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KEKB & BelleKEKB & Belle

Besides being a BBesides being a B--factory KEKB/Belle provides an excellent laboratoryfactory KEKB/Belle provides an excellent laboratory
to study (charmed) baryons:to study (charmed) baryons:

More than 20 (>10% of the total number of) published papers are More than 20 (>10% of the total number of) published papers are onon
processes with baryons in the final state. This includes:processes with baryons in the final state. This includes:

5 papers on B decays to final states with charmed baryons5 papers on B decays to final states with charmed baryons
3 papers on studies of charmed baryon properties3 papers on studies of charmed baryon properties

Observation of Σc(2800)

Observation of new states decaying into Λc
+K-π+ and Λc

+KSπ-

Measurement of the Ξc(2645) and Ξc(2815) masses

Λc
+(2940) and study of the Λc

+(2880)

In this presentation:In this presentation:
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KEKB & BelleKEKB & Belle
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3.5 3.5 GeVGeV ee++ & 8.0 & 8.0 GeVGeV ee–– beamsbeams

3 km circumference3 km circumference

±±11 11 mradmrad crossing anglecrossing angle

LL= 1.65 x 10= 1.65 x 103434 cmcm––22ss––11 ((world recordworld record))
L L dtdt = = 625625 fbfb––1 1 @ @ ΥΥ(4S)(4S)+off(~10%)+off(~10%)∫
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•• Observation of Observation of ΣΣcc(2800)(2800)

•• ObservationObservation of of new statesnew states decaying intodecaying into ΛΛcc
++KK--ππ++ and and ΛΛcc

++KKSSππ--

•• Measurement of theMeasurement of the ΞΞcc(2645) and (2645) and ΞΞcc(2815) (2815) massesmasses

•• ΛΛcc
++(2940)(2940) and study of the and study of the ΛΛcc

++(2880)(2880)
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Signal

Λc
+ sidebands

Feeddown from
ΛC(2880)

+->ΛC
+π+π-

ΣΣcc(2800): Observation(2800): Observation

NEW CHARMED ISOTRIPLET! PRL PRL 9494, 122002, 2005, 122002, 2005

ΛΛCC
++-->>pKpK--ππ++,   ,   xxPP((ΛΛCC)>0.5)>0.5
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ΣΣcc(2800): Continuum Production(2800): Continuum Production
Scaled momentum distribution:Scaled momentum distribution:

ΣΣcc(2800) (2800) xxPP distribution is typical for charmed particle produced indistribution is typical for charmed particle produced in
ee++ee-- -->cc  continuum events>cc  continuum events

Σc(2800)0

Σc(2800)+

Σc(2800)++

PRPRDD 7733, , 030320020022 (2006)(2006)
*calculated in the *calculated in the c.mc.m. frame. frame

Fit with Peterson parameterizationFit with Peterson parameterization
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Theoretical models predict a rich spectrum of excited
charmed baryons in the vicinity of the Σc(2800)
[[L.A.CopleyL.A.Copley, , N.IsgurN.Isgur and and G.KarlG.Karl, Phys. Rev D 20, 768 (1979)]., Phys. Rev D 20, 768 (1979)].

Possible  candidate  is  a Possible  candidate  is  a ΣΣcc22 with Jwith JPP=3/2=3/2--

and 5/2and 5/2-- (subscript 2 denotes the total(subscript 2 denotes the total
angular momentum of light angular momentum of light diquarkdiquark.).)
ΣΣcc2 2 is  expected  to decay  exclusively  intois  expected  to decay  exclusively  into
Λc

+π in D-wave.

The predicted mass is close to the measuredThe predicted mass is close to the measured
butbut the expected width is only 15 MeV.

However, However, ΣΣcc2 2 (3/2(3/2--) can mix with the nearby) can mix with the nearby
ΣΣcc1 1 (3/2(3/2--) resulting in a wider physical state.   ) resulting in a wider physical state.   

