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l e+e- → g*→qq→Haronization
l ex) e+e- → g* → Λ + anything

Baryon production rates in e+e- collision
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l e+e- → g*→qq→Haronization
l ex) e+e- → g* → Λ + anything

l Scale on exponential function:

l Different slope for mesons and 
baryons 

l quark counting?

l what about “exotic” hadrons?

l Λ(1405), Ξ(1530) 

Hadron production rates in e+e- collision
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l Baryon production: color 
suppression to form color-
singlet combination among 
random quark colors

l Diquark-antidiquark
production model can explain 
relatively high production rate

l Relativistic-string model

B. Andersson, G. Gustafson, T. Sjostrand, 
Physica Scripta 32, 574, 1985
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l Higher rates for Λ and Λ(1520) 
in ARGUS and LEP.

l J=0, light (ud) diquark in Λ?

l R.L. Jaffe, Phys.Rept.409,1 (2005)

l A. Selem, F. Wilczek, hep-ph/0602128

l Issues

l Feed down is subtracted?

l Large error in ARGUS results

l How about charmed 
baryons?

l Study at Belle!

Baryon production rates in e+e- collision
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Belle data

Silicon Vertex Detector 

Central Drift 
Chamber

Aerogel Cerenkov
Time Of Flight CsI calorimeter 

S.C. solenoid  

1.5T

KL μ system

8GeV e-

3.5GeV e+

Integrated luminosity 
: 562. fb-1 @ on ϒ(4S) resonance data for charmed baryons

(√s =10.58 GeV)
: 79.3 fb-1 @ continuum data for hyperons, charmed baryons 

(√s =10.52 GeV) 
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Mass spectra for hyperons
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FIG. 1. (a) The invariant mass spectrum of (p,π−). The vertical lines demarcate the signal region for Λ. (b), (c), (d) Invariant
mass spectra of (Λ, γ), (Λ,π+), (pK−), respectively. Fit results and background shapes are shown by solid and dashed curves,
respectively.

