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Threshold effects in excited charmed baryon decays
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Motivated by recent results on charmed baryons from CLEO and FOCUS, we reexamine the couplings of
the orbitally excited charmed baryons. Because of its proximity to theScp threshold, the strong decays of the
Lc

1(2593) are sensitive to finite width effects. This distorts the shape of the invariant mass spectrum inLc1
1

→Lc
1p1p2 from a simple Breit-Wigner resonance, which has implications for the experimental extraction of

the Lc
1(2593) mass and couplings. We perform a fit to unpublished CLEO data which givesM „Lc

1(2593)…
2M (Lc

1)5305.660.3 MeV andh2
250.2420.11

10.23, with h2 the Lc1→Scp strong coupling in the chiral La-
grangian. We also comment on the new orbitally excited states recently observed by CLEO.
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The charmed baryon system is a convenient tes
ground for the ideas and predictions of heavy quark sym
try. This is due to the rich mass spectrum and the relativ
narrow widths of the resonances. The properties of th
states are the subject of active experimental study at b
fixed target experiments~FOCUS, SELEX, E-791! and
e1e2 machines~CLEO, BaBar, Belle!. For a recent review
of the experimental situation, see Ref.@1#.

In addition to the usual quantum numbers (I ,JP), the
charmed baryon states can be labeled also by the spinp
of the light degrees of freedomj ,

p, , which are good quantum
numbers in the limit of an infinitely heavy charm quark. Th
property leads to nontrivial selection rules for the strong c
plings of these states to light hadrons@2#. These predictions
are automatically built into an effective Lagrangian descr
ing the couplings of the heavy baryon states to Goldst
bosons@3#.

The lowest lying charmed baryons areL50 states and
live in 3̄ and6 representations of flavor SU~3!. It is conve-
nient to group them together into superfields defined as
Ref. @4#, a vectorTi5(11v” )/2(Jc

0 ,2Jc
1 ,Lc

1) i for the 3̄,
and a tensorSm

i j 5(1/A3)(gm1vm)g5Bi j 1Bm*
i j for the 6.

These superfields satisfy the constraints from heavy qu
symmetry v”T5T, v”Sm5Sm and the condition (1
1v” )/2gmSm50, which can be used to restrict the form
their Lagrangian interactions@5#. The strong couplings of the
lowest lying heavy baryons are described by the effec
Lagrangian containing two couplingsg1,2 @4# ~we use here
the normalization of Ref.@6# for these couplings!

Lint5
3

2
ig1«mnsl~S̄ik

m vnAi j
s Sjk

l !2A3g2e i jk~ T̄iAm
j l Skl

m !,

~1!

where Am5( i /2)(j†]mj2j]mj†)52(1/f p)]mM1••• is
the usual nonlinear axial current of the Goldstone boso
defined in terms ofj5 exp(iM /fp) with f p5132 MeV.

In this paper we focus on the negative parityL51 orbit-
ally excited charmed baryons. Combining the quark sp
0556-2821/2003/67~7!/074033~6!/$20.00 67 0740
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with the L51 orbital momentum gives 7L-type and 7
S-type states without strangeness@7,8# ~see Table I!. In the
constituent quark model, these states fall into two disti
groups, corresponding to the symmetric and antisymme
irreducible representations ofS2. The symmetric~antisym-
metric! states are denoted in Table I with unprimed~primed!
symbols. Quark model estimates for the masses of th
states@7,8# suggest that symmetric states are lighter than
antisymmetric ones. Although the permutation symmetryS2
is not a true symmetry of QCD beyond the quark model,
will continue to refer to the higher mass charm baryon sta
as ‘‘antisymmetric,’’ as opposed to the lower ‘‘symmetric
states. The properties of these states were studied in
quark model in Refs.@6–9# and using largeNc methods in
@10–12#.

