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Why	Study	Charmed	Baryon	Spectroscopy?	
In the Heavy Quark Effective Theory, charmed 
baryons are considered to be a combination of a 
heavy c quark, rather loosely bound to a light di-
quark.  
 
All couplings and masses measured can be  
extrapolated  using HQET, up to the B-baryons 
system (substitute c->b), and also (though not so 
precisely), the strange system (c->s) . 
	
	
	

The charmed baryons offer more experimentally accessible states than those of the b-
system; narrower and better defined states than the hyperon system; and more variety of 
possible states than for mesons. 
 
Goal is to identify the states, and measure their widths and masses as accurately possible. 

is	c	quark	for	us,	but	can	be	b	or	s	
	
is	u,	d,	or	s	quark	
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Most of the data was taken at the Upsilon(4S) energy, but most charmed baryon studies are 
made using particles produced in the charm continuum. These charmed baryons are generally 
easier to detect, and have better signal:noise than those in B decays.  
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New result: five different Ξc states are studied 

Ξc 	(Jp=1/2+)	
Ξc’ 	(Jp=1/2+)	
Ξc(2645) 	(JP=3/2+)	
Ξc(2790) 	(JP=1/2-)	
Ξc(2815) 	(JP=3/2-)	
Ξc(2980) 	(JP=?)	

J. Yelton et al. (Belle), arXiv:1607.07123, to appear in PRD 



Use	many	Ξc	decay	modes	to	study	decays	of	excited	Ξc	baryons	

Ξc’ 	(Jp=1/2+)	
Ξc(2645) 	(JP=3/2+)	
Ξc(2790) 	(JP=1/2-)	
Ξc(2815) 	(JP=3/2-)	
Ξc(2980) 	(JP=?)	

Ξc	X 
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TABLE I. The yield of each decay mode of the ground state Ξ0
c and Ξ+

c for xp > 0.6. The yields and background are found
by integrating over a range of ±2σ around the peak value, where σ is the resolution. Note that this xp cut is not part of the
analysis.

Mode Signal yield (103) Background yield (103)
Ω−K+ 4.3 0.4
Ξ−π+ 24.3 6.5
Ξ−π+π−π+ 9.6 9.8
ΛK−π+ 15.7 11.3
pK−K−π+ 9.5 6.5
Ξ−π+π0 15.8 13.2
Ξ0π+π+ 3.7 3.4
ΛK0

S 4.8 5.0
pK−K0

S 6.4 10.6
Σ0K−π+ 6.7 4.3
Sum of above Ξ0

c modes 100.8 71.0

Ξ−π+π+ 33.6 8.8
ΛK−π+π+ 5.0 3.4
Ξ0π+ 1.4 1.1
Ξ0π+π−π+ 2.5 2.4
Σ+K−π+ 6.0 3.5
ΛK0

Sπ
+ 6.5 7.4

Σ0K0
Sπ

+ 1.1 1.5
Sum of above Ξ+

c modes 56.1 28.1

These two distributions are fit to signal functions comprising Breit-Wigner functions convolved with double-
Gaussian resolution functions and first-order polynomial backgrounds. For this and all other distributions in this
analysis, the resolution function is obtained from Monte Carlo (MC) events, generated using EvtGen [17] with the
Belle detector response simulated using the GEANT3 [18] framework. The widths of the resolution functions are
expressed as weighted averages of the components of the double Gaussian, and are shown in Table II. The fitted
masses are (2819.98± 0.08) MeV/c2 and (2816.62± 0.09) MeV/c2 for the Ξ+

c (2815) and Ξ0
c(2815), respectively, and

the widths are Γ(Ξ+
c (2815)) = (2.34 ± 0.18) MeV and Γ(Ξ0

c(2815)) = (2.31 ± 0.20) MeV; in all cases, the quoted
uncertainty is only statistical.

The Belle momentum scale has been studied using the masses of well-measured parent particles as reference points.
Close inspection shows small biases in the momentum measurement of low momentum tracks which can lead to a
small mis-measurement of mass peaks found using charged pion transitions and systematic shifts in the measured
mass of the excited states under investigation here.

High-statistic studies of the M(D∗+) − M(D0) mass difference measured in D∗+ → D0π+ decay as a function
of the momentum of the transition pion [19] show deviations from the expected mass difference that are attributed
to limitations in the accuracy with which the track-fitting programs take into account the detector material. These
limitations are reproduced in the Monte Carlo modeling. In the analyses described here, these small biases are thus
taken into account by assigning a correction of a fraction of an MeV/c2 to the measured masses of all the strongly
decaying resonances under consideration, using the Monte Carlo programs to evaluate these corrections. These
corrections have already been applied in the masses for the Ξc(2815) states quoted above, and are listed in Table II.
The systematic uncertainties assigned to these corrections are discussed further below and final results including
systematic uncertainties shown in Table IV.