tion to estimate the signal yields, where all parameters210

are floated except for the width of the Breit-Wigner func-211

tion, which is fixed to the PDG value to stabilize the fit.212

The fit region is 1.475 GeV/c2 < MK−p < 1.565 GeV/c2.213

B. S = −2,−3 hyperons214

The Ξ− and Ω− are reconstructed from Ξ− → Λπ−
215

and Ω− → ΛK− decay modes, respectively. We recon-216

struct the vertex point of a Λ → pπ− candidate, as be-217

fore, but do not impose the IP constraint on ∆x here to218

account for the long lifetime of the S = −2,−3 hyper-219

ons. Instead, the trajectory of the Λ is combined with a220

π− (K−) and the trajectory of the Ξ− (Ω−) candidate is221

reconstructed. This trajectory is projected back toward222

the IP. The generation point of the Ξ− (Ω−) must sat-223

isfy dr < 0.1 (0.07) cm and |dz| < 2.0 (1.1) cm. The224

invariant mass spectra of Λπ− and ΛK− pairs are shown225

in Figs. 2(a) and 2(b). We see prominent peaks of Ξ−
226

and Ω−. The Ξ(1530)0 hyperon candidates are recon-227

structed from Ξ−π+ pairs, whose invariant mass is shown228

in Fig. 2(c). A prominent narrow peak of Ξ(1530)0 is seen229

together with a small peak of Ξ0
c .230

The yields of hyperons are obtained as a function of the231

scaled momentum, and corrections for reconstruction ef-232

ficiencies are applied in each xp bin. The corrections for233

the branching fraction are applied using the PDG val-234

ues which are listed in Table I. Signal peaks of Ξ− and235

Ω− are fitted with double-Gaussian functions, and those236

of Ξ(1530)0 are fitted with Voigt functions. A second-237

order Chebyshev polynomial is used to describe back-238

ground contributions. The resolution parameters of a239

double-Gaussian and a Voigt function are fixed to the240

values obtained from MC simulation. The fit regions are241

1.28 GeV/c2 < MΛπ− < 1.375 GeV/c2, 1.465 GeV/c2 <242

MΞ−π+ < 1.672 GeV/c2, and 1.652 GeV/c2 < MΛK− <243

1.692 GeV/c2 for Ξ−, Ξ(1530)0, and Ω−, respectively.244

C. Charmed baryons245

For the study of charmed baryons, we use both off-246

and on-resonance data, the latter recorded at the Υ(4S)247

energy (
√
s = 10.58 GeV). To eliminate the B-meson248

decay contribution, the charmed-baryon candidates are249
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FIG. 1. (a) The invariant mass spectrum of (p,π−). The vertical lines demarcate the signal region for Λ. (b), (c), (d) Invariant
mass spectra of (Λ, γ), (Λ,π+), (pK−), respectively. Fit results and background shapes are shown by solid and dashed curves,
respectively.
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FIG. 1. (a) The invariant mass spectrum of (p,π−). The vertical lines demarcate the signal region for Λ. (b), (c), (d) Invariant
mass spectra of (Λ, γ), (Λ,π+), (pK−), respectively. Fit results and background shapes are shown by solid and dashed curves,
respectively.
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mass spectra of (Λ, γ), (Λ,π+), (pK−), respectively. Fit results and background shapes are shown by solid and dashed curves,
respectively.
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B. S = −2,−3 hyperons214
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fore, but do not impose the IP constraint on ∆x here to218

account for the long lifetime of the S = −2,−3 hyper-219

ons. Instead, the trajectory of the Λ is combined with a220

π− (K−) and the trajectory of the Ξ− (Ω−) candidate is221
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the IP. The generation point of the Ξ− (Ω−) must sat-223
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structed from Ξ−π+ pairs, whose invariant mass is shown228
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together with a small peak of Ξ0
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required to have xp > 0.44 in the on-resonance data.250

For the reconstruction of charmed baryons, we apply the251

same PID and impact parameter criteria as for hyperons.252

First, we reconstruct the Λ+
c baryon in the Λ+

c →253

π+K−p decay mode. To improve the momentum res-254

olution, we apply a vertex-constrained fit that incorpo-255

rates the IP profile. We fit the invariant-mass spectra256

in 50 xp bins (Fig. 3(a)), and obtain peak positions and257

widths of Λ+
c as a function of the momentum. We se-258

lect Λ+
c candidates whose mass (M) is within 3σ of the259

peak of a Gaussian fit (MΛc(xp)) as signal. Candidates260

with −11σ < |M − MΛc(xp) − 3 MeV/c2| < −5σ and261

+5σ < |M − MΛc(xp) + 3 MeV/c2| < 11σ are treated262

as sideband. We estimate background yields under the263

signal peak from the yields in the sidebands, and cor-264

rect for reconstruction efficiency using MC e+e− → cc̄265
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FIG. 2. (a)-(c) Reconstructed mass spectra for S = −2 and −3 hyperon candidates.

(a)

0

2000

4000

6000

8000

10000

2.24 2.25 2.26 2.27 2.28 2.29 2.3 2.31 2.32 2.33

0.58<xp≤0.60

m(K
-
π

+
p) (GeV/c

2
)

(b)

E
v

en
ts

/(
1

.0
 M

eV
/c

  
)

2

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.2 0.4 0.6 0.8 1

Belle

BaBar

This work

xp

d
σ

/d
x

p
 (

n
b
)

FIG. 3. (a) The invariant mass spectrum of Λ+
c . The signal and sideband regions are indicated by the double-hatched and

hatched histograms, respectively. (b) The differential cross sections of Λ+
c production before the radiative correction, where

the absolute branching fraction of B(Λ+
c → π+K−p) = 0.0635 is used to normalize the previous results for the comparison.

The error bars represent the sum in quadrature of the statistical and systematic uncertainties; note that Belle’s previous
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same PID and impact parameter criteria as for hyperons.252

First, we reconstruct the Λ+
c baryon in the Λ+

c →253

π+K−p decay mode. To improve the momentum res-254

olution, we apply a vertex-constrained fit that incorpo-255

rates the IP profile. We fit the invariant-mass spectra256

in 50 xp bins (Fig. 3(a)), and obtain peak positions and257

widths of Λ+
c as a function of the momentum. We se-258

lect Λ+
c candidates whose mass (M) is within 3σ of the259

peak of a Gaussian fit (MΛc(xp)) as signal. Candidates260

with −11σ < |M − MΛc(xp) − 3 MeV/c2| < −5σ and261

+5σ < |M − MΛc(xp) + 3 MeV/c2| < 11σ are treated262

as sideband. We estimate background yields under the263

signal peak from the yields in the sidebands, and cor-264

rect for reconstruction efficiency using MC e+e− → cc̄265

10
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.