The CLEO, ARGUS and E687 Collaborations@13# ob-
served two negative parity charm baryons,Lc

1(2593) and
Lc

1(2625). In accordance with the expectations from t
constituent quark model, these states were identified with

Lc1( 1
2 , 3

2 ) states in Table I. Their average masses and wid
are @14#

TABLE I. The quantum numbers of the expectedp-wave
strangeless charmed baryons. The corresponding states with st
quarks can be constructed by completing the SU~3! multiplets to
which these states belong.

State (I ,J) j ,
p,

Lc1( 1
2 , 3

2 ) (0,1
2 ),(0,32 ) 12

Sc0( 1
2 ) (1,1

2 ) 02

Sc1( 1
2 , 3

2 ) (1,1
2 ),(1,32 ) 12

Sc2( 3
2 , 5

2 ) (1,3
2 ),(1,52 ) 22

Sc18 ( 1
2 , 3

2 ) (1,1
2 ),(1,32 ) 12

Lc08 ( 1
2 ) (0,1

2 ) 02

Lc18 ( 1
2 , 3

2 ) (0,1
2 ),(0,32 ) 12

Lc28 ( 3
2 , 5

2 ) (0,3
2 ),(0,52 ) 22
©2003 The American Physical Society33-1
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M „Lc
1~2593!)2M ~Lc

1
…5308.960.6 MeV

G„Lc
1~2593!…53.621.3

12.0 MeV,
~2!

M „Lc
1~2625!)2M ~Lc

1
…5341.760.6 MeV,

G„Lc
1~2625!…,1.9 MeV ~90% C.L.!.

Motivated by these data, the lowest lying statesLc1( 1
2 , 3

2 )
were studied in a chiral Lagrangian approach in Ref.@15#,
where their couplings to Goldstone bosons were first deriv
These states can be grouped together into a superfieldRm

i

5(1/A3)(gm1vm)g5Ri1Rm
(* ) i with Ri

(* )5(Jc1
0 ,2Jc1

1 ,
Lc1

1 ) i , subject to the same constraints as the superfieldSm .
At leading order in the heavy quark expansion, the p

couplings of these states to the sextet ground state bar
Sm are given by two terms, corresponding toS- andD-wave
pion emission, respectively,

Lint5h2e i jk S̄m
klvnAl j

n Rm
i 1 ih8e i jk S̄m

klS D mAn1D nAm

1
2

3
gmn~v•D!~v•A! D

l j

Rn
i 1H.c. ~3!

with the covariant derivativeDmAn5]mAn1@Vm ,An# and
Vm5 1

2 (j†]mj1j]mj†). This formalism was extended to th
other p-wave charmed baryons in Table I in Refs.@6,16#,
where prospects were given for their discovery. A total o
S-wave and 8D-wave couplings are required for a comple
description of the strong couplings of the states in Table

Knowledge of the pion couplingsh2 , h8 of the lowest

orbital excitationsLc1( 1
2 , 3

2 ) will provide information about
the other excited baryons, and could thus help guide
search for the missing states. For example, assuming S~3!
symmetry, the widths of the orbitally excited charm baryo

containing strange quarksJc18 ( 1
2 , 3

2 ) can be predicted@6,16#,
with results in good agreement with the CLEO data

Jc18 ( 1
2 ) @17# andJc18 ( 3

2 ) @18#. Furthermore, in the constitu
ent quark model, the couplings of all unprimed states
Table I can be shown to be related toh2 , h8 @6,9#. Assuming
that the masses of these states are known, these relation
be therefore used to predict the decay modes and width
all these states. Finally, once determined in the charm
tem, the same couplings would also give the properties of
excited bottom baryons. Clearly, a precise determination
the two couplingsh2 , h8 is of great interest.

There are a few issues which complicate such a dete
nation, following from the peculiarities of the actual ma

spectrum. The statesLc1( 1
2 , 3

2 ) are observed through the
3-body decays in theLc

1p1p2 channel. These are resona
decays, proceeding through intermediateSc

(* )p states. The
masses, and recently the widths of theSc baryons, have been
measured by the FOCUS@19# and CLEO @20# Collabora-
tions. The average results of these measurements are@14#

M ~Sc
11!2M ~Lc

1!5167.6760.15 MeV,
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G~Sc
11!5~2.0520.38

10.4160.38! MeV,

M ~Sc
1!2M ~Lc

1!5166.460.4 MeV,
~4!