Relaxing the mass cut around the Ξc(2645) peaks and instead selecting events in the Ξcππ spectrum within 6
MeV/c2 of the Ξc(2815) signal, we can study the Ξ0

cπ
+ and Ξ+

c π
− mass spectra (Fig. 5). Using this method of

selection, rather than looking at these combinations inclusively, produces Ξc(2645) signals of much higher signal-to-
noise ratio than is possible in inclusive studies [5], and reduces the dependence on the shape of the background, which
is especially important as any background may include “satellite” peaks from partially reconstructed resonances.
The two distributions are fit, as in the case of the Ξc(2815), to obtain masses of (2645.44 ± 0.06) MeV/c2 for the
Ξ+
c (2645) and (2646.32±0.07)MeV/c2 for the Ξ0

c(2645), with intrinsic widths of Γ(Ξ+
c (2645)) = (2.04±0.14) MeV and

Γ(Ξ0
c(2645)) = (2.26±0.18) MeV, where the uncertainties quoted are statistical only, and the systematic uncertainties

discussed in section on systematic uncertainties. We note that the requirements of 5 MeV/c2 and 6 MeV/c2 detailed
above are sufficiently loose to not significantly bias the subsequent measurements.

Σ 
0 → Λγ        Eγ > 50 MeV 

Ξc → Λ X      Λ trajectory must come from IP 
Ξ- → Λπ-

Ω- → ΛK-  
Σ 

+ → pπ0        p impact param. w/r/t IP > 1 mm 
Ξ0 → pπ0  
	

vertex between IP and Λ vertex 

Ξc	reconstructed by vertex^constrained fit of daughters (IP not included in fit) 
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Use	many	Ξc	decay	modes	to	invesQgate	the	excited	Ξc	baryons	

Cut	on	
Ξc(2815)0	
Plot			Ξc

0π+	to	
see	Ξc(2645)+	

Cut	on	
Ξc(2815)+	
Plot		Ξc

+π-	to	
see	
Ξc(2645)0	

Ξc(2815)0→	
		Ξc(2645)+π-		

Ξc(2815)+→	
			Ξc(2645)0π+		

Ξc
					Ξc’(JP=1/2+)			Ξc(2645)(JP=3/2+)				Ξc(2790)(JP=1/2-)			Ξc(2815)(JP=3/2-)				Ξc(2980)	

J. Yelton et al. (Belle), arXiv:
1607.07123, to appear in PRD 

resolution function from MC; momentum scale calibrated 
from D*+→ D0π+ decays 
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Ξc(2980)+→	
			Ξc(2645)0π+	

Ξc(2980)0→	
		Ξc(2645)+π-	

Ξc
/0	 Ξc

/+	

Ξc
					Ξc’(JP=1/2+)			Ξc(2645)(JP=3/2+)				Ξc(2790)(JP=1/2-)			Ξc(2815)(JP=3/2-)				Ξc(2980)	

J. Yelton et al. (Belle), arXiv:1607.07123, to appear in PRD 
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		Ξc’+π-	

	
		Ξc’0π+	

		Ξc’0π+	 Ξc’+π-	

Ξc(2790)→	Ξc
/π+	

Ξc(2815)→	Ξc
/π+	

Ξc(2980)→	Ξc
/π+	

Ξc
					Ξc’(JP=1/2+)			Ξc(2645)(JP=3/2+)				Ξc(2790)(JP=1/2-)			Ξc(2815)(JP=3/2-)				Ξc(2980)	

J. Yelton et al. (Belle), arXiv:1607.07123, to appear in PRD 
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TABLE III. The systematic uncertainties for the mass (in MeV/c2) and width measurements (in MeV). “Mass scale” refers
to the uncertainty in making a mass measurement in the particular kinematic region under investigation. “Resolution” refers
to uncertainty in the Monte Carlo correctly modeling the mass resolution, “Signal shape” refers to which version of a Breit-
Wigner shape is used, and “Background Shape” refers to the uncertainty due to the use of different acceptable formulisms of
the combinatorial background. The total systematic uncertainty is the quadratic sum of the individual contributions.