“Inclusive” cross sections (including feed-down) are obtained as a function of 
hadron scaled momentum (xp).
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.

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

7

(e)

(g)

w/o radiative

w/ radiative

correction

correction

w/o radiative

w/ radiative

correction

correction

(f)
w/o radiative

w/ radiative

correction

correction

+c.c. +c.c.

(1530)0
+c.c.

Λ+c.c. Σ0+c.c.

Σ(1385)
+
+c.c.

(a) (b)

(c)

w/o radiative

w/ radiative

correction

correction

w/o radiative

w/ radiative

correction

correction

w/o radiative

w/ radiative

correction

correction

w/o radiative

w/ radiative

correction

correction

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
xp

d
σ

/d
x

p
 (

n
b

)

0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0 0.2 0.4 0.6 0.8 1
xp

d
σ

/d
x

p
 (

n
b

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.2 0.4 0.6 0.8 1

xp

d
σ

/d
x

p
 (

n
b

)

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0 0.2 0.4 0.6 0.8 1

xp

d
σ

/d
x

p
 (

n
b

)

(d)Λ(1520)+c.c.

0

5

10

15

20

25

30

35

40

45

50

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

xp

d
σ

/d
(x

p
) 

(p
b

)

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d
σ

/d
(x

p
) 

(p
b

)

0

1

2

3

4

5

6

7

8

9

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

xp

d
σ

/d
(x

p
) 

(p
b

)

Ξ

Ξ Ω

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

13

Error bar 
represent 
statistical 
fluctuation.

Peaks around xp~0.2-0.3
→ hyperons are produced in soft processes.

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

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

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

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

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

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

Fig. 7 shows an exponential curve with the same slope624

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

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

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

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

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

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

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

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

lize the weighted average of cross sections for the three635

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

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

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

3/2 for this state.639

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

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

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

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

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

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

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

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

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

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

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

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

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

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

ponential curve. This suppression is already seen in the657

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

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

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

component than Σc baryons, and light spin-0 diquarks662

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

sult, Λ+
c baryons have higher production cross sections664

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

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

a diquark correlation in the charmed baryons; however,667

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

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

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

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

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

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

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

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

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

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

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

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

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

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

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

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

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

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

duction cross sections are proportional to the production692

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

the production cross sections of Λ+
c resonances and Σc694

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

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

the mass of the diquark. The obtained mass squared697

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

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

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

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

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

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

states.705
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IV. SUMMARY710

We have measured the inclusive production cross sec-711

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

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

recorded at Belle. The direct production cross section714

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

ons except for Σ(1385)+ lie on one common exponen-716

tial function of mass. A suppression for Σ(1385)+ and717

S = −2,−3 hyperons is observed, which is likely due to718

decuplet suppression and strangeness suppression in the719

fragmentation. The production cross sections of charmed720

baryons are significantly higher than those of excited hy-721

perons, and strong suppression of Σc with respect to Λ+
c722

is observed. The ratio of the production cross sections of723

Λ+
c and Σc is consistent with the difference of the pro-724

duction probabilities of spin-0 and spin-1 diquarks in the725

fragmentation process. This observation supports the726

theory that the diquark production is the main process727

of charmed baryon production from e+e− annihilation,728

and that the diquark structure exists in the ground state729

and low-lying excited states of Λ+
c baryons.730
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Appendix A: Reconstruction efficiency781

The reconstruction efficiencies are obtained using MC782

event samples which are generated using Pythia. The an-783

gular distributions of each particle are well reproduced by784

the MC event generator. Fig. 9 shows the polar angular785

distribution of the Λ and Λ+
c in the laboratory system for786

the real data and MC. The detector responses are simu-787

lated using GEANT3 package. In order to cancel the dif-788

ference of momentum distribution between real and MC789

events, the corrections for the reconstruction efficiencies790

are applied in each xp bin as shown in Fig. 10-13. Note791

that the xp values depend on the mass of the particle,792

and is not common in each plot.793

The trajectory of Ξ− (Ω−) hyperon is reconstructed794
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Suppression for Σc family 
by the factor of ~3