G~Sc
1!<4.6 MeV ~90% C.L.!,

M ~Sc
0!2M ~Lc

1!5167.3260.15 MeV,

G~Sc
0!5~1.5520.37

10.4160.38! MeV.

In the heavy quark limit, the only allowed resonant chann

are Lc1( 1
2 )→@Scp#S , @Sc* p#D , and Lc1( 3

2 )→@Scp#D ,
@Sc* p#S,D , where the subscript denotes the orbital angu
momentum. From Eqs.~2! and ~4! it follows that the domi-
nantS-wave decays of theLc1(2593) proceed very close t
threshold. Furthermore, the available energy in the deca
comparable to or less than the width of the decaying sta

Lc1~2593!2F ~Sc
0~2455!1p1!

~Sc
11~2455!1p2!

G
;S 2 MeV

1.7 MeVD<G„Lc1
1 ~2593!….

~5!

On the other hand, the decay into theS1p0 channel takes
place;7.5 MeV above threshold, such that it turns out
dominate the width of theLc1(2593).

The situation with the spin-3
2 stateLc(2625) is somewhat

different. For this case, the decay is dominated by
D-wave channel@Scp#D , which is well above threshold
(;45 MeV), while theS-wave accessible modes@Sc* p#S

lie about 30 MeV below threshold and are thus nonreson
This suggests that finite width effects are important in

Lc(2593) decays. The situation is somewhat similar
e1e2→t t̄ production close to threshold, which is mediat
by a very broad toponium resonance. The net effect i
distortion of the shape of the invariant mass spectrum
Lc1(2593)→Lc

1p1p2 from a simple Breit-Wigner shape
The resulting line shape depends both on the unknown c
plingsh2,8 and on the masses and widths of the intermed
Sc states. This should be taken into account for the extr
tion of the mass and width of theLc1(2593). The purpose o
this paper is to present a detailed calculation of these effe

Consider the amplitude for producing theLc1 resonance,
followed by its decay to a 3-body stateLc1

1 →Lc
1pp, of

total momentum pm5ML
c
1vm1km and invariant mass

M (Lc
1pp)5Ap2(Lcpp). This is written in the factorized

form

A~ i→Lc1X→Lc
1ppX!5

i

D2DLc1
1 iGLc1

~D!/2

3F Ū~D!
11v”

2
V~D,X!G , ~6!

whereD5v•k5M (Lc
1pp)2M (Lc

1) is the residual energy
of the propagating resonanceLc(2593) andDLc1

5M (Lc1)
3-2
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2M(Lc
1). Ua(D) and Va(D,X) are spinor amplitudes pa

rametrizing the decayLc1
1 →Lc

1pp and its production, re-
spectively.Ua(D) depends on the momenta and spins of
Lcpp state, and is calculable in heavy hadron chiral per
bation theory for values of the residual energyD!1 GeV.
On the other hand, not much is known about the produc
spinor Va(D,X), which depends on all the details of th
production process.

Squaring the amplitude~6!, adding the phase space fa
tors, and summing over the unobserved statesX, one finds
the following expression for theLc

1pp production cross
section as a function of the invariant massD:

ds~D!

dD
;

1

~D2DLc1
!21GLc1

~D!2/4

3F Ū~D!
11v”

2
v~D!

11v”
2

U~D!G
3dLips~Lc1→Lc

1pp!. ~7!

We have introduced here the density matrixvab(D) param-
etrizing the production of aLc1 resonance in the processi
→Lc1X

vab~D![(
X

E dm~X!Va~D,X!V̄b~D,X!~2p!4

3d~pi2pX2pLc1
!. ~8!