Mass scale Resolution Signal shape Background shape Total

M(Ξc(2645)) 0.04 0.0 0.06 0.01 0.07
M(Ξc(2815)) 0.06 0.0 0.03 0.01 0.07
M(Ξc(2980)) 0.14 0.0 0.12 0.05 0.2
M(Ξ′

c) 0.4 0.0 0.03 0.03 0.4
M(Ξc(2790)) 0.06 0.0 0.04 0.05 0.1
Γ(Ξc(2645)) 0.0 0.10 0.06 0.03 0.13
Γ(Ξc(2815)) 0.0 0.16 0.02 0.10 0.17
Γ(Ξc(2980)

0) 0.0 0.1 0.7 +0.7,−1.8 +1.0,−1.8
Γ(Ξc(2980)

+) 0.0 0.1 0.7 +0.7,−5.0 +1.0,−5.0
Γ(Ξc(2790)) 0.0 0.2 0.3 0.6 0.8

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

Particle Yield Mass M −M(Ξc) M −M(Ξ′

c) Width
Ξc(2645)+ 1260± 40 2645.58 ± 0.06± 0.07+0.28

−0.40 174.66 ± 0.06 ± 0.07 2.06 ± 0.13± 0.13
PDG 2645.9 ± 0.5 175.0 ± 0.6 2.6± 0.2± 0.4
Ξc(2645)

0 975± 36 2646.43 ± 0.07± 0.07+0.28
−0.40 178.46 ± 0.07 ± 0.07 2.35 ± 0.18± 0.13

PDG 2645.9 ± 0.5 178.0 ± 0.6 < 5.5
Ξc(2815)

+ 941± 35 2816.73 ± 0.08± 0.06+0.28
−0.40 348.80 ± 0.08 ± 0.06 2.43 ± 0.20± 0.17

PDG 2816.6 ± 0.9 348.7 ± 0.9 < 3.5
Ξc(2815)

0 1258± 40 2820.20 ± 0.08± 0.07+0.28
−0.40 349.35 ± 0.08 ± 0.07 2.54 ± 0.18± 0.17

PDG 2819.6 ± 1.2 348.8 ± 1.2 < 6.5
Ξc(2980)

+ 916± 55 2966.0 ± 0.8± 0.2+0.3
−0.4 498.1 ± 0.8 ± 0.2 28.1± 2.4+1.0

−5.0

PDG 2970.7 ± 2.2 17.9± 3.5
Ξc(2980)

0 1443± 75 2970.8 ± 0.7± 0.2+0.3
−0.4 499.9 ± 0.7 ± 0.2 30.3± 2.3+1.0

−1.8

PDG 2968.0 ± 2.6± 0.5 20± 7
Ξ′+

c 7055 ± 211 2578.4 ± 0.1± 0.4+0.3
−0.4 110.5 ± 0.1 ± 0.4

PDG 2575.6 ± 3.0 107.8 ± 3.0
Ξ′0

c 11560 ± 276 2579.2 ± 0.1± 0.4+0.3
−0.4 108.3 ± 0.1 ± 0.4

PDG 2577.9 ± 2.9 107.0 ± 2.9
Ξc(2790)

+ 2231 ± 103 2791.6 ± 0.2± 0.1± 0.4+0.3
−0.4 320.7 ± 0.2 ± 0.1 ± 0.4 213.2 ± 0.2± 0.1 8.9± 0.6± 0.8

PDG 2789.8 ± 3.2 318.2 ± 3.2 < 15
Ξc(2790)

0 1241± 72 2794.9 ± 0.3± 0.1± 0.4+0.3
−0.4 323.8 ± 0.2 ± 0.1 ± 0.4 215.7 ± 0.2± 0.1 10.0± 0.7± 0.8

PDG 2791.9 ± 3.3 324.0 ± 3.3 < 12

of the masses of the ground states become available.

COMPARISONS WITH THEORETICAL MODELS

Of the five excited Ξc isodoublets investigated here, there are clear spin-parity assignments for four of them. The
exception is the copiously produced Ξc(2980). The evidence presented here that the Ξc(2980) states decay significantly
to Ξ′

cπ
+ may be used to clarify the situation. We note that the Ξc(2980) may be the strange analog of the Λc(2765),

which also has a high cross section, and appears to decay to Σc(2455) and Σc(2520) [21, 22]. A possible interpretation
of these states is that they represent radial excitations of the ground-state charmed baryons [23].
Many models relate the intrinsic widths of the particles in the charmed baryon spectrum. The strange charmed

sector and the non-strange charmed sector (i.e. Λc/Σc ) give complementary information on what, in HQS, are the
same coupling constants. For instance, using the input from the measurement of the Λ+

c (2595) width [2] leads to

J. Yelton et al. (Belle), arXiv:1607.07123, to appear in PRD 

Fit Results 

All measured values significantly more precise than PDG values (~1 order of magnitude) 



10	

Par%cle	 M(Ξc
+)-M(Ξc

0)	MeV/c2	

Ξc(2645)	
	

-0.85	±	0.09	±	0.08	±	0.48	

Ξc(2815)	
	

-3.47	±	0.12	±	0.05	±	0.48	
	

Ξc(2980)	
	

-4.8	±	0.1	±	0.2	±	0.5	
	

Ξc
/	

	
-0.8	±	0.1	±	0.1	±	0.5	

	