Belle, PRL 94, 12202

Slope parameters
Λc : -6.3± 0.5 (GeV/c2)-1

Σc : -5.8± 1.0  (GeV/c2)-1

consistent



Discussion
l Assuming that a c-quark picks up a diquark from 

vacuum, 
l Schwinger-like “tunnel effect” of diquark and anti-

diquark

l Λc : spin-0 light diquark (“good” diquark),  
l Σc : spin-1 heavy diquark (“bad” diquark)

l Difference of production rates  may be related with 
diquark structure in Λc and. Σc .

c

c

e+ e-

� / exp(�⇡µ2/)

B. Andersson et al., Phys. Scripta. 32, 574 (1985)

μ: diquark mass
κ: gluonic string tension
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Discussion
l Assuming that a c-quark picks up a diquark from 

vacuum, 
l Schwinger-like “tunnel effect” of diquark and anti-

diquark

l Λc : spin-0 light diquark (“good” diquark),  
l Σc : spin-1 heavy diquark (“bad” diquark)

l Difference of production rates  may be related with 
diquark structure in Λc and. Σc .

l Quark model prediction  by
T. Yoshida  et al, PRD92, 114029 (2015)

Λc(2593) (1/2-) and Λc(2625) (3/2-)
are composed of (qq)ℓ=0 diquark with L=1
excitation relative to charm quark.

c

� / exp(�⇡µ2/)

B. Andersson et al., Phys. Scripta. 32, 574 (1985)

μ: diquark mass
κ: gluonic string tension
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as we have discussed in Sec. I, the P-wave baryons are
better classified by the ρ- and λ-mode excitations (Fig. 4).
Here we derive relations between the two pictures.
Let us consider single-heavy ΛQ and ΣQ baryons. We

put the heavy quark Q as the third quark. Then the orbital-
spin wave functions of ΛQ and ΣQ in the SU(3) limit are
given by

ΨðΛQ;
21Þ ¼ 1ffiffiffi

2
p ðX1=2;1Φ1;0;1 − X1=2;0Φ1;1;0Þ; ð29Þ

ΨðΛQ;
28Þ ¼ 1ffiffiffi

2
p ðX1=2;1Φ1;0;1 þ X1=2;0Φ1;1;0Þ; ð30Þ

ΨðΛQ;
48Þ ¼ X3=2;1Φ1;0;1 ð31Þ

and

ΨðΣQ;
210Þ ¼ 1ffiffiffi

2
p ðX1=2;1Φ1;1;0 þ X1=2;0Φ1;0;1Þ; ð32Þ

ΨðΣQ;
28Þ ¼ 1ffiffiffi

2
p ðX1=2;1Φ1;1;0 − X1=2;0Φ1;0;1Þ; ð33Þ

ΨðΣQ;
48Þ ¼ X3=2;1Φ1;1;0: ð34Þ

In the SU(3) limit, the 28ðS ¼ 1=2Þ and 48ðS ¼ 3=2Þ can
be mixed with the spin-spin/spin-orbit forces [if we further
argue SU(6), they do not mix]. For mq < mQ, ΨðΛQ;

21Þ
and ΨðΛQ;

28Þ may mix with each other; in the large mQ
limit, they are reduced to the λ-mode, Φ1;1;0, and the
ρ-mode, Φ1;0;1, excitations. Representing the λðρÞ mode
with the total spin S by 2Sþ1λð2Sþ1ρÞ, we obtain

ΨðΛQ;
2λÞ ¼ X1=2;0Φ1;1;0

¼ 1ffiffiffi
2

p ðΨðΛQ;
28Þ −ΨðΛQ;

21ÞÞ; ð35Þ

ΨðΛQ;
2ρÞ ¼ X1=2;1Φ1;0;1

¼ 1ffiffiffi
2

p ðΨðΛQ;
28Þ þΨðΛQ;

21ÞÞ; ð36Þ

ΨðΛQ;
4ρÞ ¼ X3=2;1Φ1;0;1 ¼ ΨðΛQ;

