inclusive e+e- → h + X cross section 

l  Relativistic-string model 
    S.B. Chun & C.D. Buchanan, PLB 308(1993)153 
l  Thermodynamical model,  
     F. Becattini Z.Phys. C69 (1996) 485 

u Higher rate for Λ and Λ(1520) in LEP. 
l   J=0, light (ud) di-quark in Λ? 
   R.L.Jaffe, Phys.Rept.409,1 (2005)  

u Higher rate for Λ(1520) in ARGUS. 
u Feed down subtraction to Λ? 
u How about charmed baryons? 

→ Check with high precision Belle 
data! 
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Previous Belle work	

σ
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Mass of baryons (GeV)	

Λ	
Σ0	

Σ*+-	
Ξ-	

Λ(1520)	

Ω-	
Σc(2800)	

Σc(2520)0	

 Σc(2455)0 
	

Λc(2625)+	

Λc
+	

Ωc
0	

(eye guide)	

n  Enhancement of Λ, Λ(1520) is not clear. 
u ARGUS observation on Λ(1520) is 

not confirmed. 
n   Suppression of Ω- 

u  g → ss suppress? Check Ξ*  
u  no J=0 diquark? 

n  High rate for Λc(2625)+ 

l  Due to good diquark in Λc’s? 
l  Continue study  

½- Λc(2595)+, 5/2+Λc(2880)+ 
n  Ωc :no measurement of BR 

l  phenomenological calculation.  
l BR(0.24±0.12%) 

l  Theoretical input is needed! 

Preliminary results from Belle	

28	

Previous Belle work	

l  Feed down to Λ,Σ,Σ*,Λc were subtracted 
l  σhad = 2.794 nb  
l  w/o radiative correction 



Summary	
n  Charged charmonium-like states are established. 

u  JP =1+ for Zc(4430), Zc(3900) and Γ(DD*)/Γ(J/ψ) of Zc(3900) are obtained. 
l  J/ψπ  (ψ’π) or DD* molecule,  cc core is there? 

u More states have been discovered. 

n  Charmed baryon spectroscopy 
u  Precise measurement of  Σc isospin mass spliting. Δm(Σc

++–Σc
0)= 0.22±0.014 MeV 

l Comparison with quark model to obtain wave function. 
u  Spectroscopy of excited Ξc’s and Ωc. 

l Mass, width, decay mode measurements.  
l Can we distinguish diquark (ρ, λ) excitation? 

u  JP  assignments.  5/2+:Λc(2880)+, ½:Σc(2455), 3/2:Ξ(1530), 1/2:Ω 
u  Search for double charmed baryon. 
u Model independent absolute B.R. of Λc

+. (6.84±0.24+0.21
-0.27)% 

l What about Ξc, Ωc ? Even model dependent estimation is helpful.  
u Baryon production rates. 

n  Actively studied! More results will come from BaBar, Belle and Belle II. 
29	