ΣΣcc(2800): Identification(2800): Identification
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•• Observation of Observation of ΣΣcc(2800)(2800)

•• ObservationObservation of of new statesnew states decaying intodecaying into ΛΛcc
++KK--ππ++ andand ΛΛcc

++KKSSππ--

•• Measurement of theMeasurement of the ΞΞcc(2645) and (2645) and ΞΞcc(2815) (2815) massesmasses

•• ΛΛcc
++(2940)(2940) and study of the and study of the ΛΛcc

++(2880)(2880)
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Observation of Observation of ΞΞcxcx(2980) & (2980) & ΞΞcxcx(3077)(3077)

hephep--ex/0606051ex/0606051
PRL PRL 9797, 162001 (2006), 162001 (2006)

““Right Sign” CombinationRight Sign” Combination

ΞΞcxcx(2980)(2980) and and ΞΞcxcx(3077)(3077) ⇒⇒ excited charm strange baryonsexcited charm strange baryonsnonnon--zero widthszero widths
cc-- and sand s--quarksquarks

Belle: 462fb-1

““Wrong Sign” CombinationWrong Sign” Combination
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Search for SELEX State Search for SELEX State ΞΞcccc(3520)(3520)
Belle:
PRL PRL 9797, 162001 (2006), 162001 (2006)

null result

SELEX:
PRL PRL 8989, 1, 1112001 (2002001 (20022))

⇒⇒ No signal of the No signal of the ΞΞcccc(3520)(3520)++→→ΛΛcc
++KK--ππ++ in in ee++ee-- annihilations is observed by annihilations is observed by BelleBelle

With 835360With 835360±±13748 reconstructed 13748 reconstructed ΛΛcc
++→→ pKpK--ππ++ decaysdecays

Ξcc(3520)+

M(M(ΛΛcc
++KK--ππ++) GeV/c) GeV/c22

NS=8.3 ± 37.3 < 69.1 @ 90% CL

Significance 6.3Significance 6.3σσ
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•• Observation of Observation of ΣΣcc(2800)(2800)

•• ObservationObservation of of new statesnew states decaying intodecaying into ΛΛcc
++KK--ππ++ and and ΛΛcc

++KKSSππ--

•• Measurement of theMeasurement of the ΞΞcc(2645) (2645) and and ΞΞcc(2815) (2815) massesmasses

•• ΛΛcc
++(2940)(2940) and study of the and study of the ΛΛcc

++(2880)(2880)
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Measurement of theMeasurement of the ΞΞcc(2645) Mass(2645) Mass

PDG 2006
2646.6 ± 1.4

2646.1 ± 1.2
Belle PRELIMINARY

Reflection fromReflection from
ΞΞcc(2790)(2790)++→→ ΞΞcc

’’00 ππ++

ΞΞcc’’00 →→ ΞΞcc
00 γγ

Reflection from Reflection from 
ΞΞcc(2790)(2790)00→→ ΞΞcc

’’++ ππ--

ΞΞcc’’++ →→ ΞΞcc
++ γγ

Belle: 414fb-1

ΞΞCC
---->>ΞΞ++ππ--ππ--

ΞΞcc(2645)(2645)00 ΞΞcc(2645)(2645)++
ΞΞcc

00--> > ΞΞ--ππ++

ΛΛKK--ππ++

pKpK--ππ--ππ++

M(M(ΞΞcc
--ππ++) GeV/c) GeV/c22 M(M(ΞΞcc

00ππ++) GeV/c) GeV/c22ΞΞcc sidebandssidebands
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Measurement ofMeasurement of the the ΞΞcc(2815) mass(2815) mass

Ξcx(2980)+? Ξcx(2980)0?

PDG 2006
2816.5 ± 1.2
2818.2 ± 2.1

Is the second peak a signal ofIs the second peak a signal of Ξcx(2980)→Ξc(2645)π ? ⇒ further study is neededfurther study is needed

Belle PRELIMINARY

M(M(ΞΞcc(2645)(2645)00ππ++) GeV/c) GeV/c22 M(M(ΞΞcc(2645)(2645)++ππ--) GeV/c) GeV/c22

ΞΞcc(2815)(2815)00ΞΞcc(2815)+(2815)+
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•• Observation of Observation of ΣΣcc(2800)(2800)

•• ObservationObservation of of new statesnew states decaying intodecaying into ΛΛcc
++KK--ππ++ and and ΛΛcc