The matrixv depends on the resonance momentumpLc1
and

details of the experimental setup such as the total beam
mentum and polarization. Fortunately, the spin structure
the matrixv is not required if one sums over the spins a
momenta of the final decay products inLc1

1 →Lc
1pp. If this

is done, the amplitudes in Eq.~7! can be written as

(
sLc

E dLips~Lc1→Lc
1p1p2!Ua~D!Ūb~D!

5S 11v”
2 D

ab

G~Lc1
1 →Lc

1p1p2!. ~9!

Inserting this into Eq.~7! one finds that the production cros
section as a function of invariant mass takes the factori
form

ds~D!

dD
;TrF11v”

2
v~D!G G~Lc1

1 →Lc
1p1p2!

~D2DLc1
!21GLc1

2 ~D!/4
.

~10!

The dependence onD introduced by the production facto
Tr$@(11v” )/2#v(D)#% is unknown, and it can be expected
introduce a slow variation with a characteristic sca
;LQCD . This can be neglected when compared with
much faster variation of the denominator. The widthG(D) in
the numerator is equal to the spin-averaged partial width
Lc1 resonance of massD1M (Lc

1) into a specific channel
07403
e
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e.g.,Lc
1p1p2, while the width in the denominatorGLc1

(D)
sums over all allowed channels. These decay widths
given explicitly by @6#

G12[G~Lc1
1 →Lc

1p1p2!

5
g2

2

16p3f p
4

ML
c
1 E dE1dE2$pW 2

2uA~E1 ,E2!u2

1pW 1
2uB~E1 ,E2!u2

12pW 1•pW 2Re@A~E1 ,E2!B* ~E1 ,E2!#% ~11!

whereE1 , E2 are the pion energies in the rest frame of t
Lc1 resonance and we have defined

A~E1 ,E2!5
h2E1

D2DS
c
02E11 iGS

c
0/2

1h8S 2

2

3
pW 1

2

D2DS
c*

02E11 iGS
c*

0/2

1
2pW 1•pW 2

D2DS
c*

112E21 iGS
c*

11/2
D , ~12!

B~E1 ,E2 ;DS
c
(* )0,DS

c
(* )11!5A~E2 ,E1 ;DS

c
(* )11,DS

c
(* )0!.

~13!

The decay rateG(Lc1
1 →Lc

1p0p0) is given by a similar re-
lation, with an additional factor of 1/2 to account for th
identical pions in the final state, and with the replaceme
DS

c
(* )11,DS

c
(* )0→DS

c
(* )1.

In these expressions we work at leading order in the 1mc
expansion in matrix elements, but we use the exact 3-b
phase space. This procedure includes formally sublead
contributions in the 1/mc expansion, which are, however, en
hanced by kinematics and are required for reproducing
data in other similar situations@21#. We neglect the radiative
decay channelLc1

1 →Lc
1g, which is expected to contribute

about 20 keV to the total width@10#.
After integration over the Dalitz plot, the decay width~11!

can be written as

G12~D!5g2
2$h2

2a12~D!1h8
2b12~D!12h2h8c12~D!%.

~14!

A similar result is obtained for the rate intoLc
1p0p0 with

coefficientsa00,b00,c00. The couplingg2 appears here both
explicitly, and implicitly through theSc

(* ) widths in the de-
nominators ofA(E1 ,E2) andB(E1 ,E2). These are given by

G~Sc
(* )!5

g2
2

2p f p
2

MLc

MS
c
(* )

upW pu3. ~15!
3-3
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FIG. 1. ~a! The partial mass-dependent width of theLc(2593) in theLc
1p1p2 channel@g2

2a12(D)—solid line# and in theLc
1p0p0

channel@g2
2a00(D) — dashed line# as a function ofD5M (Lc

1pp)2M (Lc
1), with g2

250.34; the curves with sharp thresholds are compu
in the narrow width approximation@Eqs. ~16! and ~17!# and are independent ong2 . ~b! The Lc