48Þ ð37Þ

for the ΛQ baryons and

ΨðΣQ;
2λÞ ¼ X1=2;1Φ1;1;0

¼ 1ffiffiffi
2

p ðΨðΣQ;
210Þ þΨðΣQ;

28ÞÞ; ð38Þ

ΨðΣQ;
2ρÞ ¼ X1=2;0Φ1;0;1

¼ 1ffiffiffi
2

p ðΨðΣQ;
210Þ −ΨðΣQ;

28ÞÞ; ð39Þ

ΨðΣQ;
4λÞ ¼ X3=2;1Φ1;1;0 ¼ ΨðΣQ;

48Þ ð40Þ

for the ΣQ baryons.
Generally, the λ modes appear lower in energy than the ρ

modes and they do not mix with each other in the heavy-
quark limit. The two states which are in the same mode but
have different spin (ΛQ;

2ρ, ΛQ;
4ρ and ΣQ;

2λ, ΣQ;
4λ) may

mix even in the heavy-quark limit, because the light-quark
spin-spin force is still alive in this limit. For intermediate
heavy-quark masses, all these states may mix; the wave
functions of energy eigenstates show how the mixings
change as the heavy-quark mass increases.
A similar analysis can be done for other heavy-quark

baryons. We tabulate, in Table VI, the λ- and ρ-mode

FIG. 4 (color online). The ρ- and λ-mode excitations of the
single-heavy baryon.

TABLE VI. The λ- and ρ-mode assignments of the P-wave
excitations of ΛQ, ΣQ, ΞQ, ΞQQ, ΩQQ, and ΩQQQ. The quantum
numbers are given in the Jacobi coordinate channel c ¼ 3.

Flavor l L I s S Mode J

0 1 1 0 1=2 2λ 1=2−; 3=2−

ΛQ 1 0 1 1 1=2 2ρ 1=2−; 3=2−

1 0 1 1 3=2 4ρ 1=2−; 3=2−; 5=2−

0 1 1 1 1=2 2λ 1=2−; 3=2−

ΣQ 0 1 1 1 3=2 4λ 1=2−; 3=2−; 5=2−

1 0 1 0 1=2 2ρ 1=2−; 3=2−

0 1 1 0 1=2 2λ 1=2−; 3=2−

1 0 1 1 1=2 2ρ 1=2−; 3=2−

ΞQ 1 0 1 1 3=2 4ρ 1=2−; 3=2−; 5=2−

0 1 1 1 1=2 2λ 1=2−; 3=2−

0 1 1 1 3=2 4λ 1=2−; 3=2−; 5=2−

1 0 1 0 1=2 2ρ 1=2−; 3=2−

0 1 1 1 1=2 2λ 1=2−; 3=2−

ΞQQ 0 1 1 1 3=2 4λ 1=2−; 3=2−; 5=2−

1 0 1 0 1=2 2ρ 1=2−; 3=2−

0 1 1 1 1=2 2λ 1=2−; 3=2−

ΩQQ 0 1 1 1 3=2 4λ 1=2−; 3=2−; 5=2−

1 0 1 0 1=2 2ρ 1=2−; 3=2−

ΩQQQ 0 1 1 1 1=2 2λ 1=2−; 3=2−

1 0 1 0 1=2 2ρ 1=2−; 3=2−
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L=0

ℓ=1 ℓ=0

L=1

Q, while the ρ-mode state has an excited diquark ðqqÞl¼1 in
the L ¼ 0 orbit around Q.
As is discussed in Sec. I, the λ and ρ modes are largely

mixed in the SU(3) limit in the light-quark sector. This
mixing is induced mainly by the spin-spin interaction.
Because the spin-dependent interaction for the heavy quark
is weak, the λ and ρmodes are well separated for the charm
and bottom baryons. Then, each P-wave state is dominated
and characterized either by the λ mode or ρ mode.
In order to demonstrate these properties quantitatively,