Ξc(2790)	
	

-3.3	±	0.4	±	0.1	±	0.5	
	

J. Yelton et al. (Belle), arXiv:1607.07123, to appear in PRD 

 Similar to -2 MeV/c2 found in p-n isospin splitting 
Note: third uncertainty is due to mass uncertainties in ground state Ξc‘s

Isospin splitting 
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Spectroscopy	of	Excited	Ξc	(csu	and	csd)	States	

Lowest	mass	excited	states	seen	in	Ξc	n(π)		(threshold	=	2.61	GeV)		
	
Higher	mass	resonances	seen	in	Λc

+K-	π+	(threshold	=	2.92	GeV)	
	
why	not	also	ΛD?	(threshold	=	2.97	GeV)	

We	can	reconstruct	Λ	decays	using	their	long	lifeQme,	reconstruct	D	
mesons	(1	mode	for	D+,	3	for	D0),	cut	at	high	momentum,	and	look	
for	resonant	peaks		
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ΛD+	(D+→Kππ)	

ΛD0	(D0→Kππ0)	
ΛD0	(D0→Kπππ)	

ΛD0	(D0→Kπ)	

Large	Ξc(3055)+		
Small	Ξc(3080)+		
	

			

Large	Ξc(3055)0																													Small	Ξc(3080)0	

		

Y. Kato et al. (Belle), PRD 94, 032002 (2016) [arXiv:1605.09103]  
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Units	are	MeV	
	

Mass	(ΛD)	
	

Width(ΛD)	
	

Significance	
	

Ξc(3055)0	
FIRST	OBSERVATION	

	

3059.0±0.5±0.6	
	

6.4±2.1±1.1	
	

8.6	
	

Ξc(3055)+	
	

3055.8±0.4±0.2	
	

7.0±1.2±1.5	
	

11.7	

Ξc(3080)+	
	

3079.6±0.4±0.1	
	

<6.3		
	

4.8	

How	does	this	compare	to	Ξc	->	Σc
++K-		?		

	
⇒ Combine	the	results	to	get	more	precise	numbers	for	the	
masses	and	widths		

Y. Kato et al. (Belle), PRD 94, 032002 (2016) [arXiv:1605.09103]  
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										M[Σc(2455)++K-]																																																										M[Σc(2520)++K-]	
	

Ξ c(2980)+	
(well-known	in	Ξππ)	
		
																																										Ξc(3055)+	
																																																																																																																																		
	

Ξc(3080)+	
NOTHING	at	3123	
Limit	much	Qghter	than	
observaQon		reported	by	BaBar	
(Phys.	Rev.	D	77	012002)	

Y. Kato et al. (Belle), PRD 89 052003 (2014) [arXiv:1312.1026] 
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Units	are	MeV	
	

Mass	(BELLE)	
	

Mass(BaBar)	
	

Width(BELLE)	
	

Width(BaBar)	
	

Ξc(3055)0	
	

3059.0±0.5±0.6	
	

6.4±2.1±1.1	
	

Ξc(3055)+	
	

3055.9±0.4	
	

3054.2±1.2±0.5	 7.8±1.2±1.5	
	

17±6±11	
	

Ξc(3080)0	
	

3081.6±1.1±0.2	
	

4.4±1.8±1.9	
	

5.9±2.3±1.5	
	

Ξc(3080)+	 3077.9±0.9	 3077.0±0.4±0.2	 3.0±0.7±0.4	 5.5±1.3±0.6	

B(Ξc(3055)+	→ΛD+)/B(Ξc(3055)+	→Σc++K-)										=			5.09±1.01±0.76	
B(Ξc(3080)+	→ΛD+)/B(Ξc(3080)+	→Σc++K-)										=			1.29±0.30±0.15	
B(Ξc(3080)+	→Σc++(2520)K-/B(Ξc(3080)+	→Σc++K-)	=			1.07±1.01±0.76	

⇒ the	Ξc(3055)	likes	to	decay	to	ΛD;		the	Ξc(3080)	prefers	to	decay	to	Σc
(*)++K-		

	This	is	a	challenge	to	theory	

Combining fit results of different decay modes: 

Y. Kato et al. (Belle), PRD 89 052003 (2014) [arXiv:1312.1026] 
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Summary	

• 	The charmed baryon system remains a fertile ground of research, 
and Belle has substantial history of discoveries and measurements on 
the charmed baryon system 
 
•  Presented new results on masses and widths of excited Ξc states 
decaying into Ξc ground-states 

•  Presented recent observation of excited Ξc states decaying to ΛD. 
This includes the first observation of the Ξc (3055)0 

•  All results should be significantly improved upon by Belle II, which 
should increase the statistics of Belle by a factor of 50 (see Belle II talk 
on Friday) 