1(2593) resonance shape as seen in
Lc

1p1p2 channel~solid curve! and in theLc
1p0p0 channel~dashed curve!. The results in~b! correspond toDLc1

5309 MeV andh2
2

50.3.
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Using the observed masses this givesG(Sc
11,1,0)

5$6.15,7.06,6.01%g2
2 MeV, and G(Sc

11* ,1* ,0* )
5$47.9,47.4,46.3%g2

2 MeV. The extracted values forg2 from
the Sc andSc* experimental widths are somewhat differen
^g2

2&Sc
50.2560.17 and^g2

2&S
c*
50.3360.15, which can be

attributed to an 1/mc effect. Although the uncertainty in thi
coupling is rather large,g2

250.2960.23, the resulting effec
on our predictions~14! is very small because they are ve
close to the narrow-width case for theSc @see the discussion
around Eqs.~16!, ~17!#.

Our main interest here is in the functional dependence
a12,00(D), which dominates numerically the ratesG12,00.
These coefficients are plotted in Fig. 1~a! as functions ofD;
the qualitative features of these curves can be unders
without a detailed computation, as follows. The coefficie
a(D) give the partial widths into the@Scp#S channel, which
start at thresholdD52M (p1), and rise slowly up to the
threshold for production of@Sc

0p1#S and @Sc
11p2#S at D

5306.9 MeV andD5307.2 MeV, respectively. Above thi
threshold, the rate rises much faster, which explains
‘‘kink’’ seen in Fig. 1~a! in thep1p2 channel. On the othe
hand, the threshold in the neutral pion channel lies lower
D5301.4 MeV, corresponding to the opening of t
@Sc

1p0#S channel. Since the central value of theLc1 mass
lies around 307 MeV, the rapid variation ofa12(D) in this
region will likely affect the extraction ofDLc1

.
It is instructive to compare these results with those

tained in the narrow width approximation, where the ma
dependent partial widths in Eq.~11! are approximated with
two-body widths@16#

GNW~Lc1
1 →Lc

1p1p2!

5G~Lc1
1 →Sc

0p1!1G~Lc1
1 →Sc

11p2!

5a~p6!upW pu ~16!

GNW~Lc1
1 →Lc

1p0p0!

5G~Lc1
1 →Sc

1p0!5a~p0!upW pu ~17!
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wherepW p is the pion momentum inLc1→Scp decays. Ne-
glecting isospin violation in theSc masses, thea(p) param-
eters are given in the heavy quark limit by

a~p6!5
h2

2

p f p
2

MSc

MLc1

Ep
2 , a~p0!5

1

2
a~p6!. ~18!

In the limit g2→0, the exact result~11! reduces to the nar
row width approximation in Eqs.~16! and ~17!, that is G
→GNW . As one can see from Fig. 1~a!, the narrow width
results give a good approximation to the exact widths~com-
puted withg2

250.34), forD not too close to threshold.
In Fig. 1~b! we show invariant mass distributionsD

5M (Lc
1pp)2M (Lc

1) in Lc
1(2593) decays, in both

charged and neutral pions channels. The shape of the in
ant mass distribution in the charged pions channelLc

1p1p2

is distorted towards larger values ofD compared to a simple
Breit-Wigner curve. In particular, extractions of th
Lc

1(2593) parameters from the charged pions channel a
could overestimate the mass of this resonance by a few M
which is larger than the present 1s uncertainty~2! on this
parameter. These effects are not present in the neutral p
channel, for which the shape of the mass spectrum co
closer to a pure Breit-Wigner resonance.

The first observation of theLc
1p0p0 mode has been pre

sented in unpublished CLEO data@22#, where the corre-
sponding invariant mass distribution was used to extract
mass of theLc

1(2593). The result is lower than that obtaine
from the Lc

1p1p2 channel~2!, in agreement with our ex-
pectations,

@M „Lc
1~2593!…2M ~Lc

1!#Lcp0p05306.360.7 MeV.
~19!