++KKSSππ--

•• Measurement of theMeasurement of the ΞΞcc(2645) and (2645) and ΞΞcc(2815) (2815) massesmasses

•• ΛΛcc
++(2940)(2940) and study of the and study of the ΛΛcc

++(2880)(2880)
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ΛΛcc(2880)(2880)++ --> > ΣΣcc(2455)(2455)ππ --> > ΛΛcc
++ππ++ππ--

ΛΛcc(2880): Mass Measurement I(2880): Mass Measurement I

B
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All All ΛΛcc
++ππ++ππ-- ((ΛΛcc

++-->>pKpK--ππ++) combinations with ) combinations with xxPP > 0.7> 0.7

M(M(ΛΛcc
++ππ++ππ--) GeV/c) GeV/c22

M(M(ΣΣcc(2455)(2455)ππ) GeV/c) GeV/c22

ΛΛcc(2765)(2765)

ΛΛcc(2880)(2880)

Define Define helicityhelicity angle for the 2angle for the 2--bodybody
ΛΛcc(2880)(2880)++ --> > ΣΣcc(2455)(2455)ππ decaydecay

coscosθθhh

coscosθθhh
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Belle: 553fb-1

soft soft ππ
backgrbackgr..
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⇒⇒ Results are Results are consistentconsistent

Apply requirement Apply requirement coscosθθhh>0>0

Fit the M(Fit the M(ΣΣcc(2455)(2455)ππ) spectrum) spectrum

Significance of the Significance of the ΛΛcc(2940)(2940)++ signal signal 
isis 5.65.6σσ (5.1(5.1σσ with systematicwith systematic))

ΛΛcc(2880): Mass Measurement II(2880): Mass Measurement II

Belle PRELIMINARY

BaBarBaBar:: ΛΛcc
++ => => DD00p  p  ⇒⇒

E
v

e
n

ts
 /

 (
2

.5
 M

e
V

/c
2
)

M(M(ΣΣcc(2455)(2455)ππ) GeV/c) GeV/c22

ΛΛcc(2880)(2880)ΛΛcc(2765)(2765)

ΛΛcc(2940)(2940)

coscosθθhh>0>0

hephep--ex/0608043ex/0608043

hephep--ex/0603052ex/0603052
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Release Release coscosθθhh>0 requirement>0 requirement

Release Release ΣΣcc(2455) requirement(2455) requirement

Fit Fit M(M(ΛΛccππ++ππ--) in bins of ) in bins of M(M(ΛΛccππ±±))

Significance of the Significance of the ΛΛcc(2880)(2880)++→→ΣΣcc(2520)(2520)ππ
signal issignal is 3.73.7σσ (3(3σσ with systematicwith systematic))

PRL86,4479(2001)PRL86,4479(2001)
Belle PRELIMINARY

ΛΛcc
++(2880)(2880)-->>ΛΛcc

++ππ++ππ--: Resonant substructure: Resonant substructure

M(M(ΛΛcc
++ππ±±) GeV/c) GeV/c22
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Quark Model predictionsPDG2006:  Charmed baryons with established JPDG2006:  Charmed baryons with established JPP

ΛΛcc(2880)(2880)++→→ΣΣccππ: Angular Analysis: Angular Analysis

CLEOCLEO
BelleBelle
BaBarBaBar

Many levelsMany levels ⇒⇒ difficult to identifydifficult to identify
JJPP for new states based on M&for new states based on M&ΓΓ
measurements only measurements only ⇒⇒

angular analysis is requiredangular analysis is required

New states:New states:
Copley,Isgur,KarlCopley,Isgur,Karl PRD20,768(1979)PRD20,768(1979)

Λc(2765)

Λc(2880)

Σc(2800)

Ξc(2980)

Ξc(3077)
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ΛΛcc(2880)(2880)++→→ΣΣccππ:Angular Analysis :Angular Analysis 

Parameterization vs. spin of the Parameterization vs. spin of the ΛΛcc(2880)(2880)++

J=1/2:J=1/2: W(W(θθ,,φφ) = const) = const

J=5/2:J=5/2: W(W(θθ,,φφ) ) = P2(cos= P2(cos22 θθ))