we change the heavy-quark mass, mQ, from 300 MeV to
6 GeV and analyze the excitation energies and wave
functions. Figure 9 shows the spectra of ΛQ and ΣQ as
functions of mQ. One sees that the splitting between the
first and second 1=2− state of ΛQ increases rapidly from
100 MeV in the SU(3) limit to 300 MeV in the heavy-quark
limit when mQ increases. This behavior is due to the λ − ρ
splitting as demonstrated by the harmonic oscillator model
(in Fig. 1). Namely, the lowest state becomes dominated by
the λ mode as mQ becomes large. This is confirmed in
Fig. 10, where the λ- and ρ-mode probabilities of the lowest
1=2− state are plotted as functions of mQ. One sees that the
state is almost purely in the λmode atmQ ≥ 1.5 GeV; the λ
dominance is seen even at mQ ¼ 510 MeV. As classified
in Table VI, the quark model predicts seven P-wave ΛQ

excitations, ð1=2−Þ3, ð3=2−Þ3, ð5=2−Þ. They split into the
ð1=2−; 3=2−Þ λ modes and ð1=2−Þ2, ð3=2−Þ2, 5=2− ρ
modes. In Fig. 9, one sees clear splitting (≈350 MeV)
of two low-lying λ modes and five higher ρ-mode states.
The P-wave ΣQ has also seven states in the quark model,

ð1=2−Þ3, ð3=2−Þ3, ð5=2−Þ. One sees that they are classified
into the ð1=2Þ2, ð3=2−Þ2, ð5=2−Þ λmodes and ð1=2−; 3=2−Þ

ρ modes from Fig. 9. The λ and ρ modes are separated
more slowly than ΛQ as mQ increases, and the λ domi-
nance is seen at mQ ≥ 1750 MeV. The difference comes
from the interaction between light quarks which forms the
diquark. The diquark in ΣQ has spin 1 and the spin-spin
interaction is repulsive for the λ mode, while the ρ mode
has a diquark state of spin 0 and the spin-spin interaction
is attractive. Therefore, the difference between the exci-
tation energies of the two modes is small compared to ΛQ.
Thus, the splitting between the excitation energies of two
modes is larger for ΛQ and smaller for ΣQ compared with
the case in which there is no spin-spin force, as we see in
Sec. I. As a result, the change of the probability of two
modes in the ΣQ case is more slow than the ΛQ case, as
shown in Fig. 10.
In the case of double-heavy baryon, the λ-mode state is

composed of the ðQQÞl¼0 heavy diquark with the light
quark q, while the ρ-mode state has the excited heavy
diquark ðQQÞl¼1 in the L ¼ 0 orbit around q. The
combinations of angular momentum are the same as the
ΣQ case, which is shown in Table VI, but the behavior of
the λ and ρ modes are different because ΞQQ or ΩQQ
contains a heavy diquark. As mentioned in Sec. I, ωλ is
larger than ωρ for the P-wave double-heavy baryons and
thus ρ modes are dominant. This is shown in Figs. 11
and 12. One sees that the ð1=2Þ2, ð3=2−Þ2, ð5=2−Þ λ modes
and the ð1=2−; 3=2−Þ ρ modes split in the heavy-quark
region in Fig. 11, and the ρ modes become dominant for
the lowest states at mQ ≥ mc in Fig. 12.

D. Heavy baryons in the heavy-quark limit

In this subsection, we investigate the behavior of
the single-heavy baryons in the heavy-quark limit. We
decompose the wave functions of the P-wave single-
heavy baryons into the parts with different light-spin

FIG. 9 (color online). Heavy-quark mass dependence of excited
energies of the first, second, and third states for 1=2− (solid line),
3=2− (dashed line), and 5=2− (double dotted line) of ΛQ (red) and
ΣQ (blue). The bullet denotes a heavy-quark singlet. The pair
within a half circle denotes a heavy-quark doublet.

FIG. 10 (color online). The probability of the λmode (blue line)
and the ρ mode (red line) of 1=2− for ΣQ (dotted) and ΛQ (solid).
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Discussion
l Assuming that a c-quark picks up a diquark from 

vacuum, 
l Schwinger-like “tunnel effect” of diquark and anti-

diquark

B. Andersson et al., Phys. Scripta. 32, 574 (1985)

l σ(Σc)/σ(Λc) = 0.27 ± 0.07
l mass difference of spin-1 and 0 diquarks

l Slightly higher than reference but consistent with the 
spin-1/0 diquark mass difference!