Experimental difficulties connected with the lowp0 detec-
tion efficiency could limit the precision of such a determin
tion. We propose therefore that the shape of theLc

1p1p2
3-4
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invariant mass spectrum be fit to the distribution~10! with
parameters (DLc1

,h2) instead of a Breit-Wigner curve with

parameters (DLc1
,G).

In Fig. 2 we show the results of such a fit, perform
using the CLEO data presented in@22# ~see Fig. 5.5 in this
reference!, including detector resolution effects. The para
eters of theLc(2593) resonance extracted from this fit a
@23#

M „Lc
1~2593!…2M ~Lc

1!5305.660.3 MeV,

h2
250.2420.11

10.23, ~20!

and correspond to a resonance mass in reasonably
agreement with Eq.~19!. A conventional fit of this same dat
using a Breit-Wigner function yields a mass difference
around 308 MeV, in agreement with the published measu
ments@13#. Note that the threshold effects effectively low
the resonance mass~20! compared with the previous dete
minations~2!. Our treatment also leads to a reduction in t
uncertainties connected with the poorly measuredSc widths.
The result for the couplingh2

2 is somewhat lower than pre
vious determinations of this coupling@16# (h2

250.3020.14
10.21)

and @6# (h2
250.3320.13

10.20).
Finally, we comment on the recent evidence by the CL

Collaboration @24# for new charmed baryon states, lyin
above theLc(2593) andLc(2625). The lower signalX1 is
relatively broad, while the higher peakX2 is narrow, with
masses and widths

M ~X1!2M ~Lc
1!5480.162.4 MeV,

FIG. 2. Fit to the invariant mass spectrum inLc
1(2593)

→Lc
1p1p2 as explained in the text.
s
8.

s.

07403
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G~X1!520.962.6 MeV,
~21!

M ~X2!2M ~Lc
1!5595.860.8 MeV,

G~X2!54.260.7 MeV.

The higher narrow peakX2 has been identified in@24#

with the antisymmetric stateLc08 ( 1
2 ), while the lower broad

peak X1 has been interpreted as the overlap of the pe

corresponding to the twoSc2( 3
2 , 5

2 ) states in Table I, which
can both decay to@Lc

1p#D and @Sc
(* )p#D . In the heavy

quark limit, theLc08 ( 1
2 ) does not decay to any of the lowe

lying charmed baryons. The only such mode allowed by i
spin and heavy quark symmetry is toJcK, which is, how-
ever, kinematically forbidden. According to the interpretati
of @24#, it can be seen in theScp channel through its mixing

with theLc18 ( 1
2 ) at subleading order in 1/mc . This is consis-

tent with the experimental observation ofScp resonant sub-

structure~which is accessible inLc18 ( 1
2 )→@Scp#S), but not

of Sc* p, which can only proceed throughD wave Lc18 ( 1
2 )

→@Sc* p#D and is therefore expected to be suppressed.
The mass measurement~21! of the X2 state shows that it

lies above the threshold for@ND# (D5524 MeV for nD1

and D5518 MeV for pD0). Both theLc08 ( 1
2 ) and Lc18 ( 1

2 )
can decay to this mode in an orbitalS wave in the heavy
quark limit ~which would give thus the dominant deca
mode in the absence of 1/mc effects!. Therefore, we would
like to suggest that one search for theX2 state also in theND
channel, where it should show up as well. Observing suc
signal would definitely rule out alternative interpretations

this state asSc2( 3
2 , 5

2 ) or Lc18 ( 3
2 ),Lc28 ( 3

2 , 5
2 ), which can decay

to ND only in D wave.
In conclusion, we have discussed in this paper the imp

of threshold effects on the determination of theLc
1(2593)

parameters from its strong decays intoLc
1pp, and we have

presented theory motivated fits of the mass and coupling
this state. Our results suggest that the excitation energ
the Lc

1(2593) is about 2–3 MeV lower than obtained
previous determinations.
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