⇒⇒ J=5/2J=5/2 hypothesis is strongly favored overhypothesis is strongly favored over 1/21/2 andand 3/23/2 onesones

J=3/2:J=3/2:

Select Select ΣΣcc(2455)(2455)

Fit to M(Fit to M(ΣΣccππ) in ) in coscosθθ and and φφ binsbins

Subtract nonSubtract non--resres. contribution. contribution
using using ΣΣcc sidebandsideband

Correct for efficiencyCorrect for efficiency

χ2/d.o.f.= 49.9/9

χ2/d.o.f.= 36.0/8

χ2/d.o.f.= 10.8/7

(mainly helicity ±1/2 states are populated)

coscosθθ φφ ((radrad))

ρρ1111 = 0.85= 0.85±±0.070.07
ρρ3333 = 0.00= 0.00±±0.030.03

ρρ5555 = 0.08= 0.08±±0.030.03
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ΛΛcc(2880)(2880)++→→ΣΣccππ: Parity: Parity

Quark Model mass prediction:Quark Model mass prediction:

JJPP=5/2=5/2--:   M=2900 MeV/c:   M=2900 MeV/c22;  M;  M’’=3130 MeV/c=3130 MeV/c22

JJPP=7/2=7/2--:   M=3125 MeV/c:   M=3125 MeV/c22

JJPP=5/2=5/2++:   M=2910 MeV/c:   M=2910 MeV/c22;  M;  M’’=3140 MeV/c=3140 MeV/c22

JJPP=7/2=7/2++:   M=3175 MeV/c:   M=3175 MeV/c22

Heavy Quark Symmetry:Heavy Quark Symmetry:

5/25/2-- L=1 sL=1 slightlight=1 =1 jjlightlight=2 =2 ⇒⇒ ΓΓ((ΣΣcc**ππ) / ) / ΓΓ((ΣΣccππ) ) = 7/2 (0.837)= 7/2 (0.837)2*2+1 2*2+1 = 140%= 140%

5/2+ L=2 s5/2+ L=2 slightlight=0 =0 jjlightlight=2 =2 ⇒⇒ ΓΓ((ΣΣcc**ππ) / ) / ΓΓ((ΣΣccππ) ) = 4/5= 4/5 (0.837)(0.837)2*3+1 2*3+1 =  23%=  23%

⇒⇒ HQSHQS favorsfavors 5/25/2++ overover 5/25/2-- assignment for theassignment for the ΛΛcc(2880)(2880)

CapstickCapstick, , IsgurIsgur PRD PRD 3434, 2809(1986), 2809(1986)

Data: (24 Data: (24 ±± 88)%)%

IsgurIsgur, Wise PRL , Wise PRL 6666,1130(1991),1130(1991)
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SummarySummary
Observation of new charmed Observation of new charmed isotripletisotriplet
Observation of two Observation of two new charmed baryonsnew charmed baryons decaying intodecaying into ΛΛccKKππ

andand

PrecisionPrecision measurement of themeasurement of the and                  massesand                  masses

Experimental constraints on the JExperimental constraints on the JPP of the                  of the                  ::
angular analysisangular analysis ⇒⇒ J J = 5/2 = 5/2 is favoredis favored

resonant structureresonant structure ⇒⇒ JJPP= 5/2= 5/2++ is favoredis favored

Evidence forEvidence for →→
Measurement of the                   and                   masseMeasurement of the                   and                   masses and widthss and widthsΛΛcc(2940)(2940)++ΛΛcc(2880)(2880)++

ΛΛcc(2940)(2940)++ ΣΣcc(2455)(2455)ππ

ΛΛcc(2880)(2880)++→→ ΣΣcc(2455)(2455)ππ

ΛΛcc(2880)(2880)++ ΛΛcc
++ππ++ππ--→→

ΞΞcc(2645)(2645) ΞΞcc(2815)(2815)

ΛΛcc(2880)(2880)++

ΞΞcxcx(2980)(2980) ΞΞcxcx(3077)(3077)

ΣΣcc(2880)(2880)
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