� / exp(�⇡µ2/)
μ: diquark mass
κ: gluonic string tension
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FIG. 8. Direct production cross section as a function of mass
of charmed baryons.

IV. SUMMARY710

We have measured the inclusive production cross sec-711

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

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

recorded at Belle. The direct production cross section714

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

ons except for Σ(1385)+ lie on one common exponen-716

tial function of mass. A suppression for Σ(1385)+ and717

S = −2,−3 hyperons is observed, which is likely due to718

decuplet suppression and strangeness suppression in the719

fragmentation. The production cross sections of charmed720

baryons are significantly higher than those of excited hy-721

perons, and strong suppression of Σc with respect to Λ+
c722

is observed. The ratio of the production cross sections of723

Λ+
c and Σc is consistent with the difference of the pro-724

duction probabilities of spin-0 and spin-1 diquarks in the725

fragmentation process. This observation supports the726

theory that the diquark production is the main process727

of charmed baryon production from e+e− annihilation,728

and that the diquark structure exists in the ground state729

and low-lying excited states of Λ+
c baryons.730
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Appendix A: Reconstruction efficiency781

The reconstruction efficiencies are obtained using MC782

event samples which are generated using Pythia. The an-783

gular distributions of each particle are well reproduced by784

the MC event generator. Fig. 9 shows the polar angular785

distribution of the Λ and Λ+
c in the laboratory system for786

the real data and MC. The detector responses are simu-787

lated using GEANT3 package. In order to cancel the dif-788

ference of momentum distribution between real and MC789

events, the corrections for the reconstruction efficiencies790

are applied in each xp bin as shown in Fig. 10-13. Note791

that the xp values depend on the mass of the particle,792

and is not common in each plot.793

The trajectory of Ξ− (Ω−) hyperon is reconstructed794
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smaller than that of the non-strange quark pair creation.616

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

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

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

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

Fig. 7 shows an exponential curve with the same slope624

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

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

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

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

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

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

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

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

lize the weighted average of cross sections for the three635

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

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

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

3/2 for this state.639

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

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

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

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

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

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

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

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

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

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

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

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

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

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

ponential curve. This suppression is already seen in the657

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

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

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

component than Σc baryons, and light spin-0 diquarks662

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

sult, Λ+
c baryons have higher production cross sections664

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

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

a diquark correlation in the charmed baryons; however,667

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

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

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

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

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

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

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

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

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

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

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

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

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

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

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

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

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

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

duction cross sections are proportional to the production692

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

the production cross sections of Λ+
c resonances and Σc694

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

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

the mass of the diquark. The obtained mass squared697

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

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

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

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

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

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

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

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

circles, open circles and a triangle, respectively.709
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smaller than that of the non-strange quark pair creation.616

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

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

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

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

Fig. 7 shows an exponential curve with the same slope624

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

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

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

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

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

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

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

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

lize the weighted average of cross sections for the three635

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

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

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

3/2 for this state.639

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

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

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

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

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

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

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

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

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

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

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

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

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

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

ponential curve. This suppression is already seen in the657
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simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

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

component than Σc baryons, and light spin-0 diquarks662

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

sult, Λ+
c baryons have higher production cross sections664

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

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

a diquark correlation in the charmed baryons; however,667

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

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

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

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

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

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

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

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

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

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
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and Σc baryons using exponential functions, shown as682
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the mass of the diquark. The obtained mass squared697

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

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

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

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

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

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

states.705
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Summary
• Production cross sections of hyperons and charmed baryons are 

measured near the ϒ(4S) energy using Belle data.
• dσ/dxp distributions for hyperons 

• Slightly higher Peak positions for Ω- and Ξ(1530)
• dσ/dxp distributions for charmed baryons

• Peak positions for heavier particles seem higher.
• “Inclusive” total cross sections for hyperons 

• Consistent with previous measurements with much higher 
precision

• Direct total cross sections 
• Clear exponential dependence on baryon masses
• No enhancements for Λ, Λ(1520)
• Suppression of decuplet hyperons and Σc family
• Suggesting diquark structure in ground and low-lying Λc, Σc

• Next, exotic candidates, heavier Λc resonances … 
• Input of absolute B.F. for Ξc is helpful

27


